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This aonograph gansraliszes the results of
original research by the authors ou the structure
of ths detonatica frent and ths 1imll sonditions
of axeltacion and sropagation of detonmation in
cordanssd media. Mush attentlen is elgo paid to
the general state of ¢the theory of dstonation.

The book is designsd for technical and
engineering persoimel and ssientiffc workers,
involved with rocearch and the use of explosives.

There are § tables, 101 illustraticns, and
136 bidlicgraphic designations.

Responsible editors:

Academician H. H. Semenov and
Acadsmician Ye. B. Zelldovich
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FORENORD

Thic book puts forth the results of resesrch on the theory
of datepation of condensad madia, conductod st a bransh of the
Institute of Chemioal Physics of the Academy of Sciences of the
YSSR., The book im designed for solentific perasonnel and engineers
involved with research and prectical work on detonatiom, and alac
for students and gradurte students, apsecialieing in the theory of
the physics of cowbustion and axplosions.

The usa of sondensed explceives 13 at the present tive beccming
@#ode snd mora widesprsad. This can de explained by the growing
intaxezt of investigators in the phenomenon of datcnation.

The basic underiying ideas in the dsvelopment of ooncepts on
the seohsnism of detonation, which stimulated widespread formuls-
ticn of experimental resaarch, bslong to the Soviet scisntists:

Ya. B. Bel'dovich, Yu. B. Khariton and K. I. Shohelkin. Phe namee
of these sclentists are comected with idess of a physical model
of a datonation wave, with the 1limits of excitetion and propagation
of Gatonation ang of the universal instadbility of a detonation
froat in hoxogoneous explosive media.

The gresont book gives further development o prodlems of the

thsary of dotomation for condonsed explosives. Such a pospidility
ks3 avizes as & reault of the fact that at present, thanks to

VTD-2T23-1885-71 v
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2088 M ogénmh aﬂ'é‘ to the perfection of expsrimental
testznlegy, important new oxperimental data have deen cdtalmed in
thy diteé direeticn.

In the introduction the basic prodblexs of the study of
datonation of condensed explosives ure briefly forsulated. The
phanoaenological theory of datonation is expoundsd in Chapter I as
zpplied to condenced oxplosivea: the clawsical theory, the theory
of 23)'dovich and the theory of a guasi-stationary detcnation front.
Cspter II gives the results of inweetigations of the mechanisa of
tha initiation of dstonation in ligquid and solid explosives by
shock waves. An sccount 13 given hsre of the voluminous expsrimontal
data ca the structure of fiows during the formation of detonation.
Chaptor XII ¢ekes up the resulte of investigations of the procaess
of éstonntion im 1iquid sxploeives. This chapter coxamines the
axporizents in vwhich it woe establishad that in a nusber of liquid
expledivas the detonstion front his a heterogeneous pulsating
eharestor and giver qualitative explanations to the limits of the
existence of such detoantion. Chapter IV generalizes ths results
of investigutioss of ths process of Gatonatien in 50118 explosives.
Caaptor V cxanings the nature of the critical diameter. Special
gttomticon 4x Dere given to tha study of pulsations of the surface
dlonsicn of the detonation front in ligquid explosives.

e authors exprecs their dsep gratitude to Academiclen N. H,
Sexsnov fov bis support of this ressarch at its start and his
condinucye interest.in ths results Suring the investigations, to
dosdonteian YR, B. Zel'dovich for his numerous discussions of the
rozules, valesdle cbeervaticns end advice during the investigations
exd 2o bAc wark on tho manussript, to oc'respondent mamders 4. I,

W& and R. I. Soloukhin, and also t¢ P, I. Dubovitskiy, 7s. K,

':, L. ¥. Dodmov, V. V. Metrofanov and H. Ye, Topchiyan for

PSREeSE dntooosting snd useful disoussions on the theory of

vid
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detonation in connection with the muthors’ ewn oxperimental zesulta
and data.

The authors consider it their pleasant duty to thank 0. K,
Roganov, G. A. Adadurov, S. A. Koldunov, V. A. Yerstennikov, and
A. N. Hikheylov, who participated in the investigation.
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INTROBUCTION

The most basic orgzanization of theoretical research on the
detunation ol condsnsed media sonsists in the detersination of the
gonnection of the basie characteristics of a detonation wave with
the originagl physical-chemical properties of an explosive. Por
the aolution of this problem 1t is nscessary to answer the following
yuastions:

1. Wnat kind of physical modal of the detonation wave i3
there?

2. Hou does the structure of the front of the detonstion
dotermine the limita of its excitatlon and propagation?

3. How are the rates of the chenmlcel reactiona in the cen-
densed msdium related with the Intengity of the shock compreasion?

§. Yhat kind of equation do we have for the state of the
cdondsnsed explosives end the preduct of their detonation?

‘e classical hydrodynamic theory of detonation of gases,
the creation of which lnvolvas the names of Hikhel'son, Chapman
and Jouget, suggestad a model in conformance to which the detonae-
tion wave 1s & shock wave with negligibly small time of chemical
conversion st the front. If a shock wave is propagated in a

PID-HT~23-1889-71 iz




AD7TS)1417 - 14

nonespicsive maditim, t'hm dirsctly behind 1ts front the velocity

of the flow of matter is less than the velocity of propagation of
the éxeftaticns. In the caee of & shock wave without an esternal
support ("plunger®) the excitation behind the front is a vacuus,

and therefore zuch waves attenuate. To axplain the constancy of

tho rate of datonation 28 a shock wave 1t is necessary, consequently,
to allow that the apeed of the products of eiplosion behind its

front be grezter than or equal to the apeed of sound. Chapman and
Jouget advanced the hypothesis, according to which the speed of the
ovifiow of products of an explosion is egual to the speed of sound.

The laws of conservation of mass, momentum and energy with
the tranafer of matter through a detonation front together with the
equation of state of the gases contain five unknown paramsters of
a2 detonation wave. The Chapman-Jouget hypothesis gave the fifth
efficient equation. Therefore, the coincidence of the detonation
parameters calculated on the bacis of the hydrodynamic theory and
exporimental values was viawed a3 confirmation of the corractness
of the Chapman-Jouget hypothesis and of tha copcept of detonation
ag a shoek wave. The solution of the problem of the spplicabllity
of the hydrodynamic theory to Getonation of condensed media was
nade more difficult because of the absence of an equation of state
of their explosion products. Therefore, for calculations various
equationa of state or equivalent equations of state, but in
different form, were employed, It turned out that the results of
caloulating the parameters of detonation, with the exception of
tha temperature, were in good corrsspondenca with experimentation.
In conformance with these results few investigators were left who
doudbted the applicabillity of tha hydrodynamic theory to detonation
Both of condansged mediz an well as of gases.

In the use of condensed ezpiosives in technology detonation
is most frequontly propagated under conditions far from extrems.
In this case the width of the gone of chemical reaction on ita
front is dlsrogardably small in comparison with the characteristic

FrD-H7-23-1889-71 x
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cinonsions of the charge. Tharefors, for calculating the dynamic
pdoauitars of & statlopary detonation wave the ciassical hydro-
dynanic theory is perfectly adsquate.

Since the clessical hydrodynamic theory postulated that the
reaction occurs 30 Quickly, that it 1a not 2 coatrolling factor
for the propagation of Qetonation, this theory could not give
elarification of the limits. In esasnce, because of this reason
there Was 8180 no complete theoretical basis given for the
principle of selection of the detonation rate, sinece for this
proof, as consequences ghowved, thers Ware necessary reprosentations
on the mechanisms of the detonztion conversion, on ths structuve of
the reaction zons (each representation of the mechansiz of a
detonation eonversion obviously requirss its own proof for the
prineiple of selection of the detonation rate).

The hydrcdynamic theory of detonation received further develop-
wont in the work of Zel'dovich (somewhat later analogous rosults
were obtained in the works of Nesiwann and Dering). The new theory
proposed & physical model for the detonation front. In particular,
1t waz shown that in the gone of reaction of a detonation wave
there must exist el:zvated pressurss, corresponding to the gas state
tehind tha front of the shack wave, which is propagzted with the
gpeed of the detonation. According to this model) the shock front
causes ignition of the substance. In proportion to the oeccurrence
of the reaction the volume of guo increases, ¢hile the pressure
drops to values which correspond to a certain state of the explosion
product, The region of eisvated pressures at the front of the
detonation wave decame known ae the "khimpik" (chemical peak).

Por this machanism of the detonation convarsion the proof of the
781141ty of the Chapman-~Jouget hypothesia was succesafuli. The

wost important conclusion of Zel'dovich's theory - the saistence

of the chemical peak at the front of detonation wave - subsequently
received sxperinantal confirmation in the investigation of the
detonation of gases and condensed media. These resulta were @

FD-HT-23-1889-71 xi
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convinking confirwation of the validity of the theory. Subasequent
ocourrences showed, however, that this theory also is not universsl.

Por all the investigated gas mixtures and for a number of
liquid axplosives a pulsating character of the detonation front
uas eatablished. In thesa explosives, and also in solid =xplosives,
the originsl physical-mechanical structure of which it is non-
homogeneous, the zone of heat liberation at the front of detonation
waves 1s turbulent. It is obvious that the thaoretical dasis for
the principle of salection of the detonation rate, obtained for
8 onée=dimensional wave, is not applicable ir. this case. For a
nonunivariate detonation front it should be recalculated aneu.

In connection with the opening of a pulsating (nonunivariate)
detonation in homogeneous media the problem of & physical model
on the front of a detonatlion wave or of the ztructure of the zone
of heat liberation again became the important factor in the theory.
It was experimentally established that the interaction of the
front of the shock wave with the following region of self-ignition
leads to complex nonstationary hydrodynamic processes, es & result
of which the detonation in homogeneous medie, appareatly, alzo
"selects” the method of propagation: pulsating or one-dimensional.
This fact, besides the independent intereat, led to the necessity
for a completely different treatment of phenomena on the limits of
propagation of detonatlon and during it excitation by a shook wave,

Pundamental information on the process of detonation of
condenzad media is currently being produced by experimgntation.
As 2 rasult of this investigations in general, including thoce
conducted in this book, have a fregmentary character and require
additlonal calculations, presently lnaccessible due to the chsence

\

of rallable information on the equation of state of sordensud \

' uzrlqgivou, their exploslon products and of the kinetles of

rogotions, which occur under conditions of detonation pressures
and Temperatures.

50=--23-1889-71 x11
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Atterpts to construct an equation of state for explosive
produsts hsve been made for 8 long time. Hewever, in the majnrity
of cases these theoreticel investigations led to the writing of
an squation of state with many unknown purasc.ers, which were
calculated on the basis of experimental data on the depencence cf
the dynamic parameters of detonation (speed, pressure) on the
initial density of the explosives. Naturally, in these calcula-
tions the Chapmsn Juuget principle of selection for the detonation
rate wvas used. The value of such calculations for the theory of
detonation is small., A eriterion for the successful application
of the hydrodynzmic theory shouid be the coincidence of the
experimental values of detonation parameters with the resulte of
calculation carried ocut on the basis of independent dats. The
problen has not yet been solved in such a form,

The measursment of tha temperature might give important
information on the state of the detonation products, With these
siwms the use of optical methods, which are apparently the only
ones possible, have mst uith considerable difficulties. In
exparimants, egpacially with liquid explosives, the luminescence
of the detonstion front has been successfully observed without
difficulty. To evaluate the chromatic and luminosity cheracter-
istics of the temparature of the detonation products it ia
necessary to obtain information on the radiative and absorptive
oapsicities of the detcnation products in the Chapman~Jouget plane
vhich characterize the dynamic parameters of the detonation wave,
However, there has been no sucress in obtaining the spectra of
those detonation products, when the chemical reaction is basically
corpleted. When observing detcaation from the slide this is
inhibited by the affect of lateral unloading. When observing the
proceas fror the end of the charge using spectral equipment the
1dentifigation of the radiation apectrum of the zone of heat
liveration at the front with the radistive power of the Getonation
products appears indeterminate.

P2~ HT-23-1889-71 2311
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The narrowness of the sone of chemical reaction Guring
devonntion of 1iquid s=plosives does not 31mplify the problea,
sinse thore i3 & dorrasponding inerease in the taxpsraturs gradiant
in ths region of detonation ignition, walch con groatly élstort
the relstiva ond adbaclute distiribution of radiation energy Iroa
the region of detongtion preduots. It is known that optical metheds
of mgasuring luwinosity and chromtic teeporature gre applicadle
only for objescts homogensous in tempes=ture. In & nusbor of liquid
axplosivas the detonstion front is also pulsating, and its lumirence
corresponds to @ get of local flashes on the front, which follow
with great rapidity. Obdviously, in this nase the origin of the
gpoctrum of detcuation has an even wore coxplsex nature.

M?&-l@&%ﬂ oy
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EwAPTER 1

A PUSEDARESLOSICAL BESCRIPTISA
oF teTamiTicn

Detonution £a one of the processes by which the chamicsl
conversion of oxploaives and of combuatidble .mixtures takes place.
This proceea, similar to comdustion, is characierited by the fact
that the ohomical reaction takes place in the sntire volume of the
substance Aot simultareocusly, but propagates successively fron
layer ¢o layer. During detonatlion and coembustion in the subatance
there 18 a shift in the shemical conversion front, which dspending
on the cocurring process is slso called the detonatlion front or
the cocbustion front and within the limits of which the substance
poasked throush all the intorwediate sigges from the initial atate
to the produsts of reastion (Fig. 1).

Fig. 1. Disgran explaining the process of
detonation and cosbuation., 1 - original aub-
pstance; 2 ~ gone of chemical conversion; 3 -
recction products; a) width of the zone of
chomizal conversion; D - :ormal rats of propa-
gation of the front in the substance.

Combustion and detonation are distinguished from one another
by tho fast that in the first case the normal rate of movement of
the frout of ohemioxl converzion D 1s less than the apesd o1 sound
18 b fwdtial sudstance, while in the second case 1t excceds this

FRRTI23=1883-71 1
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speed. Detonation may be propagated under conditions of an isolated,
closed system. Prom this follows the definiticn of detonation.
Detonatlon 1s the process of suparsonic propagation of the front

of chemical conversion in a gubstance, which may oceur without any
interaction with the surrounding medium.

Chemical conversion of & substance during detonation 1s
simultaneously acconpanied by the movement of the pedium, whlch
arises as a result of the difference in the specific volumes of the
initial substaree and of the products of reaction under one and
the same pressure (or due to 8 4ifference in pressures with
identical specific volumes). In turn, the mechanical movement
affects the state of the substance within the limits of the
detonation fr-nt and, in the final analysls, the rate of the
chemical convarsion. Cousequantly, dstonation is not only a
chemical, but also a gas dynamic proecess. HNorsover, it Ils preciaely
the laws of gas dynamics, it twms out, which dstermine the rate
of movement of the detonation front in the substancs, as well as
many other aspects of the detonation process,

In the general case to determine the conditions of the chemical
conversion of a substance it would be necessary to solve the mutual
gystenm of equations of gas dynamics and chemical kinetics. But
this problem, apparently, can be solved only for the simplest
systems., On the other hand, many basic conclusions cn the movements
of the detonstion front can be made from a ges~dynomric analysis
of the properties of the suggested solution. Such an analysis is
3 subjeet of the phencmenological theory of detonation.

$ 1. Clussification of the Theory
of Detonation

The classical theory of detonsticn, developed in the works of

Hiknol'son [1], Chapman [2] and Jouget [3], 13 occupied by a renge
of problems, for which no significant role is played by the final

FTD-HT-23--1889~71 2
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i oF (s 1E@eh of thy chemical soavoraion zone (ses Pig. 1).

: ﬁ. M$WG?§ views the dstonatlen _pont simply as a ourface of
" gladbntinudty, uwhich dlvides ¢2: indtie] substaznce from the reaction
progant. The limits of opplioadility of tha olsssicsl theory will

ke oxplainecd Zurther.

< % 3T,

G

The wovensnt of the dstonation Iront in the substance, vs sny
moveRant, is subject to ¢the laws of the preservation of maas,
pozpntez Aad ovorzy. The uee of these laws 18 signifieantly
slmplifisd, 1f wo censider thet the detonation front az a result of
its superscaic apeed cannot gend the perturdaticn forward. There-
fora, the initial mediua ropaing unperturbed right up to the start
of the chemiosl converaion. In this way, durlng detonation only
the peactica products can influence the mechanical movemsnt.
Assuaing ¢hat Zhe initisl substance and the product are isotropic
media, and drawing on conaiderations of syxmetry, it 1s not 4iffi-
oult to show that the spesd of the just formed reaction products,
wlch is henceforth designeted as u, is directed along the normal
to the detonstion front. ¥e will take this as i1ts positive
direction, which coincides uith the direction of propagation of
the detonation.

ot us exsmine the datonation of the physically and infinitaly
250ll materisl volume, concoivably separated from the medium. Let
us assume that at first it was a straight cylinder, the sxis of
which 18 psrpondicular to the surface of the detonation front
(Pig. 2). If oho dotonsticn front pospod through the entire
oylindop for time ¢, thon the initial voluze gzd the mase of the
sudstange were oqual to oDt and poth, respoctively, whore o is
the apoa of the base of the oylinder, and Py i3 the initial cansity
of tho medium. The base of the eylinder, through which the
detonation front ontered, shifts with a reaction produst speed u,
%8 thorefore for time ¢ the height of the eylinder 1a reduced by
tho wlua ut. Consequently, the voluma of the reaction product
12 equal to o(D -~ u)t, and their msss is equal to sg(D - ujt, whare

TR 295188871 3
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Fig. 2. Pop the derivation of laws of con-
servation of mass, mowentunm and energy for &
@atonation fromt.

The broXsn line designates the poaition of part
of the boundary of the cylinder and of the
datonation front at the initial mewent in tima.

p %8 the denaity of the product. Zquating the mass of the products
to the rass of the initial substance, we find

sl e P~ ' 1)

Here J 18 the density of the flow of matter through the surfuce of
the detonatlion front, 1.e., the 2ass of the substance, which
reacts par unit of time in a section of the detonation front of
unit zarea. '

Somet¥més it 1s convenient to reprasent equaticn {1) in another
equivalent form:

8ol F—¥) = 1§, W, (2)

where Vo - 1/00 and@ V = 1/p are the gpecific volumes of the initial
substance and of the products, respectively. Each of the equations
(1) and {2) expresses the law of conservation of ¥mes.

Let us apply the law of conservation of momsntum to the
divided cylinder. During time t the initially resting substance
acquires a quantity of movement pODocu. Thiz quantity of movement
ardiass under the influones of pressurs, which the surrounding
medium erarts on the cylinder's bhoundories. If we designate by
Po and P the pressure in the initial substance and in the produota,
respectively, thon ths total forse acting on the cylinder during
its detonation 13 congstent and equal to (P - Po), since the forces
acting on the lat.ral boundary of tho oylinder are countertalanced.
By equating the comentum of force (P - Pylot to the incroment of
the Quantity of movement, we find
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pBao P -5 (3)

Hith the aid of the equation for the law of conservation of
mass (2) we can give the last equetion ancther form, which will
play an important role in the theory:

’nH. (4)

Equations (3) and (4) are called equations of conservation of
norentunm,

Let us exgnine the law of conservation of energy. Let ua
decignate by Eo and E the specific (per unit maas) internal energy
of the initial substance and of the products, respectively. We
will assume that both values are measured from one and the same
arbitrary zero level and include both the erergy of kinetic move.
ment and of the interactior of molecules, as weli as the latent
chemical portion of energy. In the case where the initial substance
and the products of reaction are thermodynamically identical, the
chemical ensrgy can be separated in the form of the independent
torm Q. This 1s glso done, for example, in the examination of
detanetlon in gases. In the gzeneral case such separation of the
chemical e¢nergy does not have to be done uniquely, and therefore
in the discusaions of the theoretical problens we will not do this,

Besides t' internal energy, the reaction products still
pogsess spocific kinetic energy - u2/2, on account of which the
total change in onergy of the separated volumes during its detona-
tion can be reprossnted in the form

DA E — £y 4 0273),

Genorally spesking, a divided cylinder changes its energy both as
a rosult of change in volume, as well as because of the transfer
of heat from the surrounding medium. However, in an examination
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of denonatlion of condensed media diffusion and heat conductivity
are disregerded, since these processes are slow and, apparently,
do not succesd in making a significant contribution to the energy
of the formed products for the timsa which are characteristic for
detonation. Taking this into consideration, let us equate the
change in energy only to the work of external forces Puut. Con-

sidering the equation of the law of conservation of momentum (3),
We get

DU ~E)ue Pu— D% m 23R 1)y,

Prom the last expression with the aid of the equu:ion of consgerva-
tion of maos (2) we exclude D and u and arrive at the following
form of the equation of coaservation of energy:

Fwf,m -’;i:!'-(r.-r), (5)

vhich differs from the p:2ceding, in that it contains only thermo-
dynamie values. The presence of such an equation shows that with
given parameters of the initial state of tne medium (PG, Vo, 80),
not every state cf the reaction products can be achleved in the
proces3 of detonatioa.

Let us analyze th~ conclusion of the equations of conservation
of mass, momentum snd energy with the purpose of their extension to
the caze of a plane statlionary detonation front with a teraminal
width a (see Fig. 1). The detonatlon front is called stationary
if iva normal speed D, widi. a, as well as propagated distribution
within 1ts limits of density p, specific momentum pu and spescifiec
energy E do not change with time,

Prom a stationary detonation front it follows that its front
and rear boundaries pass through the above separated infinitely
amall cylinder during one and the same time t. This means, just
as before, that the initial and terminal volumas of the cylinder
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am equal to oDt and o(D - u)t, respectively. From this the above
edduced derivation of the equation for the conservation of mass is
odteinad directly. “The momentus and energy, included in the unit
area of a detunation front, as a result of its pascage through the
cylinder do not change. This may be viewed as the equality of the
total interaction tetween the cylinder and the detonation front to
gero. Consequently, the divided cylinder acquires momsntum and
energy in the final analysis only as a result of the forces which
act upon it outside the detonation frent. However, only this was
used adove in the derivation of equations of the laws of conserva-
tion of momentum and energy. Thus, the derived equations for the
conservation of mase, momentum and energy are valid not only for
the surfece of discontinuity, but also for a stationary detonation
front of finite width,

In comnnection with the fact that the chemical reaction
ordinarily takes place for a finite tims, the actual detonation
front must have a finite width. Consequently, the classical theory
of detonation, on the btasis of which lle the equations of the laws
of consarvation of mass, momentum, and energy (1)-(5), strictly
spaaking, are applicable only to a Ilat stationary detonation
front. In practice this means that the characteristic dimensions
of the charge L and the radius of curvature of a detonation front
R significantly exceed its width: L >> a, R >> a. Moreover, a
change in the speed of the front D must be insignificant during
tire a/D, 1.e., dD/4t x a/D << D. Detonation which occurs under
these condltions is called ideal. Thus, the classical theory is
8 theory of i1daal detonation.

Cur further conclusions will rest on the assumption that the
products of reaction exist in a state of thermodynamic equilibrium,
In this case their specirfic internal energy 1s a functlion only of
P and Vs

E=E@.W. (6)
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For examp , if these products satlsfy the equation of state of an
idedl gas, then

E-%-{-Q, (6a)
where y = ¢pc. is the ratio of specific heat with conctant P and V,
respectively. The quantity Q 1s a constant, which depends on the
chem!cal composition of the gas and the selection of the zero
reading level of the energy. As a rule, this level is selected

go that for the products

Q=0 (7

From the existenze of relationship (6) it follows that a
certain curve in plane P-V,which 1s called the detonation adiabatic
curve (Fig. 2), corresponds to the equation of the conservation of
energy (5). It can be shown {4 that with sufficiently general
assumptions on the equation of the state of the preducts the
qualitative fora of the detonation adiabatic curve is in all cases
the same. Therefore, the basic conclusions of the possible thzory
of detonatinn may be iilustrated by the example, when the detonaticn
products conform to the equation of state of an 1deal gas.

» Pig. 3. Investigating the propertles

i ; of the detonation adiabatie curve.
/f%ai;ffi/ 1(1') - suppcsed position of the
y74/; //{ detonation adiabatic curve; 2, 3, 4,

\«?} ,,?/2; 5 - Mikhel'son's curves.

7’
- £4 &

Independent of whether the inirtal medium is gaseous, the
following designation can be intrcduced:

E'u-..&:}'i—-f-q., (8)
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Prom equationa (8), (7) and (6a) it follows that the value Q 18
the specific isobaric-isochoric thermal =ffect of the reaction,
i.e., the quantity of heat, which would be liberated as a result of
the occurrence of the chemical reaction at constant pressure and
volume values:

P“Pa. y-v,.

From this same sqguation it follows that the given value in the
ganeral case depends on Po and Vo. This may be a constant only in
the case where the initial medium is also an idesl gas. and with
the axme value of vy, as in the products.

Substituting expressions (6a), (7) and (8) into equation ...,
after simple transformations we cbtain

26 - QA fh +HV— =00
i = 11 T Tt (9

Examination of this expression shows that it immediately conforms
to the shape of the curve represented in Fig. 3. In particular,
this curve has a vertical asymptote when

v..v..--;ﬁ.v,. (10)

Vnp 13 the limiting volume, to which the products may be compressed
during detonation.

The lines of the rays exiting from point Po, VO correspond to
the equation of the law of 2onservation of momentum (l) in this
same plane P-Y. They are called Mikhel'son's curves. The tangent
of the slope angle of each of Mikhel'son's curves i1s aqual to 32.
Consequently, onl Mikhel'son's curves with positive slope
(tg #>0) may correspond to the actual process of detonatlon. For
this reason it is possible to exclude from further examination
quadrants I and IIT of planes P, V (sec Filg. 3) as responding to
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the inaginary value of the plane of the flow of substance J through
the detonatlon front., It 1s also possible to show that the
chemical conversion regimes, which cannot exist as stationary under
conditlons of & closed isolated system, corresponds to quadrant

IV. Such a process is called deflagration. Thus, only voints of
quadrant II of piane P-V can respond to detonation.

With 2 fixed rate of detonation D the actual state of the
products directly behind the detonation front can be described
Ly the point of intersection of the detonation adiabatic curve and
the corresponding curve of Mikhel'son. From Fig. 3 1t is clear
that in the general case there are two such points (for example,
the points of intersection of line 2 with curve 1), 1.e., the laws
of congervation of momentum and energy permit two types of detona-
tion at one and the same spesd D, Detonation which corresponds to
4 large pressure value in the products is called overcompressed
or strong detonation, while that which corresponds to a lesser
value i3 catled undercompressed or weak detonation. The lowest
detonation rate, at which Mikhel'son's curve has only one common
point A with the detonation adiabatic curve, 1s calied the normsl.
In conformance with the classificatlon of detonation regimes the
segment of the detonation adiabatic curve, lying above point A,
1s called {ta ctrong bronch, while the segment situated below is
called the weak brancn.

It can be shown (for example, see [4]) that in overcompressed
detonation the reactlon products relative to the detonatinn front
move with subsonle speed. Tn undercompressed detonation this
speed 1s superscnlc. In the case of normal detonation the relative
speed of the product; 13 precisely equal to tLhe speed of sound.

Let us prove, !n parti:cular, the last assertion.

It is known that the speed of sound ¢ 13 determined by the
following 2xpression:

e-_w{%’r),. (11)

10
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. .gﬁgma 8 3s the aspaoific entropy. On the other hand, the unknown
ralative spesd of the products D - u using the equutions of the
laws of the conservation of m2ss (1) and momentum (i) is expressed

by the aslope of Mikhel'son®s ourve:

D—ap= gl (12)

Thus, it is necessary to prove that at point A Mikhel'son's curve
touchez not only the delonation adiabatic curve, but also the
isentrope. With this aim let us differsntiate expression (5) with
raspect to V along the detonation adiabatic curve. £2s a result of
simple transformations with the use of thermodynamic identitles we
will find

1 (&) 7 - (&)= {7~ 7=%) (13)

where T is the absolute temperature; dP/dV is the derivative along
the detonation adiazbatic curve.

From the last equality iv follows that at point A the simul-
taneous touching of the detonation adisbsatic curve, of the lsen-
trope and of Mikhel'son's curve does in fact take place, i.e.,

2 2
.(D-u)t

As can be seen from the foregeing examination, the laws of
conservation of mass, momentum and energy permit any rate of
detonation D, as long as 1t ia not less than the minimum value
corrssponding to normal detonation. It thus seems as if the self-
sustaining detonation front can have any speed, beginning with the
normal and higher. However, experience showxs that each explosive
has 1ts own definite detonation rate. Consequently, there must
axist a mechanitm, which selecta only one definite spesd from the
set of speeds permissible by the laws of conservation.

11
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Even Jouget pointed out {3] thet overcompresssd self-sustaining
detonetion cannot be stationary. He proceeded from the fact that
witl: such detonation the products are removed from the detonation
front at swubsonic speed. Bacause of this the rarefaction wave has
the possihility of overtaking the detonation front and making it
nonstationary. The rarefaction wave can be eliminated, if the
detonation products are supported frcm behind using some kind of
plunger, which moves in the dirsction of propagation of the
detonation. However, such & regime will still not be selfl-support-
ing, and its speed will be detei'mined not only by the mechanism of
the detonation conversion, but also by the external source.

Thus, using simple considerations it can be shown that sgelf-
supporting detonation can be either normal or undercompressed
detonation, However, more definite conclusions of the regime of
this detonation, without iantroducing information on the rctructure
of its front, cannot be made. Therefore, the problem of the natuw:
of the detonation speed within the framework of the classical
theory is solved on the basis of the additional assumption, called
the Chapman-Jouget selection hypothesis or principles. According
to thic priraiple, self-supporting detonation is normal, i.e.,
its fronc relative to its own pruducts moves at the speed of sound.

The Cnhapman~Jouget hypothesis allows us to calculate the
detonation rate and other parameters of the detonstion front, if
the parameters of the initlal state of the substance Po, VO’ EO’
as well as the dependence E = E(P, V) for the products, are given.
According to the state of the detonation adiabafic curve 1s plotrad
and the slope of the Mikhel'son curve, corresoonding to point of
tangency A, is found.

Por example, let us determine the detonation rate D for the
case where the products aredan ideal gas. Per this let us sudbati-
ture into the equation of the detonation adiabatic curve (9) the
value P, expressed with the aid of the ejuation of the law of
conservaticn of momentum (4):

12
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PG%@%*W +& (14)

As a result >f this substitution a quadratic equation relative to
V, Gapanding on D as on the parameter, is obtained. From the known
principles asuch a value D will te found, with which the equation
has only one root. The obtained value, obviously, will also be

the dasired detonation rate. For simplicity lat us examine the
case where the value PO in ccmparison with P can be disregarded.
Assuming in expressions (3) and (14) Py = 0, we will come to the
following quadratic equation relative to V:

8+ D2y 9 32V +2(r 1) Gy~ 1 — 1D =0, (15)

[

The condition where this equation has only cne solution will have
the form

B -2 - PQ =l (16)

Hence, throwing out the phyaically inapplicable value D = 0, we
fing

D= VI -1 (17)

In conformance with equation (17), the detonation rate, and
consequently, also all the other parameters of the detonation
front are determined by the heat of reaction QO' It should be
emphasized that here not an ordinary isobaric-isothermic heat
effect 13 understood (i.e., determined with constants P and T),
but an 1sobaric-igochoric heat effect. These two values are
significantly different and equal to one another only in exclusive
cases, when as a result of the occurrence of the reaction at
gonstant pressure V and T simultaneously manage to be maintalned
constant. This, for example, is possible 1f the products of
detonation (PD) and the initial medium are described by the
gquation of the state of an ideal gas with one and the same value y.

13
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The role of the {sobariceisochoric heat effect of the reaction was
here established for a particular form of the equation of the
state of the PD. However, it is difficult to show that even in
the general case it is this value that is decisive for the detona-
tion process. Consideriag the observation made, henceforth by

the term heat effect of the reaction we will always mean precisely
the isobaric-1sochoric heat effect,

The obtalned conclusions were illustrated in an example, in
which the PD were assumed to be an ideal gas. Actually, such an
assumption can be Justified only in the case, vwhere the initial
explosive has a very low density. For example, if it appears to
be an ideal gas or else if it is a very porous condensea medium.
In contrast to the last example ordinary explosives have a density
of 1-2 g/cm3. In conformance with the equation of the law of
conservation of momentum (4) the density of the product 1s even

higher. Consequently, they cannot be described by the equation of
state of an idegl gas.

The nonideality of the detonation producss, in particular,
15 manifested in the dependence of the rate of detonation of
condensed explosives on the initial density fps wilch was discovered
experimentally by the very first investigators of detonation.
Actually, according to equation (8), Ey = Q, when Py = 0. Since
the initial energy does not depend on the density (the porosity)
of the substance, the detonation rate, according to formula (17)
would also not have to depend on Po in the case whers the products
were an ideal gas,

The first attempts at taking into account the nonidesality of
the detonation products were undertaken with the use of Abel's

equation of state [5~12]:

P —a) = RT, (18)

1g
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vhere ¢ 1z the charactaristic voiume of the molecules or the
covoluses, However, it is not difficult ¢o sees that the detonatlion
adiabgtic curve corresponding to this equation of state can be
obtained from equation (9) by substitution of V by V - a. Con-
Jequently, in this case also for the detonation rate we come to
formulz (17). Hence it follows that for an explanation of the
lapandsence of D(po) the covolume must be ccnaidered as a variable
value. Its dependsnce on the various paraweters are examined in
works [13-21].

The variability of the covolume suggests that in the atructure
of the equation of state of the PD & significant role is played
by the forces of the elastic interaction between the molecules.
Landau and Stanyukovich were the first to point this out. They
suggeated s basically new approach to the structure of the equation
of state of ”D [22]. Proceeding from the fact that with the
enormcus pressures exiating in the detonation procducts, each
molecule vibratea predomir.ntly around a certain equilibrium
position, these authors suggested that the equation of state of
PD be examined by methods of the physics of solids, Equations for
prassure and specific energy are represented in the form of sums
of the elastic and thermal terms:

P Py(V) E RV, N+ 5, (19)

A
E-Ey@’H-E'(V.n"”W{ +GT, (20)

whers A, B, n, Cv are constants.

Using equations (19) and 0), it is possible to express the
detongtion rate through the parameters of the initial explosive
(s QO {23]. He will not stop here on this point. Let us only
nute that the obtained expression differs significantly from (17)
and 1z similzr to the latter only in the fact that in a general
case D 13 proportional to /@;, if we assume Eo = Qo. All the
subsequent works [23-36] on the determination of the equation of

15
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state of PD rests on tha basic work of Landau and Stanyukovieh
{22] ard are dedicated basically to the determination of expressions
(19) and (20) from ezperimental deta.

In works {22, 23] it i3 showm how, proceeding from the
dependence of D(po), to determine the constants of equations (19)
and (30). Kore accurate results {32-34] are obteined with the
use of not only thia dependsnce, but also the values of the paran.
eters of detonation &t the Chapman-Jouget point. A special place
1s occupled by works [35, 36], in which the equation of state of
PD is determined on the strength of experimental data on the
impact compressibility of separate chemical components of the
products. A detailed analysis of certain works on the equation of
state of detonation produets of condensed explosives may be found
in review articles [37, 381.

Thus, the c¢lassical theory of detonation at the presant timo
allows us not only in principle, but also in practice to calculate
the parametera of detonation waves in condensed media, However,
this calculation is based on the Chapman-Jouget hypothesis, and
the classical theory cannot answer the question, as to why precisely
this principle, and not some other principle of selection 1is
implemented. The problem of the selectlon principle, as Zsl'dovich
first demonstrated [39), must be solved on the basis of the
concrete assumption of the structure of the detonation front.

§ 2. The Theory of Zel'dovich

Let us examins from the position of gas dynamics the atructure
of a stationary detonation front in a homogeneous medium. Here
we will assume that the flow in the reaction zone is one-dimensional.
Therefore, it i3 necessary to write one-dimensional wquations for
the conservation of mass, pomentum, and energy for this narrow
zone. However, 1t turns cut that .f within its boundaries the
viscosity, thermoconductivity, and diffusion are disregarded,
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then tha degired equations will be tha equations (1)-(5) derived
above. ARetually, with the 2saumptions made intarmediate reaction
products diffsr from the ter=xinal products only by the absence of
chemical equilibrium, which is in no way reflected in the a2quations
of conservation. Therefore, using the zame considerationz which
allowed us to generalize the equations mentioned for the case of a
plane stationary detconation front we can establish their application
for any portion of this front, which comprises an arbitrary portion
of its width.

Hithin the limits of the reaction zone the specific irtarnal
enerzy E can be assumed to be a function of only three veriables:

E=EP.V. 8, . (21)

where k 1s & value, which somehow reflecta the chemical composition,
and which for brevity 1s therefore henceforth called the composition.
Yt is poasible, for example, to use as the composition the set of
independent concentrations of chemical components in the reacting
mixture. From this exemple it is clear that in the general case

a oomposition k 1s determined not by one, but by several numbers,

Differsntiating (21) with respect to the composition, we
obtain &n expression for the heat effect of the reaction with
constants P and V:

WQ=-15), & (22)

Henceforth for simplicity we will assume that the sign of the heat
affect dopends only on k, although its absolute value may also be
& function of P and V.

In the equation of the law of conservation of energy (5), by

replacing E by the function E = E(P, V, k) and assuming k to be a
constant parameter, we will arrilve at an expression, which can be

17
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called the equation of the interwesdliate detonation adiadbatic ourve
of constant composition:

TRV TY AUP oY Y (23)

The detonation adisbatie curve, corresponding to the atate of the
final reaction products, for the sake of distinection we shall call
the equilibriun adisbavic curve. Let us note that the substitution
into aquation (23) of the final value of the composition k = k, for
the actual detonation front, generally speeking, does not produce
an equation of the equilibrium detonation adisabatic curve, since
the equilibrium composition may be a function of P and V.

It 1s not difficult to show that the intermediate adiabati~
curve of constant composition has the same properties as the
equilibrium detonation adiabatic curve, For thim, it is sufficient
to repeat the corresponding calculations of [4], having replaced
the equilibrium isentrope and the speed of sound

s = Y= EPRYY,

by the igentrope of constant compeosition and the so-called frogen

speed of sound:
- - . 2k
[ B/ iw‘)& (2%)

Let us explain the physical wmeaning of these concepts.

If a reacting mixture of ardbitrary composition k, existing
in state P, V, iz quickly adiabatically compressed or expandsd by
the infinitely small value dV, thon 1ts state will be displaced
with respect to the isentrope of constant composition, since the
latter cannot instantaneously reaoct to the change in the extarnal
eonditions. Let us select on plane P-V the random point & (Fig. ¥).

18
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Pig. &, Relative distridbution
of eguilibrium isentrope AB
and the 1sentrope of constant
coxposition AC.

e S -

Let us draw the equilibrium isentrope AB through this point and
let us determine with respect to 1t the position of the isentrope
of constant composition k., If after fast compression by dV the
composition remains equilibrium, then the isentrope of constant
composition coincides with the eguilibrium isencrope. Conversely,
point C or c1 will corraspond to the new state, which is required
to be eatablished,

Sinee in the new state the composition k is not an equilibrium
composition, it will strive (relax) to-a new equilibrium value.
Rapid cozpression led to an 1lncrease in pressure when S = const,
Consequently, in conformanca with ie Chatelier's principle in the
process of relexation the pressure will drop. Since this process
is amccompanied by a rise in entrepy, point D, corresponding to the
equilibrium state, turns out to be higher than the isentrope AB.

In thls crse D may come to the new equilibrium state only from
point C. Consequently, the isentrope of constant composition may
proceed only more abruptly than the equilibrium isentrope, 1i.e.,

(>, (25)
e, C (26)

It can be demonstratad that infinitely small perturbations
are propagated in the redium with velocity c3. This conclusion is
also valid in the case where the medium is in the equilibrium
state.
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In connection with this arises the question of whether it 1g
necegsary in Jouget's proof of the impoasidility of overcompressed
detonation to replece the equilidrium speed of sourd with the
frozen one? Thie question should de answared in the nagative.

The fact 18 that the rarefaction wave, propagating in the medium,
is expanded in space with time, and the expansion of the substance
at the front of this wave occurs more and more amoothly. Therefore,
the basic rarefaction is propagated in the madium with the
equilibrium speed of sound, while the perturbation moving awsy in
front with velocity 03 attenuates. Thus, in examining a stationar:
regime 1t should be kept in mind that the rarefaction wave 1is
propagated in the products with the equilibrium speed of scund.
However, 1t can be noted that if a sufficlently strong perturbation
is created in the preducts, it 1z capable of penetrating within

the 1imits of the reaction gone, i.e., with respect to strong
perturbations the normeal detonation front is overcormpressed.

With the azubstitution of the value k = kg into the equation
of the intermediate detonation adiabatic curve there is obtained
an e: .ation of the impact adiabatic curve, which 1s related with
the movement in the madium of the surface of Jdiscontinuity without
8 reaction. Such a surface of dizcontinuity is called a shosk
front. For the latter all the above obtained equations of conserva-
tion (1)-(5) are valid, therefore the shock front may be viewsd as
a particular case of an overcompressed detonation front.

Let us now apply the equationa of concervation of mass,
momsntun and energy to determine the structure of the detonation
front. Figure 5 represents the relative dlatribution of the
equilivrium detonat'on adiabatic curve p and the intersediate
detconation adiabatlc curves of constant composition k, whers the
greater value of the subseript corresponds to the larger amount
of liberated heat (the shock adiabatic curve of the initial
explosive corresponds to the composition ko).

20




ADJ51417 - 39

#g. 5. Relative distridbu~
tion of the equilibrium
detonution adiabatic curve
p and detonation adiabatic
surve of intermadiate
coposition with a chemical
regction 2xothermic from
stert to finish,

In aceordance with the eaquation of conservation of momentum
(4) the point depicting ths thermodynamic state of the medium (the
point of the state) must slide along one of Mikhel'son's curves,
until it reaches ths equilibrium detonstlon adiabatic curve. If
it were 1ifted from position 0, then only the equilibrium points
lying on the wesk branch of the indicated detonation adiabatic
curve would be accessivie to it, Therefore, depending on the
concrete mechaniza of occurrence of the reaction not only a normal,
but even any regime of undorcowpressed detonation might take place.
If however, the phenomsna of transfer and the transmisaion of
radiant onergy within the limits of the detonation front are
assurad to be negligibly small, then only a single mechanisma of
initiation of the chswical reaction remains - shock compreesion of
the substance., Therefore the forward border of the reaction gone
must be the shock front, tthich transfers the state of the medium
abruptly from point O to point A or any other point A', lying above
the shock adiabatic curve.

Prom position A or A' in proportion to the occurrence of the
cherical reaction the point of the state along the corresponding
Kikhel'son curve transfers to nosition B or B! with the decrease
in pressure. Thus, within the limits of the detonatlion front a
gone of incressed pressure, called the chemical peak (Pig. 6),
must @xist, The propagated pressure distribution in the chemical
peak depends on the kinetics of occurrence of the chemical
reaction.

21
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ﬁ i Fig. 6. Distridution of pressure in a normal
: detonation wave in the case of a quick reaction

from start to finish {(the continuous line) and
at the atart of a slow, and then accelereating
reaction (dotted 1ine).

BD - nonstatlionary rarefaciion wave. The

'Y S dasignation does the same as in Fig. 5.

-2

A further shifting of the point of state from position B or B!
along the Mikhel'son curve is imposalble, since movement below
must occur on the equilibrium isentrope, and movement above would
denote a shock compression of the products. The latter is also
impossible, since the shock Tront is propagated with supersonic
speed, whille at point B and above the following condition 1s
fulfilled

epD~s (27)

Hence 1t follows that the points of type C, lying on the weak
branch of the equilibrium detonation adiabatic curve, are unachiev-
able in the case under consideration, and condition (27) is the
necessary condition for the stationary propagation of the detona-
tlon front.

On the other hand, on the strength of the incompatibility of
the overcompressed front with the rarefaction wave, we obtained
the above second necessary condition for the existence of a
stationary self-supporting regime:

cSD—a, (28)

These two conditions do not contradict one another only when

emD—s, (29)
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1.,0., with the fulfillmant of the Chapman-Jouget szlection
principle. Let us emphasize that this principle is implemented
with respect to vhe equilibrium speed of sound, and relative to the
frozen speed ) the regime is overcempressed.

Let us examine another case, where the chemical reaction
during the change of the composition from ko to a certain kl is
exothermic, and from Rl to the equilibrium composition - endothermic.
Such » reazction may, for exapple, exist, if in the reacting mixture
trvo independent chemical reactions go with heat liberation of equal
signs, vhere the endothermic reactilon has a lower speed. FPigure 7
representa the corresponding dlagram of the relative position of
the detonation adiabatic curve. Now the lowest speed of detonation
is determined by the slope of ﬁikhel'son‘a curve OA tangent to the
detonation adiabatlie curve of intermediate éomposition kl. in which
the sign of heat llberation changes. Hence it is immediately
obvious that in any regime the detonation front 1s propagated with
a speed higher than normal. In other words, the Chapman-Jouget
principle is not impiemented in this case.

Pig. 7. Relative position
of the equilibrium detona-
tion adiabatic curve p,
shock adiabatic curve ko and

detonation adiabatic curve
of maximum heat liberation
k..

1

Let us examine the change of state within the limits of such
a detonation front. Just as in the first case (see Fig. 5), the
point of the state of a substance shifts along Mikhel'son's curve
from position A or A° to position B or B' (see Pig. 7). During
this process the pressur=s falls, i.e., once again thers 1s g
chemical peak. FProm pogition B' a further shifting of the point of
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state downwar® 28 impossible, since the intermediate detonation
adiabatic curve of composition kl lies above all the other detena-
tion adiabatic curves. Cons2quentls, from position B' the point of
state will shift along Mikhel'son's curve only upward - to the
equilibrium position C!', Let us note chat, passing from above
downward through point C!', the reacting mixture had no equilidbriw
composition, but a certain intermediate composition between ko and
Kye In contrast to B! from position B the further movement of ths
point of stafe along Miknsl'son's curve 1s possible both to the
slde o a pressure increase, to position C, as well as to the zlde
of its further decrease, to pesition D, to which undercompressed
detonation corresponds, It iz preclsely such dztonation which
will be seif-propagating in the case under consideration,

For a more visualigable representation of the structure of
an undercompressed detonation front let us assums that behind
the detonation front in the products a shock front is transmitted,
each time of greater amplitude, until finally the undercompressed
reginme transfers to an overcompressed regime. Figure 8 represents
the pressure distribution in a detonution wave for the three cases

analyzed above, mainly, when pcints D, C, and C' correspond to the
final state cf the products.

¢ P Fig. 8. Pressure pro-
”e ; P4 2 files in detonation
(3 /3 waves in the casze of
o~ 2) Lo B)  change of sign of the
o - + ! heat 1liheration at the
-3 end of the reaction Eone.
L R o a) Undercompreased
regime, The shock waves with P < Pc and the
4 rarefaction wvaves are abssnt from the detona-
¢) tion front. b) Mixed regimes (the continuous
) line - overcompressed, the dotted line -

undercomprensed), A shock wave with P = Pc

a
can be represented at any distancc from the detonation front. c)
Overcompressed ragime. The detont.tion front cannot be separated
from the shock wave with P > Pc.
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let us now assume that behind the shock front there first
oceurs the absorntion of heat, for exaxple, as 2 result of the
endothermic reaction or the process of relaxetion. Then from
point A or A' (sev Pigs. 5 and 7) the point of state will at first
go along Hikhel'son's curve upward, which ¥ill lead to a smooth
rise in the pressure in the chemical peak. In other words, the
forward part of the detonation front will have an "avalanche,"
which 1s shown for the example by the dashed line in Pig. 8a.

Concluding our diacussion of the structure of a detonation
wave with various heat liberation regimes, let us note that in all
instances, except that correspondin; to Pig. 8a (segment BD), the
point of state intersects the strong branches of the intermediate
detonation adiabatic curves, i.e., in these cases the flow of
matter ralative to the detonation front is subsonic in the reaction
zone and perturbations from it enter the shock front., As pertains
to segmant Bo, the flow corresponding to it must be supersonic
(this 18 becsuse of the frogen speed of sound). Thus, Zel'dovich's
treory not only permits us ¢o substantiate the Chapman-Jouget
selection principle, but also to point out possible divergences
from this principle depending on the kinetics of the chemlcal
reaction within the limits of the detonation front.

§ 3. On the Theory of an Uneven
Pront

The theory examined in the preceding paragraph shows that if
we assume the flov within the reaction zone boundaries to dbe one-
dimensionsl, then the corresponding solution of 2 common system of
equations of the gas dynamics and of the chemical kinetics will
always axist. Therefors, from first glance it can be shown that
the problem of the structure of the detonation front, at least in
homogeneous explosives, is in principle solved and for its actual
determination it 1s necessary only to find sufficiently accurate
equations of the chemical kinetics and to deteraine the neceasary
constants, Hovever, &s is pointed out in the work of Zel'dovich
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135], the existencc of a solution still does not denote that it
2orresronds te the actually existing process of detornation. The
fact .s ti.at a2 solution, obtained on the assumpticn of a one-
dimencional flow in the reaction zone, can turn out to be unstable
with respect to small perturbations.

An investigation of the stability of the detonation front
with respect to the small perturbations was first undertaken by
Shehélidn [40). Subsequent works [41~44] showed that in the
majority of cases during the detonation of gases a smooth detona-
tion front, corresponding to Zelfdovich's theory, 1z actually
unstatle. The most basicalily formulated and sclved problem in
the general form on the stabjlity of the detonation front is in
work [45]., However, neither thie; nor other works permit us to
draw definite conclusions on the stability of the detonation front
in the case of :zondensed exrlosives., The application of the
theory to this case is complicated by the fact that the equations
of state of the reacting medium and the kinetics of the chemical
reaction are unknown for it. Therefore, in this book concepts on
the instability of a smooth detonation front are developed on the
tasis of experimental data.

Ir the case of instability of a smooth detonation front
Zel'dovich's theory is obviously inapplicable, and the problems
of its structure and of the jJustification of the Chapman~Jouget
selection principle must be solved anew. As long as the equations
of the chemical kinetics for conditions of detonation are unknown,
the problem of the detail structure of the detonation front cannot
be solved. However, even now it is possible to examine the
averaged structure of the reaction zone from a general standpoint.
In works [46, 47] there 1s &n analysis of the application of the
laws of conservation of averaged mass, momentum and energy to the
case of gas detonation on the assumptiion of isotroplc flow turbu-
lence in the reaction zone. In work [48] it 1s shown that by
selecting a method of averaging of the fiow parsmeters the equations
of conservaticn for an arbitrary medium can be given the form of
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these saxa eguaticns of 3 one-dimensional flow (1)-(5), 1f by the
pressure and gpecific internal energy we mean the following formal
values:

PP+ 58, (30)
=4 L?. (31)

and by tha density and spesd - the corresponding average values

p and u. In tho last ergressions the line above denotes averaging
»#ith respset to time at a given point of space in the coordinate
systen, related with the detonation front. Tha vector u' and its
cogponent "'x’ directed along the detonation propagation, represent
the pulastion of the flow velocity, i.e., the difference between
pomantary and the avercge valoeity.

Thus, in the case of a turbulent reaction zone tha internal
energy should msan the sum of the internal energy proper and of the
turbulent sovesmant of the msdium. In just the same way fhe pregsure
should be underatocd to mesn the sum of the thermodynamic pressure
and the dynaric head pu;z. Let us note that pressure P° may be
msasured by a mcuoneter, which possesses a sufficiently large time
constant, if 1ts sensor shifts together with the medium with the
svorage speed of its movemwnt., PFurthermore in work [48] it was
shown that it is poessible to select in thias way the valuea which
charasterigze the flow turbulence in the reaction zone, and that
they w11l formally bohave as components of the chemical composition
k. In other words, the process of the emergence and subsequent
attenuation of turbulence during detonation can be viewed as the
occurrence of the chemiocal reaction and it 418 possible to esvan
calculate the heat liberation of the latter. From this viewpoint
the reaction fona should be understood to mesazn the antire region,
vithin the confines of which not only does the chemical reaction
go to compietion, but also whare ths total attenuation of the
flow turdulence cocurs.
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The proposed mathod of averaging alloxe us to solve the problem
of the structure of & detonation wave with a turbulent reaction
zone in precisely the sams way as was done in the theory of
Zel'dovich. In particular, it wes shown in [48] that if the
Orineisen coefficient for the product satisfies the inequality

r-v{g) >%. (32)

then the heat liberation as a2 result of the formal components of
th= chemical composition 1s positive. If the purely chemical part

of the heat liberation is also positive, then the detonetion will
have a normal regime.

The idea of conditlons (32) can be clarified on the basis of
the following simple conglderationa. Let us assume that with the
attenuation of the turbulence, when the la.ter can be considered
isotropic, a unit volume, which w¥ill henceforth remain constant,
is liberated from the medium. On account of the fact that it is
isolated, the energy contained in it E0 (the sum of the internal
and of the kinetic energy) also does not change with iime. There-
fore the reduction in the kinetic energy 1s exactly a2qual to the
increase in the internal energy:

I e, (33)

In accordance with the change in the kinetic and internal
parts of the total energy there is a2 change in the average pressure
and in the dynaric head, l.e., the componants of the foraal
pressure. Taking into aceount the fact that

cfuaﬁ}&z
657 w §-46%,
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and paying ottention to equality (33), we find
2y= (5| B/F. (34)

Since with the attenuatlion of the turbulence E increases, with the
observation of conditiva I > 2/3 Pe also increases. Howaver, this
also metns that in the given eass the process of attsnuation of the
turbulence sust be forzmally considerad to be an exothermic reaction.

In the diszcussed theory, by aralogy with the theory of
Zal'dovich, the Justification of the Chapm.a-Jouget selection
principle 12 basically related with the azsumption that in the
proceas of the rezetion and the attei ustion of the turbulence the
rediun go23 to a state of therscdynamic squilibrium while expanding
(the corresponding point Pe, ¥ s11des along Mikhel'son®s curve
downward). Hith 2 turbulent resction zone the disregardable
szallness of the phenozens of transfer doas not necessarily lead to
the degired direstiocn of wovoment of point Pys 7 along Mikhel'son's
curve. Theorofore, the mentioned assumption must theoreticslly be
Justificd for oach costorete structure of an uneven detonation
front or smust de directly chacked experimentally. For example,
to detormine the diztribution of ¥ within the limits of the
reaction sens it 13 possible to measure the profile of the mass
valoeity U and to them make use of the law of conservation of mass
(1). Running a few steps ahead, we will note that in almost all
instances, wnen such msgsurement has been done successfully, it
was digcovered that the reacting medium approaches the eguilibrium
state right during the process of expansion.

The pressure and energy within the limits of the detonstion
frant, as a fule, are dotormined {ndireotly through other values
uith the aid of tho lows of conmervation of momentum (%) and energy
(5). In tha onse of a turdulent resotion zone P and E, do not enter
ato these equations, but sather Pe and Eo, and therefore in in-
direct cossurcoents not the thermodynamio, but the formal pressure
and arergy are dotermingd, which should slways be kept in mind.
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CHAPYER 11

EXCITATION OF DETORATION BY SHOCK HAVE

The usual method of initiasting detonation in a condensed
explosive sucstance 18 the creation in this subatance of a
shock wave of sufficient intensity from the detonator capsule
in conjunction with the booster charge.

Detonation may alac be caused by friction, a beam of light,
burning in a closed volume, shaking of the charge, striking of
particles and pieces, a light pulse, etc. However, cven under
these gonditions formation of detonation occurs as a result of
the emergence in the final stages of a transition procesa of
the nonstationary shock wave with ignition, which also pasaes
into a stationary detonation wave.

The study of the phenomenon of the transition of a shock
wave into detonsgtion touches on the basie problems of detonation
of condensed ayctems. On the one hand, this is a problem of a
mechanism of the emergence and occurence of a chemical resction
which ensures total heat liberation in the explosive for relatlvely
short times of the shock loading. On the other hand, it iz a
problem concerning the structure of hydrodynamic flows under
nonstationary conditions, which fora the detonstion wave.
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The nupder of experimental works on the observation of a
detailed picture of deformation of a detonation wave 1is small,
There are significantly more works dedicated to the solution of
epplied problexs of the susceptibility of the explosives to
detonation depending on their aggregate state, density, dispersity,
presence of sensitizing end retarding additives, etc. The dynamic
paramsters of the initiating shock wave were ordinarily not measurec
hare, and the susceptibility to detonation was characterized in
relative values. HMost frequently this was the width of a plate
made of an inert mateprigl, which divided the active charge from
the investigated material, through which the detonation was still
capable of being transferred [89]. In similar experiments us!ng
2 photoregister it was discoversd that detonation in a passive
charge begins at a certain distance fros the inert boundary,
which increased in proportion to the increase in the iwidth of the
boundary or the decrease in the size of the initiating charge.

In certain experiments the phenomenon of the propagation of
detonation in the opposite direction from the slite of emergence
("retonation™) ues also detected.

An explanation of thass results encounters slgnificant
difficultias. The presence of 2 delay in the initiation and the
energence of e retongtion wave from outside recalls the picture
of the pradstonation period in the transition of combustion into
detonation in gaseous mixtures {23]. In connection with this
until this time numerous attexzpts have been made [53-58] to

exsmins the phencasnon approximately according to the following
outlina.

The shock wave sauses ignition of the substance with a
cortain delay. A pressure rise as a result of the developed
reacticn leads to the emergence of a series of compression waves,
which overtake the front of the initisting shoelk wave and increase
its acmplitude. The amplitude of the shoek wave increasaes
continually until it reachss a value which corresponds to normal
detonation. In this way 1t is supposed that the difference with
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the classical idea of the transition of combustion into detonation
{231 consists only in the fact that the shock wave, opiginating
under the effact of tha accelerating front of comdbustion, is
replaced by a shock wave frcm the active charge. It 33 obvious
that such a transference of tine 2odel of the transition of coxtus-
tion to detonation for clarification of the development of the
initlating shock wave is connected with misunderstanding. In the
scheme of the transition of combuation to detonation the accumula~
tion of compression vwaves leeda to the formation of a shock uave
with an amplitude sufficient for self ignition of the gaz. The
appearance of such a shock wave is identified with the msnifestation
o” detonation {23]. The more precise problem of the transition

of such a shock wave to detonation 1s not examined in detall,

and it 1s precisely this that is the eszence of the prablem of
shock Initiation.

The theoretical problem of nonstationary interaction of the
reglon of self-ignition with the front of the shock wave has
remained until the present time an open queation even for gaseous
mixtures. The specifics of the reactiona in a condensed modiun
complicate & strict formulation of the problem even more.

§ 1. The Iaitiation of Liguid Explosives

Today the majority of investigators assume thst the occurence
of the chemical resaction in a shock-compressad homogensous
explosive has a thermal nature. In spite of the fact that precise
calculations on the value of the shock warm-up are so far uncocpli-
cated, approximate evaluations [58, 59] testify to the actual
posoibility of the heat-up of 1iquid to terperatures of 3olf-
lgnitlon in the shock wave with a pressure on tha order of
100,000 atm. The effect of the elastic part of the enorgy
of the shock compression on the weight of the chemical reacticn
remains indoterminate. It should be kept in mind that on the
frout of the detonation of powerful 1liquid explosives the pressure
in the medium may reach a significantly greater value, at which
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in pripoiple a qualitative change in the mechanism of the chemical
yeaction is poesidle [23).

4 decisive charzoterictic of the thermal naliure of the
ehamical meaotion, which cen be described, for exaeple, by
Arrhanius kinetics, is the presence of the sbrupt self-acceleration
of the regction under adiabatic sonditions, manifested in the
s2lf-gnition of the substense after a certain delay time and in
the atrong depandence of this time on the initial parameters.

A cocrncrote yesson in favor of the assuwmption of the thermal
nature might also be the analogy in the processes of excitation
and propagation of detonation of homogencous condensed explosives
and gaseous IXtures.

In the experimental works of Cazpbell; et al, [60] using
spsed photography and electrical probes ultrafast phenomenon
in the initiation of detonation in cortain 1liquid explosives
yas cetected. It was aetabliched that the initiating shock wave
i3 propagatad through the liguid explosive for a certain time
at a glightly falling rate, as in an inert medium, After a
certain time of delsy the shock wave suddenly transfers to
detonation, where at the initial moment this detonation iz over-
comprasszed. In obaserving the process from the end of the charge
in a trauspapent liquid explosive - nitromethane - there was
registersd the ccourence of a weak luminescence shortly before
the trensition of the shook wave into detonation.

A 2chene for setting up the experiment for the observation
of the process of initiation in nitromethane, similar to the
gsotup of Campbell, ot al. [60], 1s shown in Pig. 9. As the
irert boundary, outiting off the incandescent preducts of detonation
of tho active charge, & 2ot of plates made from Plexiclas 1s used.
7ie transparency of the Plexiglas allows us, during observation
of the progcos from the end of the charge, to rescord on a
phote~dcannoyr ¢ha flashes of the air gaps during the passage of
tho shook wave through the boundary. Since the shock adlabatice
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curve of the Plexiglas 1s known [61], it is possible to calculate
the mass velocity, density and prossure in thls shock wave,
Moreover, the shock adiabatic curve of nitromethane 1s also known
{62]). Therefore, with the method of reflection [63] it 1s not
difficult to calculate the wave and mass velocity, pressure and
density 1n the initiating shock wave,

Fig. 9. Setup of the experiment for
| e observing the formation of detona-

5 7 tion on the excitation boundary.
i 3 1 ~ Detonator capsule; 2 ~ boosater

- charge; 2 - explosiva lens; ¥ -
¢ table of pressed trotyl 100 =z& in

diameter; 5 and § - Plexiglac plates;
7 - container with liquid explosive;
e 8 - air gaps; 9 - direction of the

N T optical axis of the photoregister.

The selection on the pressure amplitude necessary for
inltiaticon occurs with a change in the initial density of the
charge made from pressed trotyl. Pine regulaticn of the presssure
in the initiated wave allows us to obtain a delay in the transition
of the shock wave into detonation of up to 10 us. Photoscanning
of one of the experimenta, conducted according to this setup,

{8 given in PFig. 10. The initial velocity of the shock wave

1a nitromethane in this experiment amounted to %,2 km/a, while the
pressure in the vave was 78,000 atm., In the photoscannsr one
can see how olter a certalin time after the entry of the shock

wave into the nitromethane in the shock-compressed liguld there
arises a relatively weak luminescence, which has a constant
intenslty and after a certain time iz suddenly changed by the
luminescence of the detonation of the nitromathane. (The rate of
normal detonaticn in nitromethane is 6.3 km/s, and the initial
density 1s 1.14 g/cn3.) Using ionization sensors [60] 1t was
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ostehlished that the smergence of conductivity on the limit of

the division of- the inert boundary and the nitromethane corresponds
to the start of this lum.nescence. Using the same senses there

¥as suceess in recording the fact that the zone of conductlivity,
whick apperently arises se a result of the chemical reactior.,
propegates with high speed behind the shock wave and overtakes it.

Fig. 10, Photoscanning of the luminescence
during initiation of nitromethane according
to the system shown in Fig. 9. 1 - Illumina-
tion of the air gaps during the passage of the
shock wave; 2 - moment of entry of the shock
wave into the 1liquid; 3 - luminescence in tha
area of shock-compressed liquid; 4 - lumines~
cence of normal detonation of nitrow:thane;

5 - area of overcompressicn in the cetonation
of nitromethane; 6 ~ fllumination of the deto-
nation products during their =scaps from the
free surface of the liquid explosive.

The observed ultrafast perturbation, accompanied by weak
luninescence, corresponds, a3 Chaiken suggested [64], to the
datonation of the preliminarily compressed and heated shock wave
of nitronsthane, which arises under the effect of the thermal
explosion on the boundary of the section, occurring after a
definite period of induction. The detonation rate here, according
to the hydrodynamic model, must ke higher than normal due to the
pre.lainary compreasion of the substance by the shock wave.
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Considering this wave as standard, Chalken suggested a space-tire
calculation system for its speed from the known dynamic parameters
of the initiating shock wave and according to the data of photo-
scanning (Fig. 11),

Pig. 11, Chalken's scheme for calcula-
ting the rate of detcnation of a shock-
compressed substance according to photo-
scanning data. 1 - Propagation of the
front of the initiating shock wave; 2 -
movement of the surface of the boundary
made from 1nert materisl; 3 - delay of
the thermal explosion on the boundary
surface; 4 - time of weak luminescence
behind the shock wave; 5 ~ propagation
of detonation in 2 liquid preliminarily
compressed by a shock wave; 6 - normal
detonation.

Since there were no direct proofs of the detonatlion nature
of the ultrafast perturbation, Jacobs [65] was limited by the
assumption of the existence or a "secondary shock wave in the
liquid as & result of the reaction." In contrast to these authors
Cook [66] found in experiments on the initiation of detonation of
nitromethane confirmation of his hypothesis on the existence of
a "thermal pulse,”" which put in doubt the validity of the
hydrodynamic theory of detonation.

Thus, the basic problems in the inveatigation of the
mechanism of shock initiation of homogeneous media are the
following:

1. To what degree does the nature of the second wave
correspond to Chailken's hypothesis?

2. Under what conditions and in what way does the ultrafast
wave arise? In particular, 1s the formation of this second wave
characteristic for the shock initiation of all liquid explosives?
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3. Dow do we detemminag the sensitivity of homogenzous
condonsed explosives for a shock wave?

18t us examina these problems one at & time,

i. 1f, acsording to Chaiken, we assume that the ultrafast
vave corresponds to datonation of shoci-corpressed nitrozmstihane,
then 1t 13 possidle from vhe calculated or measured spesd of thils
detonation to eetimate the paramaters of the zhock wave on its
front, corresponding to the hydrodynamic model. The caleulation
scheme is shown in Plg. 12. It turns out that even for the smallest
velues of maasursd vave velocities [60, 67] with the use of the
adisbatic curve of double compression (understated sstizata) the
presaure on the shook front of the detonation, corresponding to
& cne-dimensional hydrolynamic Zel'devich model, must be around
1 »illion atn. The density Jump here must not excecd the density
Jusy on the front of normal detonation by less than 2 times,

Fig. 12. Estimating the parameters of

1) a shock wave on the detonation front
LY ) of & shock-compressed substance,
1 ~ Extrapolated shock adliabatic curve
of nitromethane, msasured up tc pressures
of 80,000 atm; 3 . adiabatic curve of
a double shock compresssion; 3 ~ parameters
of an initiating shock wave; % - ray,
corresponding to the speed of the second
wave, aqual to 8.4 km/s relative to the
moving boundary of the active charge;
5 = parameters of the second wave;
6 - pressure on the detonation front
of a shock-compressed liquid axplosive.
KEY: (1) P, thousands of atm; (2)
u, kw/s,

™
o
o5
P

Prom works [68, 69] it 4 Mncun that the front of normal
detonation, as well as inert shock vaves in ligquid reflect well
the light of an extraneous light source., Therefore, attempts
might be made to detect the shock wave on the front of an
uitrafast detonation by tha reflected-1ight method. Since the
donsity juxp, calculated above for a shock front of an ultrafast
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detonstion, 1s large, correspondingly the coefficient of lignt
rellection from thls wave must also be large.

The shock wave preceding the ultrafast detonstion 1s
in nitromethane practically completely transparent. This conclusion
follows from the experiments on the obaervation of light reflection
from the border of the boundary, covered by a thin refiecting
aluminum layer, through the layer of sheck-comirezged nitromethana
{70}, The transparency of the llquid behind tas shock front is
also witnessed by the conastancy of the luminescence of the second
wave during its propagation to the front, Experiments were set up
with light reflection (Fig. 13). The initiation delay selected
in these experiments was large enough, so that the reflected light
from the initiating shock wave would not impede the observation
of the light reflectlon from the second wave, which had a convex
shape in our experiments. The angular dimension of the light
source vas 0.2 rad to obtain a sufficlently large reflection in
the convex "mirror,” corresponding to the second vave. It was
found that the light 1s raflected well both from the shock
detonation wzve, as well as from the normal detonation wave, and
frem the second wave there 13 no Jight reflection (Pig. I). In
the explanation of this fact several versicns are permissibie,

Pig. 13. Pormulatlion of an experiment

with 1light reflection, 1 - Active charge;

2 - transparent :ontainer with liquid
explosive; 3 ~ explosive light source,
consiating of an explosive lens, a pressed
hexogen teblet and a glass tube with argon;
4 - 1ight source diaphragm (15 mm - width
aperture, cut in the screen of perpendicular
projection of the inlet opening of the photoe
register); (5) - direction of the axis of
the photoregister .
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The high pressures of the dynamic paramsters on the front
of the second wave, obtainsd through caleulation, allow us to assume
that the thsraal component in the enersy of the shock cospression
is glso large. The high tesperature of the shock warmeup on
the front of the detonstion, propagating sloag the preccapressed
and heated front up to tesperatures, close to self ignition for
the aubstancs, rpust 1638 to the miniwus pozsible times of
chemical reacticn on this froat. If ignition on the front occurs
here after & time on the order of 10~ 5, then the distance from
the forwerd shock front up to the flame must be less than the
wavelength of the 1ight (5:10"° em). It is possidle that the
foruard front of such detonation dces not, in practice, also have
to reflect light from an extraneous source. Also not excluded
i3 ths fact that with such enormous pressures the kineties of
the heat liberetion ts not thormal and the pressure directly
affects the chemical conversion. In this case ths reflective
capability of the detonation front becomes indetermingste. And,
finally, the last assuyytion consists in the fact that the second
wave, in generai, doer nat have a clear-cut forward front and
1z not detonation,

To explain the nature of the ultrafast wave a dirgct
measuremsnt of the profile of the hydrodynamic flows behind the
initiating shock wave vas made. An electromagnetic device was
used, the principle of which is based on the registration of
the electromotive force, arising in the sensor made from ® thin
foll, attracted by the shock or detonation wave to a perpendicu-~
larly constant magnetic field [71] (Pig. 1k). A typicsl recording
of the flow rate in an experiment with nitromethane is shown in
Pig. 15. The sensor was set up at s certain distance from the
barrier limit. An initiation delay was selected, such that the
shosk wave attracted the sensor until the approach of the ultra-
fast wave to it. As can be seen from the oscillogram, the ultrafast
wavo has an ebrupt lsading edge. The mass velocity on the front of
the first shock wave 1s 1.6 kn/s, aud the additional jump of the
2aos velocity in the second wave is 1.2 km/v in a regime cof ifnitisg~
tion with a deley of 2-3 us.
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Tﬁe curvature of the leading sdge of the ultraf 3t wave
bears witness in fsvor of the assumption of its detonatlon
character. FPFor the calculation of the parametars of thls wave,
applying the loss of conservation to the surfaces of the hydre-
dynamic discontinuity, in work [67] it was learned that the
pressure on its front amounts to 250,000 atm with a pressure in
the initiating shock wave of 80,000 atm. The chemical reaction
zone cn the front of this wave, evidently, i1s so narrow, that
it is nnt noticed on the cscillegiums, The detonation character
of the second wave is to an even grester degree altested to
by the drop in pressure behind the front of this uwave due to
the escape of the detonatlion products, It was established that
in proportion to the increase Iin the layer of substance detonated
in this wave the pressure profile behind the wave becomes smuother
in confermance with the one-dimensional theory of the escape of
detonation products.

A\ Pig. 14, Mounting of the charge for
3 measuring the profile of velocity of
SR § W— the medium during shock initiatlion by
in the electromagnetic method. 1 -~ Initiator;
L 2 ~ exploslve lens; 3 - trotyl tablet;
) 4 -~ plate made from paraffin; 5 - sensor
R made from aluminum foil, 0.03 mm thick;
6 ~ liquid explosive.
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Pig., 15. Oseillogrem of the mass velocity
uring initlaticn of detonation in nitro~

wethane, 1 ~ 8pe+d of ¢he medium behind

the front of the initiating shock wave;

2 « inepesse in the flow velocity under the
effoct of the sacond wave.

The gbrupt pressure drop immediately behind the front allows
us ai80 to expsess cartain considerations relative to the fulfill-
ment of the Chaupian-Zhuge selection principle for the detonation
of & shock-compressed substance. It 13 known that = regime of
overcompressed detonation cminot exist without external support,
and therefore in our case this regime does not exist. A regime
of undercompresssed destonation, whish in principle may exlst, for
example, as a result of radiation or anomalous thermoconductivity
iz distinguished by the fact that the flow velocity behind the
front of the vawve 1s greater than the velocity of propagation of
perturbations in the detonation products. In this case directly
bahind the zone of chemical resction in the wave an area of
constant paraneters must exist, aince the rarefaction wave remains
behind the front of the detonation wave, No such region of
congtant parameters was discovered on the oscillograms. Therefore,
one may asser: that the Chapman-~Zhuge selection principle for thia
detonation is carried out with good accuracy. Hence it follows

that with a constant initial density such a wave must be stationary,

as 48 also postulated in Chalken's hypothesis.
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it was earlier pointed out that an initiating shpck wave
auring the pericd of induction behaves as if imert. Thus, the
ultrafast detonation, oyming fram the thermal explosion, is
propagated through the cesprensed substanes, uhich has a practically
conatant density. Since the propagation of the detonation does not
depend cn the method of 1ts initistion, i* is pozalble to exclte
an ultrafast wave artifically. Por this, with the usual charge
setup (See Fig. 9) on the boundary - nitromethane interface there
is set up a zas bubble, a grain of explosive or a metal wire.
When the shock wave leaves the boundary at this site there occurs
practically without delay a thermal explosion, which causes the
Qetonation of the ccmpressed substance. The shock wave is
selected with such an amplitude, that the independent thermal
exploslon must occur with a long delay. The variation 1In the
delay in initiation is8 accompanied by an extremely slight change
in the parameters of the initisting wave.

The arising detonation is propagated along the interface in
the compressed explosive with a velocity almost constant for a
certain time and is directly registered on the photoscanner
(Figs. 16, 17). Tnhus, it was successfully established that the
process of propagation of the ultrafast detonation 1s statlonary,
and its velocity was measured, without using Chaiken's space-time
system. For nitremethane, precompressed by a shock wave to a
pressure of 80,000 atm, the de%onation rate is 8.1 km/s, Por s
mixture of nitromethane with acetone in a ratic of 75:25 at the
same pressure this velocity equals 6.3 km/s. The drop in the
speed wlth the reduction in the heat content helps to confiram
the validity of Chalken's hypothesis on the conformance of this
detonation to the hydrodynamic model. It is interesting to
note, however, that the calculation of the speed according to the
space-time system, suggested by Chailken, leads %o untrue results,
The speed of the "second™ wave in the mixture turns out to be
greater than the s zed of this w¥ave in undiluted nitromethane,
The reasons for the incorrectnecs of the calculation procedure
¥ill be explained below.

42




ADr=ist] - ol

#ig. 16. Photoscan of an experiment of the direct
moasurexent of the detonation rate of a shock-comprassed
exzplosive using an artificial ignition initiator in the
shock wave, 1 - Explosion of a miniature explosive
charge, plascsd on the interface, under the sction of the
shock wave; 2 - propagation of detonation through a shock-
soxprensed explosive along the interface; 3 -~ luminescsnce
of normal detonation,

Pig. 17. Diagram of the propagation
of ultrafast detonation of an explo-
sive with 1ts aritificial excitation.
1 - Surface of the boundary; 2 - front
of the initiating shock wave; 3 -
front of the detonation of the shock-
compressed layer; 4 - front of normal
detcnation; 5 - aite of explosion of
the miniature charge.

In concluding the analysis of the ultrafast phenomenon in
nitromethane ve will emphasize that the initiating shock wave
ereates a layer of denser substance, the ignition of which causes
the indspondent detonation of this layer, which then transfars
to the éaxtonatien of the unexcited liquid explosive. The formtion
of the ultrafast dstonation complex, corresponding to the hydro~
dynaaic model, takes place behind the front of the initiating
shock wave; with the transition to the uncorpressed explosive
this coxplex is only restructured in conformance with the other
value of the initial density.
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g. The study of nitro;lyeerine, dinitroglycerine and
vetrafitrometiiane has shown that all these subs$ances on the
boundary of excitztion behave similar to nitrompsthane, The
threshold pressures differ consideradly: for nitroglycerine it
{s 120,000 atm, and for tetranitromethane - 70,000 atm.

Nitroglycerine and dinitroglycerine, being viscous liquids,
can contain in the suspended stete zir bubbles, water drops and
other contaminants. Thia circumstance, according to Campbell's
observations [60] for nitromethane, can qualitatively distort
the picture of the formation of detonation as a result of
premature ignition of the explosive at the sites of interaction
of the shock wave with these inclusions. It was noted that for
nonhomogeneities of the initial structure there exists a certaln
eritical dimension (0,3 mm), above which premature detonation
takes place. In the case of nitroglycerine there was actually
detected & certain peculiarity, consisting in the emergence of
a weak luminescence ~ "gureole” (Pig. II) wi%h the departure of
the shock wave, which is maintalned right up to the onset cf
detonation. This luminescence 1s rlso cobserved in a shock wave
with an anmplitude, insufficlent for the excitation of detonation,
It may be distinguished that it consists of a multitude of
ignition foci, which are recorded on the photoscanner in the
form of thin luminescence bands.

Additional experiments with light reflection from the
boundary 1imit have showa that such a focal ignition does not
lead to noticeamble light absorption, from which the coneclusion
can be drawn that tne quantity of reacting explosive and the
corresponding additlonal heat liberation are insignificant.

Iy 15 obvious that the foci have dimensions which are less than
eriticel, Therefore, nitroglycerine also possesses properties
of a homogeneous liquid explosive, manifested in the formation
of ultrafest detonation. Direct measurement of the rate of
this detonation by the msthod described above produces for it
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& value of 10,2 ku/8 yith a2 pres3ure of 115,000 atm in the shock
weve, The density of the nitroglycerine behind the shook wave

i1s 2.3 g/cm3. Hence, from approximate estimates, the pressurs

in the detonaticn in the compressed nitroglycerine must be higher
than 500,000 atm. Apparently, this iz the wost powerful detonation
of those encountercd in the experimsnt.

In 8ll the cbserved cases the luminescence of the detonation
of a shock~compressed explosive turned out to be significantly
weaker in comparison with the luminescence of norwal detonation.
Even Khariton [72] pointed that uwith an increase in the initial
density the tomperature of the products of detonation must 811,
since g large part of the libergted chemicel energy is here
transferred to elastic energy of the products. Thiz effect is
also predicted by the quantitative calculations on the basis of
the equation of state of Landau-Stanyukovich {73]. It 1z possible
that the cbserved phencmena also serves as experimental confirmation
of these assumptions.

For an answer to the question, in what manner does the
formation of detonation of a compressed substance under the effect
of a thermal explosion take place, 1t is necessary primarily
to clarify the characteristics of the thermal explosion behind
the shock wave. The theory of a thermal explosion ordinarily
operates with quantitative characteristics of the process 1n the
state of pre-explosion heating. A calculation of the parameters
in the process of the explosion itself is practically inadmissible,
especlslly, as a result of the indeterminacy of the activasion
tuirey, the apecific heat value, the form of the equation of
state of the condensed medium, 6tc. There is no need of such
calculations in the majority of practical cases, since the
time of the explosion itself turns out to be immeasurably less
relative to the time of the induction period.
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For the process of heat liberation behind the shock wave
very short times are charasteristic - millionths ol a second.
Under such conditions, when the problem of the limitingly amall
times 'or the occurrence of the chemical reaction becomes acuve,
the explcosion time “proper" may be of the same order with the

time of the induction period. It turns out that certain pecularities

of heat liberation under such conditions can be described by the
very simple theory of adiabatic nonstationary thermal explosion,
in producing the concept of a "degenerated®™ thermal explosion
{74, 15].

The physical concept ¢f "degeneration” consists in the fact
that at the high initial speed of the chemical reaction there occurs
the effect of "burn out® of the substance, since up to the momont
of the explosion a considerable part of the substance is consuged,
a3 a result of which the explosive effect becomes weakened. The
achievement of such conditions is characterized by two parameters

L. ) (35)

where T0 is the inltial temperature; E 1s the energy of activation;
R is the gas :onstant; c¢ 1s the specific heat; Q is the heat
content.

When vy << 1 and B << 1 the thermal explosion is normal with
introduction pericd much greater than the time of explosion itaself.
If these conditions are not fulfilled, then the thermal
explosion 1s degenerated. In this case it 13 4ifficult to speak
of the 1induction period snd of the time of the explosion itself,
since the qgccurence of the reaction in tiame does not possess the
sharply expressed cffect ol self-mcceleration, leading to the
explosive liberation of energy with a delay. A rough estimate of
the parameters £ and y for the conditions of shock initistion in
nitromethane (pressure 80,000 atm, T, ~ 1000°K [60], ¢ = 0.3

cal/g-deg, E ™ 50 kcal, Q ™ 1 kcal/g) produces y = 0,012 and
8 . o.ou.
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Since for a normal explosion the values of y and B comprise
0.01.0.001 (75], from the estimates introduced it follows that
under conditions of shock initiation of nitrcmethane the kinetics
of the heat liberation ure close to degeneration. The thermal
explosion under actuel conditions iz accompanied by the expanasion
of the reaction product in the explosion stage of the process,
which must lead to deviation from the adiavatic scheme of calcula-
tion to the side of still greater "degenaration."

It i8 obvious that with a certain degree of degeneration in
the shock wave the hydrodynamic effect of the explosion behind
its front can be weakened so much that a smooth pressure rise
will not lead to the formation of detonation of the shock-compressed
substance in the region between the shock front and the zone of
self ignition.

Depending on the degree of degeneration one should apparently
anticipate a certaln connection betwean the time of the thermal
explosion, which occurs with g certein delay, and the time of
formation of detonation of the shock-compressed substance. These
times in turn determine the size of the area at the section
boundaries, wh:re this transition process takes place.

A detailed picture of tne formation of the ultrafast detona-
tion cannot be observed in an experiment. However, in experiments
with the reflection of 1!ght in nitromevhane [70] 1t was discovered
that the light reflecticn from the boundary limit disappears
shortly before the occurrence of the luminescence of the ultrafast
wave. In anslogous phenomenon is observed in nitroglycerine
(rig. IIX).

Apparently, the loss of transparency of the liquid is caused
oy the start of the violent chemical reaction In the initial
atages of the developing thermal explosion, The time interval
from the start of darkening of the substance to the cmergence ol
luminescence o. the second wave corresponds tc the time of its
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formation under the effect of the thermal explosion., This
phenomenon, testifying to the noticeable degree of degeneratlion
of heat liberation behind the shock wave, is especlally well
expressed in tetranitromethane. It was estublished that with
slight initiatlon delays in tetranitromethane there is generally
observed the formation of preluminescence, corresponding to the
second wave (Fig. 18), Eaperiments witn the reflection of light
indlcate that the chock wave is nontransparent immediately after
it pesses into the substance (Pig. IV). At lower pressures and
with gignificantly greater initiation delays the detonation of
shock~compressed nitromethane 1s obaerved, but the duration of its
luminescence ¢ small, since it 1s formed at a asignificant

dlstance from the boundary limit, snd its travel time to the
front 1s small.

Fig. 18. Phetoscan of the luminescence
during initiation of tetranitromethane,
1 - Moment of entrance of the shock wave
intc the nitromethane; 2 - moment of
formation of detonation in unperturbed
liquid (luminescence of the second wave
is absent); 3 - luminescence of normal
detonation.
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Pig. 19. Chatken's space-time diagram with
calculation of the final time of thermal
exploslion on the boundary surface.

1 -~ Propagation of the initiating shock
wave; 2 - movement of the boundary surface;
3 - propagation of detonation of a shock-
compressed explosive ac~oprding to the data
of direct measurement of its speed; 4 -
region of formation of detonation of s
shocke-compressed substance under the effect
of an adiabatic thermal explosion on the
1liquid explosive - inert boundary interface;
5 ~ movement of a thin foil placed a certain
distance from the boundary surface.

A good 1llustration of the presence of a reglon of formation
of a second wave under the effect of the thermal explosion is
the divergence of the directly measured ultrafast speeds with the
calculation results sceording to Chaiken's scheme. Apparently,
the method of end photoscanning can give correct information
for the calculation of the speed of the second wave, if we
exclude from the observations the region of formation of detonation
of the compressed substance. This is heing successfully achieved
by placing bans of thin nontransparent 01l a certain distance
from the boundary limit (Fig. 19). Photoscanning of the process
from the end of the charge is shown in Pig. V. From the known
diatance of the foll from the boundary and the time of passage
of the second wave from the foil to the shock front it iz not
difficult to calculate the speed of the second wave. The result
coincides with the direct measurements shown above.

The forwation of detonation of a compressed substance behind
the shock wave, mss follows from the conducted experiments, must
occur in those shock waves, in which thare is ™normal™ kinetics
of heat liberation. Witu given equations of state of the liquid
explosives and intensity of the shock wave from the active charge,
which dotermine the value of the initiai temperature behind the
shock front, the possibility of the formation of ultrafast speed
will be reduced with thre reduction of the heat content of the
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sAplosive (for example, with its dllutlon by an inert solvent
Lith similar dynamic properties). The approach to the degenerate
.ase occurs as a result of the increase in the parameter y.

he rame thing must take place with a significant increase in

tre ampiituae of the shock wave (increase in 8 and y as a result
sf the increase in TU).

A alirafast wave may also be absent in the case where the
reaction uenind the shock wave is complex and the . nal stage
of tue process of heat liberation is for some reason drawn out.
The zchlcvement of such conditions with the ald of the above-cited
gualltative considerations is naturally difficult to foresee.
The setailed mechanism of the formation of detonation of & shocke-
compre. 2-d cubstance under the effect of thermal explosion requires
adaitional 1investigation.

3. From the foregolng experiments it was observed that for
each 1iqulJd explosive in the formulation of the experiments, shown
in Fig. ., there exists a certain pressure emplitude, lower than
which detonution does not take place. Of interest is the clarifica-
tion of tne problem of how the limlting amplitude of the initiating
chock wave ls determined. If the shock wave i1s rectilinear
(cf infinite length), then on the assumption of the formal
corresponaence of the speed of the chemical reaction to Arrhenius!
law uwith any amplitude of the parameters of the initiating shock
wave ignition must take place. The single limitation here may be
uily the presence of such enormous delay times inadmiasible for
the tecunuoulogy of shock initiation, during which the phenomena of
thermal conductivity can occur,

Under actual conditions it must always be a question of
shock wave parameters falling in time, The speed of this f3ll
is determined baslcally by the characterigtic dispersion time
of the products of the explosion of the actlive charge, whlch 1s
vroportional to its linear dimension. The amplitude of the
parsmeters 15 determined by the pressure in the products on the
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detonation front and by the equation of state of the loaded
substance,

Thus, the limiting conditions for initiation of detonation
are reduced to the problem of the adiabatic thermal explosion
under conditions of the themperature falling in time with 1its
fixed initial value, If the thermal explosion on the interface
takes place, then detonation arises, and if it does not occur,
then the substance does not detonate. With a strcng degree
of degeneration of heat liberation behind the shock wave, when
an ultrafast wave after ignition is not formed, this criterion
is unacceptable. However, as the experiment shows with the
ordinary setup of experiments on shock initiation (see Fig. 9),
within the boundary conditions of ..citation the detonation of
the compressed substance always takes place.

Since the the dependence of the delay of the appearance of
detcnation on the temperature in 1iquid explosives 1s very
strong [60], it 1s clear from physical considerations that at
any value of the initial temperature one may find such a rate
of temperature drop with time that at any moment in time the
delay of the explosion will exceed the substance's "own 1lifetime"
in the shock-comprassed state, This case corresponds to the
separation of the thermal explosion, which under such conditions
generally does not take place. MNore precisely the separation
condition may be characterized thus: the seraration of lgnition
takes place, if the rate of fall of the parameters of the shock
wave 8¢ a result of the rarefaction wave from the side of the
active charge ir sufficlent for the cooling arising in the
process of adlaba._c expansion of the compressed substance to be
able to complately compensate for the self-heating of the medium
as a result of the chemical reaction.
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This considepration can aiso be illustrated by a rough
<alculation, The induction period 1 is proportional to exp (E/RT).
Hence

&« _8 4
3 wW O

Let us assume that the temperature in the shock wave falls accord-
ing to tne exponentigl law

T = Tgap (~eh),

where a 13 a constant, determihing the rate of fall of the

temperature in the shock wave from its initial value To, and t is
time.

The condition of separation of ignition have the followilng
form: di/dt > 1. From a comparison of all these equationsz the
conaltions of separation may be represented as

1
2> T ot gt exp ().
Bence it 13 clear that with large < and correspondingly small T

separation is achieved with a lower rate of fall of the temperature
in time,

With the given geometry of the active system, determining the
rate of fall of parameters of the initiating shock wave in time,
there exists a certain value of the amplitude of these parameters,
below which separation takes place, This effect also determinen
the¢ threshola of sensitivity of the liquid explosive to shock
initlation. With an increase in the parameters ol the active
charge the amplitude of the limiting pressure, initiating detonation
in the liquid explosive, must be reduced (and the maximum possible
delay of 1nitiation 18 increased). It is important to note that
in determining the separation conditions an initial chemical
reaction ratv: 18 generally flzured, which is determined by the
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temperatuve of the shock compression and by the value of the
activgtion energy. The heat content of the substance in the
expression for the induction period is a secondary term [T43.
Therefore, the sensitivity of the liquid explosive to shock
initistion must be practically independent of the velue of igs
heat content. The phenomenon of reaction separation during
shock initiation not only determines the sensitivity limit of
the explosive to shock initiation; it is also manifexted in the
plcture of the formation of detoration above the limit.

Under actual conditions tone initiating shock wave, as a result
of the effect of lateral rarefaction waves on the detonstion of
the gctlve charge, is somewhat convex., The attenuation of the
front along the periphery of the charge occurs more Juickly.
Therefore, more favorable conditions for ignition are cresated
along the axis of the charge. In proportion to the distance
from the center of the charge in a radial direction delays in
Jznition increase, while in the peripheral segments combustion
undergoes separation, As a result of this the nonaxlal segments
of the shock~-compressed substance on the interface do not
explode indepeudently, rather they detonate under the effect
of the ultrafast wave coming from the center.

Combustion behind the shock wave 4s a necessary, but
insufficlent condition for the excitation of de%onation. 1If
the heat content of the liquiu explosive 1s so small that the
pressure in the products of normal detonation turns out to be
less than tne limiting pressure in the shock wave, still capable
of causing combustion, stationary detonation under the effect
of detonation of the shock-compressed substance does not
take place., This was experimentally discovered in mixtures of
nitromethane with acetone, having a pulsating detonation front.
An explanation of this effect requires the introduction of
specific information on the structure of the pulsating detonation
rront and will he given below,
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Also of interest is the question as to under what conditions
w11l the shock wave with the ignition and with subsequent
detunation uf the compressed substance ensure the creation of
staticnary detonation, having a one-dimensional zone of chemical
reaction. Such a formulatisn of the proble% is naturally
somewhat abstract, since the conditions of éxisten:e have until
now not been investigated under the actual donditions of a one-
dimensiongl detonation wave. 1In spite of thp cited indeterainancy,
it is apparent that for sufficlently pouerfuﬁ explosives
inflammation of the substance behind the shoék wave 18 u necessary
and sufficlent condition for the formation of detonatlon,

Summarizing the results on shock initiatlon, one must note
the following. An examination of the nonstatlonary interaction
of tlLe front of a flat shock wave with the reglon of inflammation
is the classical object of theoretical research. 1in the statlonary
version such & complex coincides. with Zel'dovich's model  for the
front of é—detonation wave. Under nonstationary conditions nes
phenomena have been discovered experimentally: the possibllity
of the formation of independent detonation of the shock-compressed
medium, the tendency of combustion behind the shock wave to the
separation effect, the posslbility of degenerated regimes of
heat liberation in the shock wave. It is to be expected that thease
phenomena greatly determine the variety of the nonstationary
processes on the front of a stationary detonation wave.

§ 2. Initiation of Solld Exaplosives

Solid explosives (bulk, pressed, poured) in the majority
of cases have significantly greater detonation sensitivity in
comparison with homogenecus liquid expiosives. The pressure
in the shock wave, inltlating the detonatlion, in a number of
systems does not exceed 10,000 atm. Under such pressures the
shock heating of the particles is dinsufficlient to create conditicns
for quick occurrsnce of the reaction within the particles [59].
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It is obvious that the high seneitivity of porous solid explosives
is a direct consequance of the nonhomogeneity of the initial
physical-mechanical structure. Por example, trotyl, the chemlcal
properties cf which are maintained with the change in its
aggregate state, is much more sensitive to a shock wave in the
pressed form in comparison with a cast cr molten form with
identical initial density. Therefore, 1t is assumed that u
decisive role in heat liberation behind the initiating shock wave
in bulk and pressed charges is played by the focal mechanism

of occurrence of tne chemical reaction.

A shock wave, passing through the explosive with a certain
inltial structure, creates regions of local hesting, 1n which
lgnition takes place. An additionasl pressure rise in the medium
because of gas liberation at the foci increase the amplitude of
the shock wave, which 1n turn leads to a further inecrease in the
rate of heat liberation behind the front. To this time there
{8 no one viewpoint on the mechanisn of formation of reactlop
foct.,

In works [55, 59, 76] an important role is contributed to
adliabatic heating of gas inclusions, whizh can ign'te the surround-
ing substance. The streams of reaction products, which are capable
of penetrating into an uncompressed medium and - £ ereating ignition
focl during deceleratlon, can hava a significant effect. Active
centers of reacticn can arise also because of the intense frictiorn
and the plastic {lows during the breskdown of the initial structure
of the substance by the shock wave [77]. Moreover, local heating
must be ereated because of the mlcrocumulutive effects during
a sudden closing of the pores in the front of the shock wave,
becauae of the radiational heating of the thin layers of explosive
by the radiation of an incandescent gas bubdle [78], etc.
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The propagation of reaetion from the focus to the surrounding
medium may occur in two ways: through the additional shock
heating under the effect of a focal thermal explosicn or through
the combustion of particles from the surface. For detonation
procesaes short times ave characteristic, and wvave processes,
it would appesr, have high probability. In work [79] for
heterogeneous individual explosives there was shown the possibility
of a hydrodynamic method of the formation and effect of
"hot spota." However, in domestic literature until the present
time [55, 59] preference has been given to the mechanism of
the rapid burning of particles in a shock wave [72]. A shock wave,
as will be shown below, can crumble particles through micron siges,
which in principle can successfully burn for short periods ol tiwe.
Moreover, a witness of the fact that diffusion processes may
participate in detonation conversion ic the detonatlon of mixed
explosives,

From the considerations on the possible mechanisms of formatlon
of ignition focl follows the conclusion of the special role of
the front of a shock wave for heat liberation in a porous
explosive. In homogeneous systems the region of ignition behind
the shock wave significantly exceeds the width of the front itself,
which has an order of several angstroms [80), In powders the
characteristic times of crumbling and packiryg of the substance In
the front may turn out to be of the same order as the times of
ignition at the foel.

If the heat liberation 1n a wave, after the inflammation
of the focl at the front, takes place as a result of shock
perturbations, then the main part of the energy will be liberated
in the direct vicinity of the front right up to the limiting
pressures of the initiating shock wave. According to another
mechanism the heat l1liberation should have a smoother character
as a result of the gradual burning out of the substance from the
focl, formed at the front.
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In proportion to the propagation of the shock wave in a
pouder sxaplosive the dynamic paramweters at 1it's front vary
within wide limits from the initial pressure to values, correspond-
ing to & detonation front. Here the substitution of the mechanis. _
of formation of Fhot aspots' is permissible, since with the
increase in parameters an ever greater role will be played by
homogenecus shock heating. The reaction times on the front of
a shock w&ave, which has g speed close to the speed of stationary
detonation, becomes so small, that particularly streneous require~
ments are imposed on the mechan. sm of tranafer of energy from the
foci by the heat conductivity and diffusion.

The literature contains almost no direct experimental data
on the pature of focal heat liberation in a shock wave, To the
present, howeyver, rather a large amount of information has been
collected on the macrosceopic picture of the formation of
Jetonstion from a shoeck wave. In work (81] in experiments using
a photorecorder, and aiso with the aid of lonization sensors
it was established that in solid explosives the initiating shock
wave after 1ts passage into the substance begins to increase its
speed, The gradual rise in speed 1s accomplished by the swooth
transition to detonation. FProm thls fact, that a siock wave is
accelerated from its very start in contrast to 1 juid explosives,
the authors of work [81] concluded that in solid explosives the
regction begins in the direct vieinity of the front c¢ the sheck
wave in the defects and nonhomogeneities of the explasive.

Significantly more information orn the structurs of the
hydrodynamic flows during acceleration of a shock wave is produced
'by obrervation of the profile of the mass velocity by the
electromagnetic method. Experiments [82-84) detected a great variety
in the picture of the flow behind the shock wave for charges
nsde from trotyl of various structures (Pig. 20). Similar
experlments were conducted with hexogene, tetranitromethylaniline
and pentaerythritol tetranitrate. These experiments allow us
to draw the important conclusion that the qualitative picture
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c¢f tae transfey of the shock wave to detonation is unequivocally
determined by the physical-mechanical structure of the substance.

For bulk ezplosives the presence of a falling pressure profile
Lehind the front of the shock wave is characteristle, while the
amplitude of the front rises continuously and relatively quickly.
cn a pressed explosive in proportion to the development of the
rrocese tehind the front of the wave there arises an additional
increase in the mass velocity, testifying to the pressure rise
at a certain distance behind the front. Such a character of
focal Leat liberation in a pressed explosive can create the
eflect of overcempression of detonation at the moment of its
formaticn similar to the case examined above with the formation
of detonation in tetranitromethane (see Pig. 18)., One can assume
that such a phenomenon took place in the experiments of Jacob [77].
Tre picture of the transition process in poured trotyl was
churacterized by the conastancy of the mezs velocity in the vicinity
of the frent of the shock wave in the initial stages of its
development up to detonation,

The character of the mass velocity profiles behind the front
of a shoci wave were substances different in their initial phyaical
structure in the region directly preceding the formation of
detonation becomes identical, In this region there 1s noted a
sharp rise in the parameters at the front. Figure 21 shows
graphs of the change in pressure on the front of the shock waves
for trotyl, cobtained on the bases of measursments of wave and mass
velocities in the depth cf the charge, In the region of rapid
Increase of the parameters at the front in all syatems in the
oscillesrams of mess velocity (soe Fig. 20) there i1s observed
a drop in the mpss veloclty directly behind the front of the
she .k wave. The occurrence of s peak is obsarved, apparently
a chemical peak of the hydrodynamic model of normal dastonation.
With a further smooth increase in the parameters of the initiating
wave right up to values corresponding t¢ stationary detonation the
form of the profile 1s almost unchanged. The parameters at the
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front of the shock wave reach values corresponding to the
paranaters on the shock front of normal detonation, eariier than
the roactlion zone characteristic for normal detonatlon is formed.

Fig. 20. Oscillograms of the profile of the flow of
substance behind the front of the initiating shock
wave in trotyl of various structures, & - Cast
small-crystal trotyl (p0 = 1.62 g/cm§); b - pressed

trotyl (py = 1.59 g/em3); ¢ - bulk trotyl (py = 1.0

g/cm3), grain size of 0.5 mm. Numobers under the
oscillograms - distance of the sensor from the
boundary (in cm). Distance between the time marks on
the oscillograms correspond to 2 us.

{a)

Poag ong .

Fig. 21. Pressure at the front of
shock waves, causing detonation of
preased (1), cast (2}, and bulk (3)
trotyl depending on the distance
traveled by the waves, KEY: (a)
P, thousands of atmospheres.

&
&l
¥
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In the literature there have seny dlscuasions of the protlem
of tne possibility of the emergence of retonation waves during
Lne formation of detonation in solid explosives. In particular,
these waves were observed during the photorecording of the lateral
alspersion of pasctlon products in the reglon of the initilating
snock wave [53, 58]. However, numerous experiments using the
electromagnetic method clapified that along the axis of the charge
no retonation waves are obszerved. The presence of 2 retonation
wave should have been manifested on the oscillograms of the mass
velocity in the form of 2 sharp negative signal. At the sgame
time retonation waves are actually observed with optical observation
of the processes of transition from the latersl swrface of the
charge in pressed trotyl. A comparison of these results forces us
to conclude that in this case a apecial detonation proceas takes
place 1n the lateral layers of the charge, subjected to the
effect of the lateral rarefastion wave, It is obvious that this
phenumenon has no direct relationship to the mechaniam of initlation
of detonation of zolid explosives, and itas aimilarity with the
mechanism of the emergence of retonation in gas media during the
transition of combustion to detonation has no basis.

Observation of the process of initiatlon of detomation by
the optical method in a solid opaque substance from a lazteral
surface of the charge generally cannot be a sufficiently reliable
metnod o investigation, Thus, for example, am a result of the
lateral loading the front of the shaock wave 1s distorted. After
the fcrmatlon of detonation inside the charge its front is also
convex. When thls wavs emerges on the lateral surface, there is
recordea an excess in the rate of propagation of luminescence on
tne lateras surface, which could mistakenly be taken as a real
excess at the moment of formation of detonatizn (52, 58].

Let us stop briefly on the limlits of excitation of detonation
of solld explosives by a shook wave. An important pecullarify
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of the excitation of detonation in solld explosives is the fact
that the distance, at which the shock wave becomes detonatlon,
can be very significant, right up to zeveral diameters of the
initiated charge. Under such concitions the lateral loading in
thisz charge exerts a significant influence on the transitlor
process and to a considerable degree masks the effect of the
active charge, which hes a decisive effect on the sensitivity
of liquid explosives, Hence it follows that the length of the
transition region at the limit of excitation can depend on tue
diameter of the passive charge and the presence of a shell.

A characieristic part of the transition processes in solid
explosives is the falling profile of the mass velocity behind
the shock wave front, the velocity of which 1s still far from
the velocity of normal detonation. This testifies to the fact
that heat liberation in the shock wave occurs close to the front
and 18 not complete,

Thus, if for liquid explesives thLe criterion of transitlon
of & shock wave into detonation is a homogeneous thermal
explosior, which can also occur with a shock wave attenuating
in amplitude, then in solid nonhomogenecus explosives the criterion
for the formation of detonation is the nonattenuation of the
initiating shock wave. This condition is ensured in thne case
where the pressure rise es a result of the focal heat liberation
behind the front compensates for the pressure drop as a result
of the rarefaction of the substance behind the snock front.
¥ith a glven physical-chemical structure of the charge the effect
of the aetivity of the focl must depend on the heat content of
the explosive., Therafore, heat content 1s a basic parameter
of senaitivity of solid explosives (in contrast to liquid
explosivea), namely, the greater the heat content of the substance,
the higher 1ts eensitivity. On the other hand, kinetic properties,
detormine the sensitivity of liquid explosives (explosion effects),
during focal heat liberation deviate to a seccnd plal and for the
sensitivity of nonhomogeneous explosives they play no decisive
role. The problem of the connection of the rate of focal heat
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literation in a shock wave with a concrete repraesentation of the
rechanism of the formation, multiplication and dissolution of the
"hot spots® must be the subject of further study.

Admitting the results to the consideration of the problea
of shcek initiation of detonation n condensed explosives, one
Jrouta conclude that in phenomena of detonation formation in
uchoseneous and heterogeneous explosives, it 1s difficult to
rind general traits, which would produce a basia for the construc-
tion of a single theoretical model of the transition processes.
Therefore, cne can assume as unjustified the attempts to conatruct
a universal one-dimensional model of the transition of a shock
wave into detonation {65, B5-88]), in which both results - the
gradual increase in the speed and i%s excess - can ba obtained
Ly varying the formal kinetics. Such a formal pystem of
generallizatlon of the experimental results cannot produce solld
physical representations of the phenomenon, since with its uae
une cannot take into account the effects of the initial structure
of the substance on the plcture of the transition, nor can one

foresee the possibility of incomplete liberation behind the shock
front,
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CHAPTER 111

THE MECHANISH OF THE PROPAGATION OF
DETONATIOH IN LIQUID EXPLOSIVES

The process of liberation of chemical energy at the front of
a detonation wave 1nhomogeneous condensed media is a most
inexcessible region for experimertsl investigation, In particular,
due to the excluslve smallness of the times of detonatlion conversion
and the destruction action of detonatlion to the shell many of the
optical metnods of dlagnostics (schlleren method, photo scanning
of the occurrences behind the front, spectroscoplc measurement of
the temperature profile in the detonation products and so forth)
are inapplicable.

tnt1l recently informuation on the zone of chemical reaction
on the front of detonation in liquid explosives was almost completely
lacking. For a long time 1t was suggested (23, 55, 59] that the
reaction mechanism in the detonation of liquid explosives did not
differ from the reactlon mechanism In gaseous detonation and
corresponded to the one-dimensional model of Zel'dovich. Such a
possibility was confirmed by calculations of shock heating in a
condensed medium {89]. 7In conformance with this, the problem of
hullding a quantitative theory of the detonation front was reduced
to the clarification of the kinetlcs of the chemical reactions for
complex organiec mclecules under conditions of very high pressures,
to the consideration of the possibility of chareing the form of the
equation of state in the process of heat liberation, to the
ealculation of the dlstribution of liberated chemical energy into
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. viustic and thermal portion, and to an analysis of the regularities
» ru2 oxpansion of the reacting coadensed medium and so forth.
ff7. tne solutlon of these problems we would succeed in calculating
.o oo cure profile in the zone of chemlcal reactlon,

The ai.covery of the pulsating nature of the detonation front
. 15 ristures far from the boundary [90, 91] led to a new

“.imation of the problem of the mechanism of detonation even for
2 ~ieenedus condensed medium, Hotabllity, since with the simplest
f';rs o kineties of the chemical reaction ignitlon behind the
st:ock .ave ls accompanied by complex nonstationary processes, the
stwdy I these hydrodynamic phenomena on tne front of the wave
a¢llire primary importance, lnasmuch as it is precisely they that
- "«rulne the structure of the detonation front and its limits of

vy o asation.

The kinetlc problem in such a formulation amounts to the
{=termination of the possibility of the existence of an induction
t~riva Cor lgnitlon behind the shock front and to the calculation of
he ‘ecendence of 1ts value on the initlal temperature. These data
1v- 4l least sufficlent, according to the ¢xisting theory [41, 42,
79}, to answer the question, whether the zon: of chemical reaction
:n tae front of detonation is pulsating or one-dimensional.

Qe first information on the zone of chemical reaction in
11c.'d :xplcsives was obtalned after i1t was successful in greatly
" z2ter Jlrg” In time the process of heat liberation on the front
© meqs ol the dilutlon of certain 1iquid explesives with an inert

L. ine direct recording of the luminezcence of the front
'+ «nd of a transparent charge (F.g. 22) successfully
¢."1 L.ched the clearly expressed pulsacing character of the zone
of ~roer'cal reaction (Filg. VI). It turned out that the pulsating
« o . 1.30 otserved with the dilut.on of ni%roglycerin with
L1 aleohol, glyceride alcohol nitrite with acetone and so forth.
*ohnt similarity was noted herz between the observed picture

£ %1+ L ati;ons on the front with the phenomena taking place in

N N 1"!;'
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gaseous detonation [91]. Hence 1t follows that the speciflcs of

heat liberation 1n a condensed medium do not lead to significant

pecularities in the process of propagation of detonatlon, and the
theory of the phenomenon for liquid explosives and gases must be

common for both to a significant degree.

Pig. 22. Formulatlon of the
T~ ] experiment for observation

of lumlinescence of the
detonation front in a liquid
. explosive, 1 - mirror;

2 - liquild explosive in a
metal tube; 3 -~ plate made
from plexiglass; 4 - explosive
"lens," creating a flat shock
wave; 5 - booster charge;

6 ~ capsule.

The recording of the transverse pulsations on the front using
head-on phcoto scanning 1s possible only close to the 1limits of

detonation propagation, in mixtures with relatively low heat content.

With the enrichment (an increase 1n the heat content) of the mixture
the size ¢f the inhomogenelties, 1.e., the characteristic size of
the grld on the photo scan of the luminescence of the detonation
front, is abruptly reduced and in mixtures, far from the limit,
tecomes unsolvable photochronographically. 1In connection with this,
doubts may arise or the existence of a pulsating zone of detonation
far from the l1imits. It can also be assumed that transverse
perturbations on the front arise during shock initiation as a

result of the roughness of the initiating shock wave, created by

the active charge through the iaert boundary with an insufficisntly
polished surface.

The experiment with lignt reflection glves an unamblguous
answer to both problems. The presence of trarsverse perturbations
on the front of detonatlon must lead to roughness ¢of the surface of
the leading shock front of detonation. LIght reflection from such
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1 ".111," surface pust bear a nonregular character in contrast to
-t - regular light reflection from an inert shock wave, which leds
« mirror reflection of the aperture of the light source on its
fae 1487, The irregular character of the reflection is
w7 es* »d in the blurring of the edges of the "image" of the
«p.rtere of the exriosive light source.

12 result of the experiment with light reflection in
Wit iotad nitromethane is shown in Pig. VII. The scheme of
conqucting the experiment was given in Plg. 13. Detonation under
the conditions of this experiment was propsgated far from the limits
{the 3ize of the charge was much greater than the 1imit), but the
tmac: o the aperture of the 1light source, taken in the form of a
.1"r, was obtained blurred on its front, which bears witness to the
r wrnecs of the detonation front. At the same time the initiating
LYoo aave reflects light regularly and, consequently, is smooth.
Tepefore, the method of initist! n is not the reason for the
erer,ence of a pulsating detonation front. It is interesting to
r.ote that the pulsating rough detonation wave is fcrmed from a
smot . .i.lating shock wave practically instantaneous without the
passlirne over of detonation which is overcompressed at the initial
moment wo a regime of a stationary one-dimensional wave with the
sut seatent presiructuring of the one-dimenslional "classical® complex
© - pulsating gzone of chemical reaction. Conversely, one would
have te observe a change in the regular reflection of light to a
nenrevilar even under conditions of normal propagation. A similar

ri.r + noun is observed in weak mixtures (see Fig.'VI), in which the
tre. horse pulsaticns are directly observable on the haad-on photo
2. .+ prooortion to the transition from overcompression the

.7 'ne inhomogeneities is increased up to a value which
eerrer; “ris to normal detonation.

. tne transverse pulsetinns on the detonation frornt in
'1quid explosives are always generated in an overcompressed regime,
it ic <h s that the application of Shehelkin's theory [90] on the
m:eant © T “he formation cf pulsations from a one~-dimensional
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stationary Zel'dovich complex is in this case impossible, at least
withoyt adiitional substantiation. The formation of a puisating
zone in a nonstationary process (the emergence of a wave from over-
compression) leads to the conclusion that the analysis of the
problem should b2 based on experiments on the observatlion of the
nonstationary interaction of a flat shock wave with the ignition
zone, & particular instance of whirch is the occurrence of shock
initiation of detonation.

The basic questions in examining the mechanism of detonation
of 1iquid explosives are the following:

1. What kind of mechanism exist for the formation of the
pulsating zone?

2. Does their exist in homogeneous condensed media a stationary
detonation wave with a smooth shock rront?

3. Whlich processes in the pulsating zone accomplish complete
heat liberation?

4, To what 4o the pulsations lead: to an increase in the
to*al time of heat liberation on the front or to 1ts decrease?

5. Do the pulsations on the detonation front amount to a
"thin structure” of a one~dimenslonal detonation complex?

6. Which phenomena in ¢ pulsating front determine the
nonstationary restructuring of the wave (emergence f{rom over

compression, spherical detonat’on 2tc¢)?

7. What is the nature of the ilmits of propagation of a
puisating detopatlo= wave?
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§ 1, The Formation of Three-Dimensional
Detonation Configurations Behind a
Plane Shock Wave

The picture of the formation of detonation in ;iqhid explosives
during shock initlation has &n unusual character, 1f as the
initiating explosive we take a mixture with a low heat content
{nitromethane, strongly diluted acetone). In this case in setting
up the experiment, shown in Fig. 9, as usual (see Fig. 10), the
dectonation of shock-compressed substance (Pig. VIII) begins in the
central region of the charge., This defonatlion is propagated to the
peripheral segments of the shock wave, in which self-ignition has
underg e separation. In a head-on phéto scan this detonation 1is
recorded in the form of a narrow ban& of weak luminescence. The .
detonation conversion in an unperturbed liquld takes place in a
local region of ignition on the shock front, recording the form
of a narrow, relatively bright i1lluminated band 3.

The totality of the initiating shock wave, the transverse
detonation wave and the segment of the local inflammation on the
shock front close to the transverse detonatloil comprises the three-
dimensional detonation configiuration. A cross section of such a
configuration is depicted dlagrammatical in Pig. 23.

A similar plcture is observed, if instead of the emergence
of detonation of the compressed substance as a result of selfl-
fgnition this detonation is caused artificially using a miniature
initiator, placed on the interface. A photo scan of the process in
sacr an experiment is glven in Fig. IX. The layout of the
experiment with an artificial initiator in indlviduasl cases is
rreferable, sine2 it lnsures better repeatability of the experiments
and allows a pressure reduction in the shock wave below the
excitation threshold, so that self-ignition is not a hinderence
to the ovser-ations. The region of bright luminescence 4 has a
"fine structure," whic* 1s clearly destroyed in certain experiments
(Fig., IXb), this region consists of a series of finer configurations,
recorded in the form of narrow bright lines, situated one behind the
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other. In proportion to the distance away from the polint of
intersection of the trandvers. wave and the shock wave the distance
between neighboring configurations, which compose the "fine
structure,™ increases. The regularity of the succession of these
individual :onfigurations one behind the other frequently breaks
down as a result of the occurrence of microconfigurations, which
follow in the opposite direction.

Fig. 23. Dlagram of the
propagation of three-
dimensional detonatl:an
configurations. 3 -
initiating shock.wave;

2 - detonation of a ;
sheck-compressed mixture;
3 ~ segment of inflamma-
tion on the shock front;
b - re-formed shock wave
without inflammation;

5 « detonation products.

The characteristic size of the inhomogeneities in region U is
less than with normal detonaticn of the same mixture (see Fig. 27).
Hence 1t follows that this section of the three-dimensional
detongtion complex is overcompressed. It 1s apparent.that over-
compression in reglion 4 is created by the pressure in the detonation
products of the precompressed liquid.

Let us turn once again to Fig. 23. Behird shock wave 4
inflammation is sbsent, and its front is separated from the
detonation products. Since no heat 1iberation occurs in this
region, the pressure behind this shock wave approaches the initial
pressure of the initlating shock wave, which is fixed by the
parameters of the active charge. In the course ¢f cthe industicn
period a new adiabatic flash wmay take place in this region, leading
to the formation of a new triple configuration, extended following
the first one. With ideally selected conditions the picture of
the detonation transformation should lcok like a "fir tre2" on the
pnoto scan (Fig. 24). Under actual conditions, howcver, the
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regularity of formation of the configuration is greatly distorted.
A slight varistlon 1in the amplitude of the initiating shock wave
leads to a multiplication of the configurations on the surface of
the shsex front, or to their disappaaraﬁcc altogether.

With artificial excitation of several conflguraticns using
minliature initiators it is possible to observe the character of
trelr intepaction during collision. Figure X shows how the formed
trirle conflgurations can pass through one another without noticeable
iistortion or, on the other hand, disappear during collision. The
Interactlon scheme in the first case is shown in Pig. 25. The
phenomenon cf the formation of triple-shock configurations under
the effect of a smooth shock wave, undoubtedly, must have a direct
relztionship to the nature of the transverse pulsations on the
front cf the stationary detonation. The problem consist of
ger:ving from the observations of large-scale configurations,
having a flre structure, a model of the elementary triple
configuration, using which it is possible to construct a scheme
of the pulsating front of a statlonary detonation wave, and also
cf explaining all the details of the model experiments.

Pig. 24, Suggested form of
the photo scan of niodel
experiments under idealized
conditions.

KL

Jtservation of vhe model configurations allows us to assume
that ‘-ie elementary triple configurations have the same basic
signs, namely: the pressnce of &n overcompressed detonation wave,
recorde: on the photo scan as a clear line of luminescence, the
presence of 2 transverse detonation wave and, finally, the existence
of ar. are2 of separation of the front of the shoek wave from the
detona © » products. Figure 26 shows an approximate scheme of the
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triple configurailon, wiiich in simplified form repeats the scheme

of the head of spinning detonation [91]. 1In the compressed
expiosives the tranaverse detonation front is propagated. The
products of its detonation, which have great pressure, as a result
of lateral expansion initiate the clearly luminescent overcompressed
detonation front in the undisturbed explosive 2.

Fig. 25. Schematlc depiction of

the sequence of phenomena in the
collision of triple configurations.
I ~ moment before collision;

I1 - after collision; 1 - initiating
shoek wave; 2 - overcompressed
segment of the detonation complex;

3 - transverse detonation of shock-
compressed explosive; 4 -~ region of
detonatlion products; 5 - shock waves
without inflammation; 6 - asurface of
the boundary of the active charge.

: ¥ig. 26. Scheme of the triple
! configuration. 1 ~ areas without

. - ignition; 2 ~ segment of over-
; . ’ compressed detonatlon; 3 ~ deto~
X . o . rnation of shock-compressed explosive;

4 -~ slte of separation of ignition
behind the shock front.

In the model of elementary triple ccnfiguratlion we can, without
loss for the 1deal aspect of the problem, assume one-dimensionelity
of the zone of chemical reaction in the overcompressed segment of
the configuration. This problem will be analyzed in more detall
later. In proportion to the distance away from the triple point
the preasure in the area of overcompression as a result of the
lateral expansion of the detonation products of the compressed
substance qulckly falls., As a result, the delay in the ignition
in the region of the zone of chemlcal reaction of overcompressed
detonation very rapidly lncreases., At a certain distance from the
triple point the separstion of ignition takes place behind the
oblique detonated wave. This leads to the separation of the front
of the shock wave from tl.e letonation products, and the pressure in
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1t asymptotically spproach the pressure in the initial initiating
shoci wave, which is fixed by the parameters of the sctive charge.

1t should be noted thet ignition separation at point 4 (see
Fig. 26}, taking place during compensation of chemical self-heating
of the substance by the cooling at a result of its adiabatic
expaaslion, has certain pecularities in comparison with the
ceparatlon behind tne initiating shock wave. In thias case the
separatinn is accompanied by the desay of the double discontinuity
(the front of the shock wave ~ the plane of self-ignition),
corresponding to the overcowpressed ons~dimensionsl detonation
complex. Qualitative considerations on the dispersing one~dimsnsional
double discontinuities are¢ expounded in works [&%1, 90, 92], although .
the case cf separation of ignition is not =xamined in them. It
should be noted that the transverse detonation wave 13 also one-
dimensional. This follows directly from obmervaticn of the regular
reflection of light from the front of detonatlon of a shock-compressed
m! xturz of nitromethane with acetone in g 75:25 ratio.

Speclal experiments with weak artificial initlators, which sere
incapable of causing detonation of a shock-comprersed substance,
showed that another type of configuration is also possible,

di ffering from that described above by the fact that instead of

a detonation front in the compressed explosive g shock front is
propagated. Inflammation in such a configuration proceeds only in
tie reglor. of Section 2 (sec Fig, 26). These configurations are
distinzuished by their quick attenuation after formation.

§ 2. £ Model of a Pulsating Detcnation ¥Wave

The above suggested model of triple configuration qualitatively
coincides with the madel of transsarae pulsations on the detonstion
front 'n gaseous mixtures [91]. It should be noted that in
analyzlig the nature of the trarsverse pulsations on the front in
gaseous aetonation special attention was concentrated on the
examinsi'or cf the scheme of the flows 4in the vicinity of the
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triple point, i.e., in the head of the configuration. Calculation,
as well as a detailed observation of the flows In this reglon for
1iquid explosives are inadmissible. However, as well as clear from
what follows, a detailed investigation of the structure of the

head of the configuration is not necessary, since the basie
properties of the detonation wave are determined by the conditions
of lgnition in region 1 (see Fig. 26). From the problems of the
structure of the flows in the region of the triple point there 1is
only one principle problem ~ whether the transverse wave is a
detonation wave?

For the reglon of configuration 1 of greatest significance
is the question of whether the parameters of this shock wave
correspond to the one~¢imensional Zel'dovich complex, as was
suggested in the model for spinning detonation [23, 90]. lLet us
examine this question, proceeding from the suggested model of
triple configuration. Behind the front of the shock wave after the
region of separation of the shock front from tae products of
detonation there 1s no continuous ignition, characteristic for
a one~-dimensional detonation complex. Consequently, the pressure
Jump ("the chemical peak™), created by the continuous ignition
behind the shock front in this region, 1s also sbsent. The
parameters of ~he shock wave are determined by the pressure in the
adjoining detonation products, wl.ich play the role of a "plunger.™
Since there is no pressure jump on the interface of the detonation
products and the shock-compressed explosive, the formatisn of
transverse perturhations according to the theory given in work [90]
cannot take place.

The emergence of new configurations should take place as a
result of the adiabatlic thermal explosion in the viecinity of the
interface of the shock-compressed explosive and detonation products.
Hence the transverse slze cf the "inhomogeneities," which is
datermined by the products of the rate of distribution of the
sonfigurations for the time of delay «{ the adiabatic flash has

no definite connection with the width, corresponaing to the model
of the one-dimensional zone of chemical reaction.
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The transfer of the sodel of triple configurations to the
Jetonation front requires certain gdditional considerations. The
recording of the pulsatinz front in the form of & grit of clearly
{1luminated lines {see Pig., VI) testifies to the fact rhat self-
‘gnitior in the rone of chemical resotion of a stationary detonation
wave dces not occur on the entire surface of the detonation front.
n tLs regzions between the 1llumingted 1ines thers is no continuous
inClammation behind the leading shock front. Thia substance is
bturned cy the transverse triple eonfigurations, the overcompressed
sepments of which also produce luminescence in the form of & bright
line.

Tre sizes of the inhomogenelities on the froent of the stationary
wave, which can be ohserved in the exparimants (Fig. 27), are not
large, However, in individuzl photo scans onhe can observe, smong
the clear lines, narro¥ bands with wefKer luminescence corresponding
to a transverse wave, This gives us the basis for assuming that
the configurations on the detonation front correspond to a model
with a reartion transverse wave, Conversely (with a transverse
wave without reaction), one is at a loss to explain in what mannper
on the pulsating detonation front total heat libsration can exist.

Plg. 27. Dependsancs of the size
Low of the inhomogeneities on the

front cn the volumetri~ con-

gcontration of acetone n in a

mixture with nitromsthane.

Condiyione of conduoting the

% experimants: width of the steel
shells was 3 mm, ¢ = 62 ma,
Tb = §°g,

The 2onstruction of & model of the front using configurations
of the firot type leads to a structure of the chemical reaction
zone, whlch qualitatively satisfies the experimental observations of
gaseous detonaticn [91, 93]. However, the question of how the
kineticr of heat liberation in Section 1 (see Fig. 26) of triple
configarat fon, which we will call "weak,® determines the Lasic
proger: . - [ the detonation wWave, remains open.
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The self-sustaining regime of propagation of detonation with
configurations of the first type ma’ be accomplished in several
ways. The simplest model of the detonation mechanism, which differs
most from the one~dimsnsivnal theory, consist in the assumption of
& total anslogy of the phenomens during shock initiation and on the
front of the stationary wave. We assume, just as before, that the
detonation products play the role of a "plunger," determining the
pressure in the weak segments of the triple configurations, The
delar in ignition in tLe "weak" segments 18 determined by the
pressure in the adjoining detonation products and, in turn, assigns
the characteristic sigze of the triple configurstions.

We can assume that on the fronL of the stationary detonstion
wave there occcirs s continuous shock initlation of triple
configurations because of the series of adlabatic flashes in the
weak segments on the wave front. In this case we cannot avold the
assertion that the triple configurations are not stationery. After
formation they must sttenuate during the course of the travel time
between collisions. A different assumption on the mechanism of
the pulsating method of propazation of detonation is the fact that
the configurations, formed during the transfer of the wave to a
stationary regime, are maintained during collislon at a result of
thelr peuetration through one another.

The characteristic size of the configurations unequivecslly
13 determined by the delay of the adiabatic flash in the weak
segments. The Mregulation” of the size takes place in the following
Way. If because of some random reasons the distance between the
configurations is increascu greater than $he normal dlirension,
the "lifetime® of the substance in the weak segments will exceed
the delay in self-ignition in this reglon, which will also uvecur,
having formed a new configuration. It is obvious that in
"{nstantaneous™ photo of the front structure does not allow us to
establish just which mechanism iInsures a self-sustalning pulsating
detonation, since the structure of the front In both instances
should have an identical form.
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A greater degree of Qetermingcy may be introduced to this
rrel lem by observation of the pulsating detonation wave under
norstut fonary conditions, which will be examined below. For the
Lresent swe can be limited by the assumption that the mechaniam
of malnrenance of a pulsating zone 15 a combination mechanism.

Clnce we are resting on the analogy of the process of
crepayation of detonation with phenoxsna during shock initiation,
we can assume that in the weak segments of the configurations under
ronstationary regimes of detonation the phenomenon of ignition
separation can be observed. In this case the sbove examined
mechanism of the formation of new configurations will be "turnad
oft." As was already noted, a separation in a region of an over-
compressed chlique detonation wave occurs aqeorﬂing to a scmewhat
special scheme: by the dissociation of the doudble discontinulty.
The reasor. for it 1s the expansion of the detonmation products, which
have & limited volume, behind the transver:2 wave. In the region
of weak segments of configurations 1 (see Fig. 26), 1f thLe charge
were of infinite dimenaions, ssparation phenomena would be
impossible, since the continuous replenishment of configurations
which disappear for some reasons would be insured.

§ 3. 3eparation Phenomena ln Overeomprassed
and Spherical Detonatlion

Separution phenomeng in weak sections of a pulsating front
of detenation should be observed, if the rarefaction wave, entering
into trer fro the side of the detonatlon products, compensates
for th2 chemical self-hesting of the medium. The rate of fall of
the parameiers behind the front of the shock wave in the "weak"
sections .f configurations for nonstatlonary regimes should be
determined by the time of disaipation of the detonation products,
whicn s actermined by the dimensions of the charge.,
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Intense rarefaction in the weak cections may be created during
excitation of detonation in a lean mixture by a short powerful
charge. In this case the wave quickly passes from ovebsompression,
and the rate of fall of the perameters in the waak ssctions on the
front is espacielly large. Pigure XI shows a photo scen of the
process of initintion of detonation in a mixture of nitrossthane
with acetona In & ratio of 65:35 by a short powsrful chargs made
from hexogena (a charge diameter of 100 mm, & height of 20 =m)
according to the scheme shown in Pig. 26. It was discovered that
in proportion to the transfer from overcompression of detonation
the size of the inhomogsneities in its front guickly incresse.
Therefore almost simultaneously along the entire cross section of
the charge detonstion ignition disappears, and detonation ceazes.
The Increase in the size of the inhomogeneities during the passage
of the wave from overcospression testifies to the faot that the
pulsating zone is capable of quickly restructuring itself according
to the change in the parameters of the wave. '

The enlargement of the i-homogeneities is possible only 1f
the Maxcess® inhomogeneities disappear in proportion to the pressure
drop in the detonation products. They can disappear for wvarious
reasons. Fcr exampie, during collision or by the merging of
nsighboring configurations, propagated to one side, becauss of
a random diffarence in speeds., They can also attenuats right up
to collision.

Thus, the triple-shock configurations on the front are
incapable of' independent existence for a prolonged time period.
Hence 1t follows on the front of pulsating detonation contimuous
replenisnment of the configurations as a result of adisbatic
flashes has to play an important role, In proportion to ths
transfer from overcorpression at a certain moment in time in the
veak sectionz conditions of ignition separation are achieved.
llew configurations are not formed, and the "old"™ continue to burn
the substance for a while. -  Their quantity quickly diminishes and,
finally, they attenuate completely. Detonation ceases.
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w1g, 28. Flg. 29.

Fig. 28. Diagram of the experiment for
observing the phencmenon of saparation
of detonatlon during the rapid psssage
of the wave from overcomdression,

1 - explosive "lena%; 2 -~ active charge
made up o' hexogene fdensity of 1.78
g/cm3); 3 -~ contxiner with liquid
explosive; 4 - mirror.

Fig. 29. Diagram of the experimentz for
exciting spherical detonation. 1 ~ booster
charge; 2 -« active charge made from a mix-
ture of trotyl with hexogene with a density

of 1.68 g/cm3; 3 ~ container with liquid
explosive; 4 - mirror.

A similar phenomenon 1is observed during the perturbation of
detonation by a semispherical charge (Flg 29). With spherical
detonation even in a quasi-stationary regime of its propagation
separation conditions in weak sectiorns of the front can be achieved
because of the divergence of the flow behind the front of the
convex shock wave. Figure XII presentz a photo scan of the process
of propagation of semispherical detonation, in which tha phenomenon
of separation of Jgnition on the front with the subsequent
dissociation of detonation is also observable. In this experimwnt
the initiating charge 23 also sufficisntly powerful, snd the detona-
tion on the initigl segments is overcompressed., With a small radius
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of curvature of the front of the wave the conditlons for separation,
vwith & fiz0d4 prassure in the detopation products, are especially
fsvorable, Therafore, it is 1mpossible to creete apherical
detonaticn, whicl, not being overoomprersed at the initial moment,
would be capable of then undergoing aepsration.

The parsamsters which determine the achlevesent of separation
effect in spheriocsal detonstion for a 1iquid explosive with fixed
kinetic properties are: the powar of ths gpctive charge, its
diameter end the heat contént of the investigated mixture. With
variations in these parameters we succe2dad in observing the
following interesting phanomenon. ¥With fixed parometors of the
active charge, in oroportion to the enrichsont of the mixture, the
monent of the onset of ssparation of detonation cf the mixture
moves further and further avay frow the start of shock loading.
Correspondingly, the radius of the detonation wave in the mixture,
&t ¥hich ssparation procesds, incrsases more and more. Fimally,
in 3 mixture of a certain concentration spherical detonation
Aisparses with a constant size of the inhomogensities on the front.
A algnificant peculiarity of ¢the transistion process consiat in the
sudden transformetion of the spherical detonation, propagating in
& normal ragime, xherein the sise of the inhomogeneitiss in the
stationary wave are less than it was irmediately before the formation
of the stationary regiwe, i.e., tho size of the inhomogensities
passes through a maximum (Fig. XIII). These facts ares fully
explrinable on the basis of the assumed model of the front.

The constancy of the size of the inhomogenelities on the front
of a sphericel detonation, propsgating in a normal regime, despite
the continuously grosing surface of the datcnation front, 1s
explainable very simply. The prassurs in the weak sections of the
front i3 determined by the presture in the adjoining detonation
products, which 1s constant in o stationary wave. Thia preassure
meanbiguously detormines the delay in the adiabatic ignition in
the werx secotions and, consequently, the distance between the
neighboring configurations. With an increase in the distance
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bitweer. the configurstions on the front of a spherical detonation
greater than the sige thus assigned there takes place between them
an additionsl adiabatic flash, which forms a new configuration.

This mechanism also maintains the average size of the luhomogenelties
on the front constant,

The extension of the onset of separation in relatively enriched
mixtures is explained by the fact that for one and the same active
chargé tne degree of overcomprasssion ‘n them 1s less, and the
prccess of transfer from overcompression is smoother,

The observable fact of the sudden formation of a normal
spherical detonation can be explained in the following way. 1In
proportion to the transition of spherical detonatiocn from over-
compreasion at some moment in time in the weak sections of the
frent separation took place. However, the detonation conversion
on the front was continued for some time by the maintalned
configurations, which gradually brought out cf order, while those
remeining as a result of the increase in the "leng:h of travel”
were enlarged. As a result of this process, the volume of the
products of spherical detonation continue to increase, and the
radius of the weve continue to grow. The divergence in the llow
in weak sections of the front continued to reduce, since at a
certain moment the separation conditione for the adigbatic ignition
in them are overcome. From this moment the mechanism of the
formation of new configurations "is switched on" and detonation
disperses with a constant sige of the inhomogeneities on the front.
Neturally, this size is less than the size of the pulsations on
the front of the detonatlion wave attenuating before this. Thus,
experimental observation of the nonstationary restructuring of
the wave 1s well described by the proposed model of the pulsating
front and, in turn, gives additional information for 1ts perfection.

As foilows from the classicsl proof «f the selection rule,
in an overcompresssd regime the rarefaction wave from the side of
the detonation products penetrates the zone of chemical reaction
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aad causes an sttenuation of the amplitude of the front of “ue
mmt?ﬁ. veve. £9 a result, the paremstars of the istonation

taya Mu valu2s which sormespond to the Chapasn-iouguet
twm Hothing gen be sgid sdout the possibility of the
eopwch effect during such 8 trensitlon and of she "jump® of

the dettigidon through a normal regles right wp S0 total attenuation.
This Se Batursl, sivee im tae slassical theory the dstonation front
1s idsatified with tho ssparation surface of the initial explosive
and of the dstoaition product.

Fig. 30. Explaining the affect of over-
compreszion on the paremters of the
ehoek wave cn the detongtion front in a
o one-dizensional sodel znd in & puisating
’f nmodel. 1 ~ shock adiadetie curvo of a
1iquid explosive; 2 - detonation adichatic
curve; ’2 ~ pregaure in tha products of

norpal dstonstion; “2 pressure jump in

. the weak sect.ons during overcompression;
¢ ’1 « Pressurs on the shock front of one~

dimnsional datonation in a nermal regime
of i¢a propagaiicn; A\P1 ~ pressurs jusp

en the shock front of one-dimensicnel
datonation duriug overgosprestion; vo -

initizl specific volume of the liguid
¢xploaive.

It is chvions that the model of tha detonation wave with a
one-dirensiona) asons of enamisal resctica, in which the industion
period cocupies the main time, i3 also capable of separation
phenomena. Hovever, one should assuws that the influence of the
rarafaction wveve from behiind on the pulsating sone must be
significcntly stroager than on & ane-dimansional zone. Qualitatively
these congiderations can be illustrated with graphs (Pig. 30).
During the transiticn frem oversomprsision for a one-dimsnsional
wavs model the relgtive drep in the parazeters on the detcastion
ehoos fromt will carrgepond to u’l/’r1 In a pulsating detomation
%ﬂm@i@ Mw of W9 thegionl weaction sono ars dotarmined

a7 'mﬁgumim. the presaves. in

% Qiﬁg st produgts,
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corresponding to the detonatlcn gdlabatic :urve. The effect of the
transition from overcompression on the weak regments of the
pulsating zone will be an incomparably stronger APZ/PZ than on

the front of one~dimensional detonation.

§ 4. Comparison of Pulsating and
One-Dimensional Models of a
Detonation Front

In conformance with the one-dimensional theory of Zel'dovich
8 smoot!i shoex front of a detonetion uwave has a speed equal to that
of the detonation. The heat literation taklng place behind this
wave leads to an incizise in the flow velocity behind the front,
and also to a reduction in the pressure and density in the medium.
The dependence of the flow parameters on time is unambiguously
determined by the kinetics of the heat liberation in the chemical
reaction zone. If we exclude time from the corresponding equations,
then the flow veloclty, density and pressure are interrelated
elementary corelationships of the conditions of conservation on the
Jump.

Experiments to uncover the one~dimensional chemical reaction
zone on the front of a gaseous detonation were most frequently
reduced to attempts at recording the "chemical peak" on the
detonation front, i.e,, discovering the reglon of increased
pressures [94]. The clarification of the regilon of increased
density was also carried out by the method of absorption of soft
X-rays 95]. The disccvery of the "chemical peak" in detonation
of condensed explosives 18 based on the measurement of the lncreased
speed of the substance on the front of the wave by an electromagnetic
method nr of the increased pressure by the split-cff method [71, 96].

It should be noted that “he pressure, density and specd of the
substance in the chemical reefctlion zone, which has & nonunivariate
structure, are interrelated oy simple relationships only if th2
characteristic dimensions o7 the trangsverse perturbations are
slgnirirantly leas than the total width of the chemical reaction
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son2. In this case aversging of the parameters of the flow 1s
possidle in the planes pareliel to the dstonation front. Heat
1ibergtion in this case ocours fn the rirst aprroximation along
Mikhel’son’s straight line, and the msasuremants of cns flow
pazamstor benind the front, at a known detcnation rate, determines
the two remaining cnes. If the nonhomogeneous sone is not reduced
to a "fire™ structure of the one-dimensional model of the wave
front, the interdepondence of the {low parametars becomes
indetersinant , and information on the mediuvm’s pressure, density
and speed formally averagsd in the planes parellel to the froat
should be obtained by indspendent methods.

Returning to the irnblem of eomparing a cne-dimensional and
a pulsating zome, o'e ¢an formuls ~ this in the following manner,
The clasaical theory views the front of a detonation wave in “he
rirst spprozimation as a surface of discontinuity of the initial
explosive and of the detonation prodvets. The one-dimensional
detonation complex of Zel'dovich iz the "second™ appror’mation.
Are the pulsations in the dstonetion front of liquid explosives
the "third” spproximation, as, for example, Shehelkin suggents for
gaseous detonstion {9011

Information on the pressure in the chenical reaction zone in
liquid explosives is most convenisntly obtained using electromagnetic
apparstus. The split-off method, in which metal grids are used,
can give unreliable dats, since with the reflection of wezk segments
of the pulsating gone from the xetal premature igniticn car take
place in them. ‘The appliocation of electromagnatic methods also
roquires appropriate sxperimental equipment, since a metal sensor
is used in it.

Before going on to & description of the experimental equipment,
let us consider whether there should exist a chemical peak in the
sugsested model of pulsating detonation. In the weak sections of
the wave ths pressure ir. the shock-corprassed explosive is close to
the prossure in the adjoining detonation products, but the spead of
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the shock wave in the sestions i3 1938 than the detcnation rate

by & gertain value. Therefore, the pressure and the density in
these regions of the front must be iess than in the front of a
ons-dimensional wave. In the *heads" of the configurations the

gone of chemical reaction both in the overcompressed regions, as

well a3 behind the transverse weve, is very narrow and inexcessible
for recording by the elsctromagnetie method. The regicn of detonation
products of precompressed substance behind the transverse wave must
Bave very high pressures, according to approximate estimates more
than twice exceeding the pressure in the normal detonation products.
Phus, within the limits of one three-shock vcnfiguration the pressure
vgries by two times, while the level of chemical converaion varies
fro total heat liberation in zhe head of the configuration to
practically total absence of the reaction in the weak sections.

If vwe fornally average the pressure in the ghemical reaction
gsona, m region of elevated pre.3ures mist ¢xist on the puleating
detonation frort. This presaure peek iz actually recorded
experimentally. The sensor made of thin foll (0.03 ma), which does
not. cRuse ignition in the shock wave as @ result of the very brief
time of interaction with it, is placed on the interface with the
inert medium, which has dynamie properties close to the mixture,
for example, paraffin (Fig. 31). The ogeillogrsm of such an
experiment bears witness to the prasence of a region of elevated
pressures and velocities on the pulsating detonation front (Pig. 32).
The time of existence of the slevated prossures as s result of the
difference in the dynamic rigidities of the detonation products of
the explosives and of the paraffin oannot be obtained from this
oscillogram. This is determinscd in other axpsriments, when a2 thin
electromagnetic sensor is placed directly in the explosive itself.
In this case the osclllogram 1s qualitatively similar to that shown
in Pig. 32.
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Fig. 31. Diagraw of

tha axpsrigent for
observing the pressure
pask on thes detonation
front in & liquid
explesive. 1 - initiator;
2 -~ oxplosive lens; 3 -
14quid explesive; £ -
8hell; 5 - paraffin block;
§ - elcotromegnetic sensor.

XX¥: {1) To the oscillography.

Fig. 32. Cecillogras of the rate
of travel of the interfrce: mizture
of nitromsthanse and gcetone with &
rgtio of 75125 - paraffin.

The tize of exlstense of the elevated speeds At for a nixture
of nitromethane with asstone in & voluwstric ratio of 75:25 is
0.4 ys. The measursd time 4¢ allows us In turn to calculate the
width of the gone of elavated pressures At (D - u), where D is the
detonation rate, and v 15 ths average rate in the investigated
region. For & mizture of nitromsthane with asetone of 75:25 D fa
equal to 5.75 kxvs, u 18 oqual to 1.77 ka/s, u in a Chapman~Jougunt
plane (the end of the region of elevated speeds) 13 equal to 1.51
kn/s and the pressure in this plane is 90,000 atm. Hence for the
unknown width we got 1.6 pnm,

She transverss dimension of the inhomogencities on the
datonation front in the oeme nixture, deteorained from end photo
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acanning, 18 1.5 ma, 1.9., it tume oyt that the uidth of the
zone of slevated pressurss is approximately equal to the size of
the transverse puisations on tho frout. This conclusion allows
us to continue the comparism of one-dimsnaional and pulsating
zonos.

In the proposed modsl of & pulsating front the size of the
configurations or; in another way, the transverse dissnsion of
the inhomogenoities on the front iz determined by the ignition
delay in the wemk sections, HRonce it follows that the total
width of the pulsating zone is datarsined by the heat libsration
conditions in the weak sections on the wave front. Since the
speed of the shock tave in the weak cectiocos is leas than the
rate of detonation, and monteguanily, the delay time of the
ignition in the weak sections is gregtor than behind the shock
wave, the one-dimensicnal reaction sone, propegating st the
detonation rate, must be aignificantliy less than the pulaating
zone.

An experimental comparizon of & ona~dimensional and pulmating
zone can be made, using data, cbtminod during shock initiation,
on the delay timas of the formatlen of detonation of & coxpressed
substance behind & flat shook wave. In measuring this depengence
(P1g. 33) zpecial care was teken to eliminats the effact of the
material of the boundary and of ¢the gquality of the {inishing of
its surface on the delay value.

The dependence of the deiay timse on the pressure can be used
83 8 guitable indicator for dotermining the pressure in the weak
sections on the front. An actizate of the delay of the emorgence
of new configurations on the front ean be made, after equeting it
to tha average time of travel of the configurations between
z0llisions. This time (0.2 us) corresponds to a signilicant portion
of tha total time of ¢xistence of tha elevatsed prassures on the
front of a detoneticn wave (0.4 ys). The difference in the nansd
wvalues 18 ccnnected with the tine of attsnuaticn of the pas
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dynawic pulsstions in the detonation products. A pressure of
88,000 atm corrosponds to a delay of 0.2 us. The pressure behind
the shook wawe, having a detonation rate for this mixture, is
130,000 atm {62], while the pressure in the detonation products
iz 90,000 atm. Thus, the developed moGsl of the front of the
detonation wave recuives good confirwmation.

The rate cf fall of the parameters in time in the weak sections
due to their convexity can be somewhat greater than in the initiating
shock wave. Thevefore, the actual pressure in the configurations
can be somewhat grezter than the estimated,

(1)
an
&
Mg. 33. Dependence of
the delay of the formation
‘ﬁ of detonation of a com~
prassed explosive behind
the shock wave (r) on the
pressure on itas front (P)
81 where a mixture of nitro-

mathane with acetone in a
ratio of 75:25.

KBY: (1) v, us; (2) P,
- (2) Aoweam thousands of atm.

If we extrapolate this sams dependence to the pressure on the
front of one-dimensional detonation, having assumed that the
basie reaction time in the zone dstermines the induction period,
then this reacticn time must be extromely small. Soloukhin [97]
also arrived gt ths conclusion that the pulsating zone increnaes
abruptedly the time of the heat liberation on the detonatior front °
relative to 8 ono-dimensional model, on the basis of expariments
in gaseous detonation.

The conclusion arrived at contradicts the concept that a
pulsating rzgim® of chemical reaction occurrence on the detonation
front corresponds to inz-eased ®statility" {98] of thie meShod of
propagation of the detonation wave as a result of the increase in
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efficiency of the ahock heating.in 2 rough shock front. In works
[23, 90, 91] 1t i3 suggested that a gas, corpresssd dby & flat

shock wave, redots relatively aslowly, end therefore the emsrgence
on the front of the shock waws of cdligue fracturss sccelerates
heat liberstion in the destonation front. 'Pnciﬂuy for this reason
it is assumed that the most clearly expresved nonone-dimensional
detonation in gzseoue mixtures - 3pin - 12 always observed on the
detonation 1imils ané i3 the "laet poscibility® for its propagation.

Let us examine the regecns for the aemsrgerce of pulsating

regimes. Ignition behind the shoek wave at conaiderable valuas

of aoctivation energy and corrvcpondingly low initisl rate of chemical
reaction has g partioular tendedsy toward the separation effect.

In the pulsating zone of dstonaticsi forming as a result of this

there occurs as if s separation of 'the functions of ignition and
burning betwean the "weak™ cecticns of the front and the *heads”

of the triple configurations. '

The weak sections, in whish thero is no continuwous self-ignition
and which, as & result, poesecss. & speed leas than the spsed of
the detonation, deteraine the Minetis properties of the wave and
"control”™ the distance betueen the nsighboring comfigurations.
The "heads® of the configurations accoeplish total heat ilberation
on the pulsating detonation fromt, buraing the fresher substence
in the oblique f!netuus,' #d in the trensverag detonation - the
substance bahind the shookt frent in the weeik seotions.

The oblique fracturss in tha' “head” of the configurations
shorten the time of the chomiosl reastionm behind the shosk front
relative to the one~dimsnsionsl modsl. In 2 complex of cdlique
overcompressed and transverse detonstion waves the rate of heat
1iberation gonarally epyeosches the mazimma possidble. From thie,
particularly, it follows that celliisionn of configurations oennot
essentially inareasc the mwastion rate at the aite of sollision, as
13 suggested ir wosk [90], Horpotor, thove collisions can lead, on
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the other hend, to sttenuation of the confizurations (Pig. Xb).
Thus, the kinstics of the reaction in the *head™ of the con-
figurstions in no way determines the average rate of heat liberation
on the detonation front, which is determined hy the time of their
travel between collisions.

The discussion undertaksn permits us to explain cercaln
experimental results in g gaseous detonation, which were observed
by asny authors, but which did not fina satisfactory explanation.
Thagse gxperinents are described in doetail in the book by Sckolik
£991, and are also cited in the article by Zel'dovich [39].

It ignition 13 obzerved behind a flat shock wave in mixtures
of hydrogen and oxygen, as well 3s in air—pgopane mizxtures, one
can detemmine the wave parameters, at which the ignition behind
the front oproceeds with a 4issppearingly small delay, which 1s
characteristic for detonation ignition. It happens that the
specd of such a thock wave 1s significantly lesza than the speed
of normal datonation in this mixture. At the same time the pressure
in this shock wave is very cloze to that in the detonation products
of thia mixture, Within the framework of Zel'dovieh's one-dimensiongsl
theory of a detona'ion complex with a separated shock front and a
gone of ignition these results were not clarified, which gave
Sokolik the basis for attempting to construct a one-dimensional
detonation model, in which the "ehemlical peak™ would not be an
unavoidable consequance. In his opinion, this 1s possible, 1f
the relaxation proceasss in the shock front have speeds close to
the speed of total heat liberstion.

Another machanism of total cowbining of the zones of dynamic
compresaion and resction and, correspcndingly, of the absencs of a
pressure and density psak on the front is Hirshfelder's model [100],
in which the transfar processes play 2 significent role,
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A completely different explanation can be offered on the basis
of the developed model of a pulsating front. Evidently, in the
~tudied mixtures {7, 101, 102] the front of a normal detonation
was pulsating, and the weak sections of the triple configurations
having a pressure close ¢o that in the detonation proddcts,
determined the kinetles of the heat liberation on the front.
Therefore, the characteristi. times of ignition on the pulsating
front must coincide approximately with the delay time of ignition
berind the smooth shock wave, having a speed less than the detonation
rate, while the pressure must be close to that in the detonation
products; as is also observed in these =xperiments. A complete
analogy of these experiments with the results described above for
liquid explosives is apparent.

§ 5. Limits of Propagation of Detonation
with a Pulsating Front in Metal Tubes

The analogy 1n the processes of propagaticn of detonation in
gaseous and condensed homogeneous systems becomes less apparent
#ith the consideration of pheonomena on the limits of propagation
of a wave,

Por gaseous systems the walls of a glass or metal tube do not
Tanage to get notlceably deformed in the process of detonation
propagaticn and in the theory of the limits can be viewed as
absolutely rigid. F¥For the detonation of ccndensed explotives
absolutely rigld walla do not exist. Perhaps precisely beacause
of thls the phenomenon of spinning defonatlion 1s not observed on
the boundary of detonation of liquid explosives. Moreover, under
propagation conditions close to the limit, the phenomena in the
wave possess considerable similarity. In the transition to the
1imit both in liquid explosives, as well as in gases, the detonation
rate remains practically unchanged, although the sige of the
pulsations on the front increases ncticeable here (Fig. 34). 1If,
~owever, in gaseous detonatlon in proportion to the approach to
the 1imit the size of the triple configuration may reach in
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succession a valus of the tube diamster (the case of one-head spin),
then in liquid explosives detonation will completely attenuate,

whan on the surface of the detonation front there are still hundreds
of triple configurations.

4w
Plg. 34, Dependence of
the size of the inhomo-
geneities on the
detonation front in a

mixture of nitromethane

with geetone 75:25 on

the dlameter of the
dw steel shell (TO = §°C).

Pig. 35. Diagran of
the experiment for
by-passing detonation
from a rich mizxture

o & leaner one.

1 ~ mirror; 2 ~ rixture

] of nitromethane with
i acetone in a ratio of
Jf 70:30; 3 ~ polyethylene

£ilm; 4 ~ mixture of
nitromethane with ace-
tone in a ratio of
I 75:25; 5 ~ explosive
TN lens; € - metal shell.

The cessation of detonation 1s viewed as the sudden cessation
of ignition on the detonation front almost simultaneously across
the tube’s cross section. The observation of attenuation of
detonation in metal tubes can be done when by-pasdsing dektcnation,
propagated under stationary conditions, into a leaner mixture,
for which the given diameter of the tube 1s less than 1imiting
(F1g. 35). Such & formulation of the experiment, for example, is
widely practiced in gaseous detonation when finding the concentration
1imits [23). During the transfer from the lower tube to thr upper
detonation attenuates for a certain time in the entire cross section
of the charge, ascroas the upper tube passing through 2 distance,

not exeeeding its dlameter (Pig. XIV).
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Overcompression during the transfer of detonation to a mixture
with a somewhat lesser heat content 13 small and must disappear
very rapldly right up to the attenuation of detonation. The
observable effect of the disappearance of the detonation 1gnition,
apparently, also determines the limits of propagation of detonation
in the metal tubes. It should be emphasized that such a method of
atteruation of pulsating detonation is characteristic only for
a metal shell.

If the de'.onation is propagated through the liquid explosive
in the shell with a relatively low density (paraffin, plexiglas),
then the propagation limits set in at a much greater diameter than
for a metal shell. The surface of the detonation front in this
c2ae undergoes periodic reductions under the effect of the rarefaction
waves, which enter the zone from the side of the deformed shell,
nwith a critical diameter the amplitude of the pulsations of the
surface of the detonation front are such that the surface of the
detonation front is totally reduced and detonation becomes
impossible. 1In a weak shell close to the limits of propagation
the dependence of the size of the inhomogenelitles on the front
an the value of the diameter is still not clear. For example,
for a 75:25 mixture of nitromethane with acetone the critical
diameter in a weak shell is greater than 200 mm, while the size of
tne inhcmogeneities vary only with steel tube diameters of less than
4%0-7D0 mm. Therefore, only in a weak shell is the mechanism of the
vropagation 1imits determined by the specific phenomenon of the
pulsations of the surface of the front, about which we will cpeak
in more 4 211 1n the next chapter.

Let us turn to the appearance of attenuation of a wave in &
"rizia" sheil, in which the effects of the shortening of the surface
of the front of a lateral rarefaction wave 18 a rare exception and
ean cecur only under the effect of r1.ndem causes. Since for a
gaseous detonatlon the theory of the limits of propagation amounts
to finding the propagation limits of a one-head spin [90, 91], for
the theory of the limits of pulsating detonation in a rizid shell

in 113ul.a explosives other concepts are necessary.
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First, attempts shouil be made to explain the limlts on the
basis of the one-dimensional theory of proragation limits of
detonstion in tubes of limited diameter {231, which in gaseous
detonation has found no application. In this theory an essentlal
role is played by the factor of losses due to thermal conductivity |
and frictlon of the wave against the tube walls. Losses must lead |
to a reduction in the speed of detonation and t7 8 corresponding
increase in the time of the chemical reacticr on the front with
the reduction In the 1iameter of the tube. In particular, for
detonation on the limit in gaseous mixtures formula 4D = ¢ Da/d
18 suggested [23], where D is the detonation rate, t_ 1s the
reaction time on the front, d is the tube diameter, AD is the
decrease in the speed with the approach to the limit,

On the basis of the presentec formula lev us try to make an
estimate of the reduction in the detonatlon rste on the 1limit in
a 11quid explosive. Let us take for an example a mixture of
nitromethane with acetone in & ratio of 75:25; t for this mixture
is 0.4 ps, D equals 5.75 km/s and the limiting diameter of the tube
is 30 mm. Hence one should antlclpate a reduction in the detonation
rate at the limit of approximately 6-7%. Careful measurements of
the detonation rate at the 1imit with s change in the dlamcter
of the tube right up to thes 1imit did not permit us to discover
any noticeable cheages in the rate, although the measurement era
amounted to less than 1¥%.

Hence it could be concluded that heat losses and friction against
the walls do not determine the limits of propagation of detonation in
liquid explosives,

31ince tne speed of heat transfer in a condensed medium is
small, and the diameter of the tube increases the width of the
zone of heat lideration on the front by more than one order, it is
actually difficult to expect a drop in the parameters of the wave
as a result of the acoling of the medium by the shell. However, iIn
the theory of one-dimensional limits [23] it is pointed out that the
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weshening of the flanks of the trave on the ¥all can quickly affect
the state of the medium in the central fegiona of detonation as a
result of the rarefaction waves. In condensed systems, if even the
factor of thermal and mechanical losses i3 insignificant, the effect
of ccmpressgbility and expansicn of the shell can replace them.
fence qualitative conclusions of the one-dimansional theory should
be raintained. In this case a criterion of the approach to the
1imits must, as iefore, be a noticeable reduction in the detonation
rate relative to the rate in the same mixture with large charge
diameters. This iwduction in the reduction rate corresponds to a
formal reduction in the heat liberation behind the wave as a result
of heat losses in the lateral rarefaction wave.

As wWas already noted, the experiment does not confirm the
assumpticn of a noticeable drop in the rate of detonation on the
1imit, although the size of the inhomogenelties on the front
increases here somewhat. The zone of heat liberation on the
detcnation front with limiting concitions of propagation remains
as before an order less than the charge diameter. Such rigid
conditions of the possibility of detonation propagation force us
to look for other reasons for the nature of the limits of propagation
of a pulsating detonation wave,

It should be noted that the very process of detonatlon
attenuation, actually accompanied by a drop in the parameters on
the wave front, does not require a necessity of introducing a loss
factor, even if in the form of a rarefaction wave from the lateral
wall. In this nonstationary process the sixe of the inhomogenelties
is enlarged, the zone of heat liberation increases, the detonation
process spreads apart and, consequently, there 1s no total heat
liberation. The dispersion of the wave 18 accompanied by the
penetration of rarefactlion waves from the detonation products into
the pulsating zone, as a result of which there occurs the separation
of ignition in the weak sections of the configurations and a
progressive reduction in the parameters of a nonstationary wave.

Ail these processes are interconnected.
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Significantly more complex is the problem, due to what does
the transition to such a nonstationary regime occur. Turning again
to the mode). of a pulsating front, one may note that the criterion
of the stility of detonation to & self-sustaining regime of
propagation is the possibility of continuous adiakatlc ignition
in the weak sections of the configurations, which fix the dimensions
of the heat liberation zone. If for any reagon in the weak sections
of the configurations separation of ignition occurs, detonation will
transfer to a nonstationary regime and may attenuate, for example,
during the rapid trancition of a wave from overcompression or in
spherical detonation. A similar effect can also arise as a result
of the lateral rarefsction wave, which actually, as will be shown
in the next chapter, is observed Juring the propagation of detonatlnn
in a weak shell or during the tranaition of detonation from a wide
tube into a volume. Characteristic for the attenuation of a wave
under the effect of a lateral rarefaction wave is the subsequent
disaprecrance of the configurations in the lateral rarefaction wave,
which ir recorded in the form of a distinctlive wave of th
disappearance of luminescence of the detonation front, propagated
into the central portions of the wave at a certaln speed.

With the attenuation of detonation in a rigid shell of any
perturbations from it on the configurations "grid," which is very
sensitive to external influences, 1s not observed. It remains to
allow that the transition to a nonstationary regime from a normal
one is possible as a result of the assumption, paradoxical at first
glance, concerning the emergence, in a normal regime of detonation
propagation, of a rarefaction wave from the region of detonation
products into the zone of heat liberation. One can cowe to such a
conclusion from exanaination of the model of the configurstion on
the front, presented in Fig, 26.

The pressure in the weak sections is close to the pressure in
ths detonation products, and the total width of the zone of hesat
liberation, in succosaiQn, is close to the dimensions of the triple
configurations. It follows from this that the detonation products
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play ¢he role of 2 plunger POr weak secticns of the conPigurations.
Therefore, the week gections are “tramsparsnt® for a rarefection
wgve fron the detonation products. It 1s poasible to show that thia
conclusion does not contradict the fulfillment of the Chapman-Jouguet
condition and is a consequence of the pecularities of rarefaction
vaves in a turbulent flovw.

Let us postulate that the rarefmction wave from the detonation
products always enters the front through the weak sections of the
configurations. Tha profile of the rarefaction waves is determined
by the volume of thie expanding detonatlon products, It follows
from this that in a given mixture the staephess of the pressure
drop in the zune of rarefaction will be deterained by the length
of the traveled detonation path, 4if the diaaptar of the charge is
large. If the dlameter is small, after establishing detonation
the steepness of the rarefaction wave will be de* rained by the
charge diameter, the detonaticn products of which expsnd in a radial
direction.

With & sufficiently small diameter of the charge the rarefsction
wave, entering the turbulent zone, nay causes separation of ignition
in the weak sections and bring the wave to a nonstationary attenuation
regime. With a dismeter somewhat grester than limiting, the rare-
faction wave cuuses additional attenustion of the wealk sections,
as a result of which delays in the ignition in them exceed the
values which corzespond to a large charge diameter. This also leads
to a certain enlargement of the inhomogensities clogse to the
propagation limits. S8ince, however, ignition separation in the
weak sections close to the 1limit is overcoms, datonation propagates
in a stationary regime with total heat libaration and with practically
the same detonation rate, which must exist in g wide tube.

Thus, the detonation propagation criterion in a metsl tube
nay be determined as tho condition of overcoming the separation of
ignition in the sone ss a result of the rarefactich wave frem a

limited volume of datonaticn products. It remains to give this
criterion quantitaetive chargcteristiocs,
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The concept of the threshold of ignition initiation behind a
flst shock wave wgs described sbove in detall, It was shown that
this concept 1s relstive, and that the vaiue of the threshold
depends on the charge size. Notably, for a given mixture the
amplitude of the shock wave, capable of causing igniticn, is
reduced with the increase in the size of the active charge. The
dependence of the 1limiting dimensions of the active charge on the
limiting amplitude of the shock wave 18 very strong, aince in the
first approximation the amplitude fixes the shock heating of the
medium and, consequently, the initial rate of the chemical reaction
through Arrhenius' exponent. The limiting dimensions of the active
charge are found from the conditions of compensation of the rare-
faction wave of the chemical self-heating of the medium, and a
noticeable decrease in the initiation threshold can be achleved only
With a very strong increase in the active charge dimensions.

In our analysis of the processee of heat liberation in the
pulsating zone an analogy of the phenomenon with shock initiation
i1s assumed, since the products of rormal detcnation are viewed as
a "plunger,” creating ignition in the weak sections. The initial
pressure, created by this "plunger," is unambiguously determined by
the heat content of the selected mixture. Thus, an independent
parameter in the problem of finding the conditions of ignition in
the weak sections of the configurations i1s conly the linear dimensions
of the charge. If these dimensions are sufficiently large, the
possibility of ignition sepasration in the weak sectlons 1s overcome,
and detonstion has the possibility of steadily propagating.
In particular, the tube diameter found in the experiments on shock
initiation determines the iimiting diameter of propagation of
detonation of the gzelact .4 =ixture.

Teking irto consideration the similiarity of the phenomnenon
with ahock initiation, one should expect & sharp increase in the
limiting diameter with the leaning of the mixture, when the pressure
in the detonation products 1s reduced. If in a mizture of nit.-o-
methane with acetone in a ratlo of 75:25 detonation 1s propagated
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with tube diamdtars axceeding 30 me;, then for @ mixture of 70:30
in tube diaweters actually existing in the experiment (up to 200 mm)
steady-atate detonation cannot be affected. These regularities,
nat.irally, become pcasible oniy bsozuse the reaction-kinstie
properties of the mixture change 1ittle with the variation in the
hest content. Considering the analogy of the phenomens of the
propagation limit and the initiation threshoid, one should expect
that, since in both instances the dlaseters of the charges vary
insignificantly, then the initiation threshold should coincide
approximetely xith the pressure in the datonation products of the
mixture, which is s3till capable of steady-state propagsetlon under
these conditions. In our experiments such a mixtur: was one with
nitromsthsne and acetone in a ratic of 72:28. The pressure in its
detonation producte is sbout 85,000 ata. The initiation threshold,
practically speaking, is about (0,000 atm for all mixtures.

From the described annlogy it follows that the limits of
stable propagation of detonations in any mixture can be found from
experiments on shoek initiation. Mov thiz, it 1z essentisl to
select the amplituds of the shock wave, equal tc the calculated
pressure in the detongtion products of the selected mixture, and,
by varying the dimensions of the accive charge, achlave ignition
behind the initiating shock wave. The discovered active charge
size is approximately equal to the limiting diametar of the tube,
in which detonation in the selected mixture will propagate
stvadily. Using a spherical active charge during shock initlation,
in a simllar way one can find the limiting diameter for spherical
detonation also.

If the diamster of the active chargs is very large, the
steepness of the rarefsction wawve in the products will be determined
by the iength ¢ the charge. Tharefore, limits of propagation with
respect to the chapge langth must exist. Sush en assuaption makes
sovewhat indaterminant the treatment of separstion phenomna during
the transition of & dstonation wava from overcompression during
lnitiution by a phort powertul charge. Thia phenowenon was oxplained
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sbove a3 the result of a drop in the paramsters on the wave front
during transition from overcompression. However, one can also
alloy thet up to the woment of separation detonation was already
leaving the overcompression mode, but the length of the regicnh of
detonation products behind it was less than the critical dimensions,
and therefore the attenuation of detonation occurred. It is
spparent that the nature of the separation of ignition in the zone
repains the same in both instances,

$ 6. Dstonation Haves with = Smooth Pront

As was already noted, with the enrichment of mixtures of
nitromethane with acetone, of nitroglycerin with methanol end others
the size of the pulzstions on the detonation front i3 sharply
reduced, The resolvent power of head-on photo scanning is rather
low and does not permit recording inhomogeneities of the front of
lesr than 1 mm. Therefore, in undlluted iiquid explosives using
head-on photo scanning one cannct manage to establiash whether or
not the front remains pulasting. Significantly better resolution
(52073 ma) 1s obtained by the method of light reflection, suggested
by Zel'dovich, Kormer et e#l1. [68). This method permits one to
detect the presence of zmall pulsations on the front and to answer
the question as to whether liquid explosives exist with a amooth
detonation front.

The assumption of the existence of triple configurations with
a 3ize less than 5.10‘3 m, to which "lifetimea™ of configurations
on the order of 10”2 s must correspond, s not realistic. This
ronclusion folloxs from consideration of the detail structure of
the pulsating front and 1s discussed in detall belcw. It rcontradicts
to a certain degree the conclusions of work [103], in which the
presence of extremely smsll triple configurations is allowed in
contrest to the first work o2 tne same suthors [68], The reflection
of 1light from a detonation wiywe 18 connected with the pre~~nee of
2 8ignificant density jump on the shock front of detonation of a
condensed explosive. The nonuniformity of the density Jump on the
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pulsating surface of the detonation front and the "hilliness"” or
this surface complicate the formulation of the experiment for 1light
reflection from a pulsating wave. One of the difficulties consist
in the fact that the light raflection from such a rough surface is
irregular, and consequently, the intensity of the reflected light
may te significantly less than for a smooth wave. Another
difficulty consist in the impossibility of quantitative estimates
of the density cf the shock-compressed substance cn the front
arcording to “he coefficient of light reflection. In particular,
there ir no basis for assuming that the integral coefficient of
light reflection from ths pulsating front must coincide with the
coefficient of reflection of a smooth wave, having the same
veloctity, as 1s suggested in work [103].

In recording the 1light reaflection of an extraneous source from
tne front it is essential that the reflected signal in order of
magnitiude be close to the intensity of the detonation luminescence
itself. However, the most powerful (explosive) light sources have
limited intensity of fllumination in the visible range in connection
with "saturation" of the radiative power of the heated body (in the
present case of a shock wave in argon) at very high temperatures
(~40,000°K} in confoimance with Planck®s formula. Another
limitation of the intensity of the source is the effect of screening
of radiation of the shock wave as a result of heating by this
radlation of the gas before the front [80].

I, is possible to achleve an increase in the intensity of the
light, reflected from the pulsating front, by observing several
additional conditions when setting up the experiment. If the surface
of the front i1s slightly hilly, then the diagram of irregular
reflection of light from 1t must be relatively narrow, 1.e., such
a surface 1s essentially different from a surface which iaotropically
scatters light, and satisfies Lambert's law., Therefors, in the
cxperiment one can obtain a maximum reflected signal with a given
source brightness, 1f the angular dimensions of this nource exceed
the opening of the reflascilon diagran of the rough surface. In
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this cese one can, in prineiple, alsc determine direetly the
integral acoefficient of raflection, smbout which we spoke ahove.

/ Pig. 36. Layout of the
sxperiment for orserving
the form of the tu=face
of a detonation fyont
from the 1llusingtion

of the clesrance.

1 ~- mirror; 2 - sir gap
between liquid exploalve
end glass 0.1 zmj 3 ~
stesl tube; ¥ - lsan
mixtura of nitromethane
with scetone; 5 -~ 2aplo-
sive lens; 6 - initiating
charge.

It 18 possible, using the scheme depicted in Pig. 36, to
experimentally estimate the degree of roughniss of the pulsating
surface in mixtures, whers the pulsstions are ohbserved directly
on the photoregister. With such a formulation one can cbserve the
subsequent i1lluminstion of the thin alr gap avove the surface of
the mixture of the nitromethane with acetone in proportion to the
rexoval of the hilly surface of the detonation wave in 1t. The
gperture photo scan shown in Plg., XV corresponda as if to a three-
dimensional "impreasion® of the surface of the detonation front,
ellowing us to observe its shape. The clarity of the Ilash of the
8ir gap iz mvch stronger than the luminescence of the wave itself,
and it is not -~ interference for the observations. In exarining
the photograph one should consider that the relationship or the
time zcan and of the c~efricieat of reducticn of the image is such
that the true concavity of the front is two times less than the
unavennass of the lines of this chronogram. This explicit
experiment allows us to be oonvinq,d that the surface of the
pulsating front is slightly hilly with a small relationship of the
hedight of the pulsations to their transverse dimonsion (~0.1).
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One can zaswue? that the shape of tha configurations wary little with

the change in sheipr llnear dimensions. A similapy conclucion 1s
also drawn for the osse of gaseous detonatioa [90, 91].

Experiments were conduct?d [69] according to the schems,
presented in Pig. 37. For the observation of the light reflectlon
from a clearly “mirror" shock wave water was used. Plgure 3¢
presents a photo scan of the experiments with glyceride alcohol
nitrate (D = 6.7 kx/as), besring witness to the roughness of the
front of normal detonation in it, since the imsge edges of the
gource dlaphragm in the form of 8 slit are blurred. A similar
plcture is observed in nitromesthene,

Mg. 37. Layout of the
experiment for obdbservation
of the reflection of light
from detonation waves in
liquid explosives,

1 - explosive lena; 2 -
charge of hexogene; 3 -
transperent box with argosn;
§ - diaphragm in the form
of & #1it with a width of
20 m; 5 ~ water; 6 - liquid
explosive; 7 ~ initlating
charge; 8 - plexiglas baffle;
9 - explosive lons; 10 -
¢etonation front.

Similar experiments were nleo conducted for detonation waves
in a regime of overcompression (69]. It was discovered that with
a sufficlent degree of owercompression the detcsition wave is
smooth (nitromethane, & stoishiomstris mixture cof nitric acid with

dichloroethane). In proportion to the transitisn frox overcompression

the detonation front bocosss Tough. In similar experinzsnts with
a mixture of nitvomethane and acetone the smoothnass of the front
was not achieved, spparently, as & result of the inadequancy of

overcompression. In experiments with a stolohiometric mixturs br

nltric acid and dichlorosthane tha front, on the other hand, becomes
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swooth with relatively low overcospression. Durlng overcompression,
sirultaneously ¥ith the mirrer reflection the dispersion of 1ight

1s also ovserved. It can be assumed that the dispersion of light
occurs behind the shock front of detonation, in the zone of heat
liberation. Another assumption consist in the fact that during
overcompressicn the surface of the detonation front is divided into
geparate sections with & smooth and a pulsating front. Such a
phenomenon is completely possible on the boundary of instability

on the smooth front.

Pig. $8, Fhoto scan of 1ight peflection in
glercide &loohol nitrate. 1, 2 - image of an
1lluminated digphragm on the surfaces of
separstion: water - glass baffle, liquid
explosive ~ glass bottomy 3 - flash of the aly
gap betweon the sctive charge and the bottom
of the box; ¥ - luminezcsnce of the detonation
front; 5 - photo scan during "depiction® of
the diaphrage on the surface of the detonation
wave; 6 - image of the diaphragm on the surface
of ths shock wave in water; 7 - luminescence
ol the detonation products of the active
charge through & transparent bottom; 8 -
luminescence of air during dispersion of the
detonation products of a liquid explosive with
8 free surface.

In subsequent experimsnts liquid explosives were discovered,
in which the front of normal detonation 1is smooth: nitroglycerin,
dinitroglycerin, tetranitromethane (D » 6.4 km/s) and a mixture of
nitromethane with benzene in a ratio of 87:13 (D = 7.0 km/s).
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Fioure 39 snows a photo scan cf the experiment with light reflection
from detonation with the smooth front. One should note that the
mirror retviection of light from the front of normal detonation 1s
not accompanled by the simultaneous scattering of light, as takes
place during the overcompression of nitromsthane and of a
stolenlometric mixture of nitric 9cid with dichloroethane, All
systems which detonate with a smooth front are characterized by

the fact that with thelir dilution with a solution which reduces
rhielr heat content, the front in them becomes unstable., For
example, in a mixture of nitroglycerin with methanol in a ratio of
36:68 the triple configurations on the front are directly observatle
on the photoregister. With the dilution of tetranitromethane with
benzene up to a ratio of 40:60 (D = 5,35 km/3) the light reflection
from the front also becomes irregular.

In this way, it can bhe concluded that thére exist = class of
homageneous condensed systems, in which detonation as propagated
accordlng to a mechanism, corresponding to the one-dimensional
theory of Zel'dovich., It is interesting to discover a zone of
increased pressures ont the front of one-dimensional detonation in
a liquid exglosive, However, in the majority of the observed
smooth detonation waves the reaction time on the front 1s low
and 1s not recorded by an electromagnetic procedure, the resolving
power of which is ~10'7 s. An exception is tetranitromethane.

A mrcy velocity profile recording obtained for it (Fig. 40) showed
that on the frent of a smooth wave there exist & pressure peak,
correspending to the "chemical peak,” predicted by Zel'dovich's
one-dinensicnal theory. It is charasteristic, however, that the
"chemical peak" does not have a clearly expressed induction period
(the width of the zcne of the chemical reaction is approximately
ejual to 2 mm, tc which the time of existence of the substance in
1t corresponds, -0.5 us).
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Flg. 39. Photo acan of 1ight reflection
in a mixturs of tetranitromethane and
bengene in & ratio of 87:13. 1 ~ airror
reflection on the detonstion front;

2 - mirror imag? of & diaphragm in &
shock wave in water; 3 - illumination
of the detonation of the mixture.

Fig. %0. Oscillogram of the mass
velocity behind the front of one-

dimensicnal detonation in tetranitro-
rethane.

For other systems with a smooth front tne width of the zone of
heat liberation cannot be directly registered; i1t can be ecatimated
only obliquely.
nitroglycerin doez not propagate, 1f the diameter of this tube is
less than 1 mm.
diameter 1s 4 mm. Not one of tho existing theories of the critical
diamzter postulates that tha zone of heat liberation on the front
of detonation of these explosives is less than 0.1 nm, while the

It 1s known that in metal tubes the detonation of

For dinitroglycerin the corresponding ceritical
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characteristic tiws of thiz heat liberation 13 correspondingly less
than 1.~ s, If the detonation front in these explosives were
pulsating, the £ige of the pulsations would be of the order of
dimensions cf this sone, 1.e., 0.1 mm, which iz significantly
greater than ‘he minisum dimsnsions of ¢he inhomogeneities on the
front, resolvecd dy the mathod of 1ight reflection. From this
follows th~. validity of the conclusion of the smoothness of these
detonation waves from the obsarvance of the mirror reflection of
light on them.

In our discussions the assumption is tacitly maintained that
the pulsating zone corresponds to the rough surface of the

detonation front, with all the criteria described above characteristic

for it. In fact it is completely probable that between the class
of homogeneous explosives, the detonation of which has a one-
dimensional zone, and systems, in which the pulsating character of
the detonation front is clesrly expressed, there can exist systems
with intermediata properties, in which nonstationary processes
corresponding to unstable self-ignition can be manifesteu. It 1s
obvious, however, that 1f thass proceases are not accompanied by

a complex of separatlon effects, leading to the hydrodynamic
restructuring of the front of the detonztion wave, such detonation
will in its properties gpproach the detonation with a smooth front.
In this case the nonstationary processes in the Zone can actually
be classifled as a "fine structure® of a cne-dimensional front.

§ 7. The Limit of Stabllity orf a Smooth
Detonation Front and the Mechanism of
Formation of a Pulsating Zone

The theoretical conaideration of the instabllity of a model
of a one-dimsnsional staticnary complex, having the same detonation
vate {20, 41, 43, 44], becams traditional in ovaluating the
conditions for the existence of a swmooth or pulsating detonation
wave in gases. As follows from work [#5], in which such an
investigation was conducted in the most general form, an analogous
approach 1, in principle, applicable alsoc to liquid explosives.
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However, in the latter case it is practically imposalble to solve
the given problem to the end, sinece for this exhaustive data are
necessary on the chemical kineties under conditions oi detonation
and on the equation of atate of not only the initial explosive and
of the final products, but glso of all the inte.mediate substances.
We dn not have sugh date awailable %o us ac present.

In principie, the problem of instability of a smooth complex
can be simplified using certain additicnal inltial assumptions.
For example, in works [40, 8§11 this complex is examined in the
fora of a doudle ssparation (the shock front and the front of
combustion are situated a ocertain distance from one another).
However, for practical application of these works it is first of
all necessary to be convinoed of the fact that the induction .od
is actually the greater part of the total reaction time. Conversely,
the eritarias of instability, introduced in these works, turn out to
be basically inapplicable, ’

A sinple exemple shows how far such apprchensions are justifieqd
for the detonation of homogensous condensed explosives. Let us
assume that we are attempting to evaluate the stability of a
é2tonation front of a shock-cosg~essad explosive with shock
initiation of the detonatlon in nitromethane or of a mixture of it
with acetone. It is 1mposaible, for example, to evaluate the
stability of a transverse detonation wave 1p the pulsating zone,
Even 1f as a result of laboricus cmlculations Shehelkin's criterion
is determinad, its appliocation will be incorrect for the following
reasons, Since the initial density of tha medlum as a result of
the pracompresalion by the shock wave is great, the basic part of
the libersted chenical energy oasn transfer to the elastic part
of the energy of the detonation products [24]. It is precisely
because of this that the luminesacence of the detonation of the
compirassed substance i3 significantly weaker than the luminaacence
of ordinary detonation. Hence it follows that the temperature on
the shock front of this detonastion and the temperaturs of its
products are clese to ono another. A2 a result, the heat liberation
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in the reaction zone proceeds a’lmost undsr isothermic eonditions,
and the reactica is not self-accelarated. The pressure profile in
this zone must be triangular.

It should bz noted that the achievement of a triangular profile
for the pressure in the gone may also occur under ordinary kinetics
of heat liberation behind the shock front., The temperature in the
detonation front is sufficiently high, so as to anticipate the
effect of burnout of thr. substanee in the initial stages of the
rrocess of heat liberat:on, as a result of which self-acceleration
¢l the process must attenuate, as follows from the theory cf
a degenerated adiabatic thermal explosion [75]. The clear
11lustration of such a possibility is the calculation of the
pressure profile in the zone of & one-dimensional detonation wave
in a gas, introduced in the book of Zel'dovich and Kompaneyets
[23]. The pressurt profile with pressures, temperaturaa and
activation energy usual for detonation in gasss proves to be
trlangular. The profile spprosches the rectilinear with a
siznificant increase in the activation energy.

The cited examples show that empirically based data must lle
at the basis of the assumptions, which simplify the theoretileal
problem of the stabiilty of a detonation front. The experimental
discovery of a smooth and pulsating front in liquid exploszives
aleng with other results indicated above, apparently, can gilve us
a basis for formulating appropriate assumptions. Moreover, we hope
that further accumulations of experimental data will allow us to
strictly justify the helow~-expounded qualitative representations
on the nature of a pulsating detonation front. Let ua note that
with the aid of these concepts it is possible to explain all the
known pertinent facts,

Attentlion is first directed to the fact that the rressure
profile in the detonation front 1s in all instauces, when it lends
itself to observation, triangular. Can we not conclude from this
that the detonation front with a triangular profile is basically
unstable? Apparently, we can.
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Actually, we will, as usual, assuge thst the reaction behind
the shock front procedds asccording to the law of an adlabatic
thermal explosion. According to the corresponding theory [75],
the character of the heat liberation in the reaction zone is
determined by twc parameters:

7-'% and 9-3-{3-.
where E 18 the activation e~argy; ¢ is the specific heat; Q is the
specific heat liberat;on; To i3 the initial temperature of the
shock heating. The firet of these paramaters with a reduction
leds to s rise in the accelsration of the reaction 28 a result of
the chemical salf-heating of the medium, while a decrease on tha
second parameter inoreases the dependency ol the reactlon rate on
the tenmperature.

Under conditions of detonation parameteras 8 and y are not
independent, this is connected with tae fact that with a given
equation of atate of the medium the tempersture of -he shock heating
TO is determined by the detonaticn rate, which is in turmn fixed by
the value of the heat contant. Simple estimates show that all other
conditiona being equal an inoreas? in ¢ leds to an incrsase in
8 and y. Jvercompression of the detonation wave leds to an analogous

increase in the paraxeters.

It follows from the theoy: that a rectangular pressure profile
of a smooth detonation front shculd be observed only when y << 1
and 8 << 1, Conversely, there is no clearly expressed induction
period behind the shock front, and the pressure profile is triangular.
However, in accordance with the physicsl concepts of the parameters
g and vy, the imposed condition denotes a strong dependence of the
reaction rate and its self~-acceleration on the temperature, and
consequently, on the gas dynamic parameters of the flow, which in
turn are determined by the process of heat liberation, It is not
aifrficult to see that with sufficlently small values of § and vy
such an interdspendence of the parameters of the flow and of the
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reattion led to Instobility of the 'sweoth detonstioa front.
Converdely, ¥ith large values of 8 and y, when the pressure profile
at the detonation fromt is triangular, « smooth front should be
stable. Thus, the supposition of instability of the detongtion
front with a rectangular pressure profile is completely natural,
and appsrently, may be Justified by dewveloping the expounded
qualitative considerations.

To determine the conditions for the sxistence of & smooth
and pulsating detonation one may procesd from the other side.
Hemoly, in contrast to the clasaical formulatlon of the problem
(40-85], one may atudy the problem of the stable existence of &
pulsating detonation front. The limit of the cxistence of a
pulsating zone uill 2lso correspond to the possibliity of the
existence of a one-dimensinnal detonation wave. Actually, if we
succeed in showing that in a system with fized properties a
pulsating zone cannot exlst, then in this system a one-dimensional
detonation model will ve stable.

In order to determine under what conditions pulsating detonatior.
should transfer to cne-dimensional, let us turn to Flg. 26. It is
obvious that a limit of the pulsating zone will begin, if in the
wsak sections of ¢he triple configurations the conditions of heat
1iberation appryuach the “degenerated.” More precizely, if behind
the sheck wave, whioh has & spesad equal to the aspsed of the front
of the weak section, which is lower than the detonation epeed,
ignition occurs immediately behing the front without an induction
poriod. Actuaslly, the separaticn effect in the head of the
sanfigurations appoars ss & result of the fact that, in proportion
to the gistence awvay froam the triple point behind the shoek front,
mitual compsnsation of the self~-heating of the suwntance and of
the odiabatlic cooling sets in. This leds to an infinite rise in
the induction perdod and to the dissoclation of t!e double separation:
tha frent of the shoek wave - the igniticn surface. ¥With degenerated
kiratics sush 2 diasociation 1s igpossible, since an intensive
rorotion beging imzadiately bertid the shook front. Consequsntly,
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in this case the conditions Por a transvsrae detonation wave are
ebsent, it simply has nothing to burn. Hence it 18 clear that with
degenerated kinetics the detonation front must be one-dimensionai.

Returning once egain to the proof of the ccr rectness of the
method of light reflection, one may note that the achievement of
conditions of degeneratlion will occur earller than the dimension
of the configurations becomes equal to 5.1073 mn, while their
1ifetime 1s 1070 s, Actually, as follows from Pig. 26, the triple
configuration is a complex three-stage set. The characteristic
dimensions of the chemicel reaction zone in the region of the
overcorpressed section are one or two orders less than the dimensions
of the entire configuration., Apparently, the conditions of hesat
1ivberation in the overcospresszd sectiocn even in relatively lean
mixtures are close tc degeneration, and it 1s smooth, With the
total "lifetime" of the entire configuration of 10.9 3 the time
of the heat liberation in the overcompressed section should be
1071%1071 5. 1t 1s further necessary to postulate that at a
certain distance froa the triple point with such times their appears
an induction period, which occupies the greater part of the totsl
time of heat liberation and forms a double nonstationary separation.
There 18 no doubt that the preasence of a clearly expressed induction
period and heat liberation for 10720 5 for a complex organic
substance is a totally improbable supposition. With such reaction
times 1t 18 difficult generally to speak of the temperature o ‘he
medium and it is inadmissible to assume the presence of an induction
periocd with a strong dependence of its value on the initial
temperature,

In light of what has been sald it 1s easy to explain all the
experimental facts. Actually, parameters B8 and y grow with the
decrease in the activation energy and with the rise in the heat
content, since To increases sharply together with Q. Therefore,
smooth detonation waves are more probable for liquid explosives
with large Q. They should also take place with sufficlent over-
compression relative to weak mixtures (due to the rise in TO)'
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A redugtion in the vaiue of the activation energy should also led
to smcothness of the front. The last instonce, corresponds, for
exemple, to additives to a 1liquid explosive of substances which
accelerates reaction.

It was shoun gbove that a detonation wave in liquid explosives
during initiation by o shosk wave ia always forsed in an over-
compressed regime, from which it guickly transiers in proportion
to tha dissipstion of the detonation procducts behind the “sacond"
wave. Overcompression at the initial soment 1s very gzreat, the
presaure of the detonation products reaches almost a doubled value
relotive to the pressure of the normal detonation products. One
can assume that an overcompressed detonstinn wave is smooth in all
1iquid explosives at the initial moment.

If in the glven zubgtance normal dstonation is smooth, with a
degenerated character of the heat liberaticn 1n the zone, then
the owercompressed detonation wave will transfer to normal without
any kind of separation effects. But if normal detonstion is
pulsating in the given explosive, then at 3 certain stage of 1ts
transition from overcompression in the reaction zone of an initially
smooth detonation front an induction period will appsar. Since the
transition from overcoxpresaion occurs rapidly, behind the shock
front separation must begin. Following this aeparation in the
idezl case .n2 pizht imegine such da2tonation propagation conditions,
under which only longitudinal pulsations take place, that is, &
detonation front is initiated, transfers from overcompression, is
separated, 13 agsin initiated etc. Separation finally takes place
not simultanecusly along the entire front, and as s result of this
the usual regims of pulsating detonations is established.

It should be noted that the problem of the boundaries of
existence of a smooth or rough detonation front mey prove to be
significantly wors complex, if the given explosive has not one,
but two stable detonation regimes - pulsating and smooth. In this
case the actually exlsting regime is determined by the mechanism
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of detonation initiatfon and in conformance with what was said
gbove in an ordéinary shock initiation a pulsating regime exist.

In conclusion lat us note that the deacribed quallitative
concepts are not as intimately related with the thermal nature of
the development of the reaction, as appears from first glance.
Actually, if we suppose thet the reaction develops sccording to
some other machanism (for example, a chain mechanism), but the
dependence nf its speed and self-acceleration on the flow parameters
has an analogous character, then presented guallitative picture of
the formation of the inhomogeneities is esasentialiy unchanged.
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CHAPTER 1V

THE MECHAMISH OF PROPAGATION OF DETCRATIOR
1& SOLID EXPLOSIVES

The pcssibility of the Lransference of the stationary one-
dimensional Zel'dovich complex to detonation ¢f solid porous
explosives is not obvious. In the {irst place, it is unclear
whether in every case a s“ock heating of the explosive 1s adequate
to ensure rapid occurrence of the chemical réaction. Secondly,
on the strength of the physical inhomcgeneity of porous explosives
the detonation wave front in them 1s not one-dimensional. Doubts
on the possibilities of the shock mechaniswm have forced investigators
to advance other ideas on the mechanism of the detonetion conversion
of solid explosives. The most popular conceptions are those
concerning “explcsive combustion,™ according to which the particles
of an explosive in a detonation uave at first ignite along the
surface and then burn up [5, 10L-108].

At the start of hils investigations Apin [106] expressed the
assumption that the products of the explosion lesd to detonstion,
i.e., that the speed of the stream of explosxion products is also
the detonation propagation rete. In essence, thia iz another
rodel of a detonation wave, different from the hydrodynamic modsl,

At the time when the cited ideas were advanced, direct

axporimental data were lscking. Thersfore, an ¢xplanation of
the indivicdual experimontal facts on the besis of these or other
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concepts were viewed as proof cf their validity. Por example,
from the position of explosion combustion it is easy to explain the
increase in the critical diameter with the rise in the initial
size of the particle of the explosive, According to the model

of explosive combustion the reaction time t v §/u_, where § is

the initial particle size, and u, is the cosbustion rate under
detonation pressure. Using the relalionship of the reaction time
with the critical diameter #ccording to Xhariton's formula

d“p A~ 2ct [72], where ¢ is the speed of sound in the reaction
zone, the adherance of the theory of explosive comhustion asserted
that an increase in the cpitical diameter with a rise in § was
connected with an increase in the peaction.

Within the past ten years experimental methods were developed,
wvhich have g@l.owed us to directly determine both the detonation
parameters (mass velceity, pressure), as well as the chemical
reaction time. The study of the effect of verious factors
(porosity of the explosive, size of the grain, dizueter of the
charge, et¢.) on the reaction time gives us a basis for a more
detailed analysis of the mechanism of detonation conversion of
solid explosives.

§ 1. Experimental Observation of the
Chemical Peak in Solid Fxplosives

Neasurement of the mass velecity u(t) behind tne front of a
detonation wave allows us tv draw a number 5 conrclusions cohcern-
ing the mechanism of the detonation conversion of the explosive.
The ghemical peak in the detonation wave of a condensed cxplosive
(cast composition "B®: trotyl - 368, hexogen - 63%, wax - 1%)
was first experimentally discovered by Daff and Houston [96].
Latter, for trotyl the dependence of the width of the chemical
peak on tue charge density was investigated (109]). In these
works to determine the profile u{t) behind the detonation wave
front the so-called "“aplit-of{ method" was used {71], The
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essence of this conpdists in experimentially determining the
profils of the shock wave in an inert medium (as a rule, a metal),
wnich 1s in contact with the detonating charge of the cxplosive.
The profile of the shock wave in the metsl iz revealed by means
of the determination of the depandence of the rate of travel of
the free surface W on the thickness of the plate ! (Pig. ¥1).

Here it is azsumed that the dependence at W(I) qualitatively
reproduces the profila u(t) (or the pressurs profile) of the
detonation wave falling on the plate.

1f on the detomation wave front there exists a region of
elevated pressure (chemical peak), for example sections AB
(P1g. 42), then also on the dependence of W{l) in the regioun of
sufficiently thin plates there should he & section of elevated
vélocitics, for example asection A'B' (Fig. 43), Prom the value
of ll, which corresponds to the point of breakoff of the
dependence W(l) and to the paranetevs of the shock wave in the
metal, we caloulate the width of the gzone & and the time of the
chemical resction t, as well as thes presaure P, and the mass
velooity u, of the detongtion products at the Chapman~Jouguet
peint.

K e it

)
'
]
.
]
"
!

[ X ) v
Fig. 41. Plg. 42, Pig. 43,

Pig. ¥1. Acsemblage of the charge for experiments on determining
the rate of travel cf ths free surface of metsl plates ¥. 1 -
explosive; 2 - plane detonation front; 3 - metal plate.

Flg. 82. Overall view of the pressure profile in & detonation wave
according to the modern theory of detonation. OA « shock front;

AB -~ chemical reaction zene (chemical peak); BC - region of isen-
tropic escape of the detonation products; B « Chapaan-Jouguet point.

Fig. ¥3. Assumed depsnience of the rate of travel of the free
surface of zetal plates on their thiokness. A'B' ~ reglon of
influence of the chemicnl voak; B'C' - regl:n of influence of the
isentropic rarsfection wave.
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Later, the chemical peak in a detonation wave of condensed
explosives was succeasfully recorded by the electromagnetic method
{110]. Tris method, asuggested by Zavoyskiy, allows us to track
directly the velocity of the xass flow behind the front of a
shock or detonaticn wave. The concept of this is deplcted in
brief in work [71]. Mathods of the experimental determination
of the parameters o detonation are viewed in more detall in work
{111]. Pigure B8 szhows typicel examples of oscillograms of u(t)
on an explosive~paraffin interfeace and in paraffin at a significant
distance from the interface of the exp .osive. In an inert medium
one obhserves a sharp riss in u in the front of the shock wave,
in then a smooih drop. But if the sensor of the mass velocity
is placed on the eaplosive-inert material interface, then a peak
on the leading edge is clearly visible on the recording of u(t).
The peak behind the front of the detonation wave is also observed
with the direct placement of the sensor in the explosive, if the
time of the steep slope of the front of the oscillograms 1s less
than the time of existence of the chemical peak t. As numerous
experiments nave shown, the presence of the chemical peak of the
mass valoclity 1s characteristic for normal detonation regimes
ol cast, pressed and coxpact charges of solid explosives,
aignificantly éiffering bath in the heat of explosion, as well ns
in the pressures of detonation (pentrite, tetryl, Fixogen, trotyl,
amaoniuz nitrate and so forth)., As an example Fig. 45 shows
oscillograms of the recordings of u(t) behinl a detonation wave
front for several explosives.

Pig. 48, Typlcal recordings of u(t) by the
electromagnetic method behind the front of

a detonstion and of a shock wave. The sensor
_JT== 1z placed on the trotyl-pararfin interface
a) and in paraffin at a distance of 10 mm

a) b) from the interface b); time markers follow
every 2 u s; charged density of the trotyl
i5 0.8 g/ans.
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. . Fig. 45. Typlcal oscillograms
' of the mass velocity for detona-
tion waves in charges of explo-
) b

a ) sives of various initial densit
Pge a) trotyl, p, » 1.59 g/em3;

b} trotyl, 0.7; ¢) tetryl, 1.67;
d) tetryl, 0.9 g/cm3.
! I~~~
¢) a)

With aigh densitles in pressed charges of powerful explosives
(pentrite, heaogen, tetryl, trotyl) the mass velocity peak is
not resolved by the electromagnetic method; since the time of its
exlstence 13 less than the oscillograph's resolution time. We
use an oscillograph with a resolution time of ~0.1 us, Besides
this, the time of the staeep slope of the leading edge of the
oscillogram depencs on the inertia of the sensor and on the
curvature of the wave front. The sensor's inertia exerts the
greatest influence on this time, as experiments with sensors
made {rom varioua materials and with varlous thicknesses have
shown. The dependence of the time of the steep slope on the
width of an aluminum sensor, obtained during measurement of u(t)
behind a flat shock wave in paraffin, ls characteriged by the
following data:

wldth of the sensor, mm ..... 1.0 0.35 0.16 0.1
time of the steep slove, us . 0.45 0,12 0.1 0.1

As ean be seen, good results can be obtained by using sensors
made from aluminum foil with a thickness of 0.1-0,2 mm. The use
of scasors with a lesser thickness is not always advisable, since
they ofrten tear and do not produce satisfactory recordings.
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In accordance with the concluslons oI tne contemporary
hydrodynamic theory the deflection on the u(t) dependence should
be viewed as the Chapman-Jouguet point. At thls point, independent
of whether the shock front of the detonation wave is smooth or
not, according to the phenomenological theory expounded above,
the condition of tangency is fulfilled ir the overwhelming
majority of cases.

A cheek for the fulfillment o’ the Chapman-Jouguet selection
principle can be made experimentally, if an overcompressed
detonation wave is created and if its propagation is tracked.

If the detcnatien wave in a self-sustaining regime would be
inadequate, then at a certain stage of its formation from an
overcompressed wave the formation of a two-wave [low configuration
would heve to be observed (see Fig. 8b). T.o recording of the
profile of the mass veloecity using the electromagnhetic method
with such a rormulation of the experiment in nitromethane and
trotyl (initial density of 0.75 g/cm3) does not detect the
suggested two-wave configuration in the entire reglon of the
transition to normal mode, In experiments of this type over-
compression was accomplished by the detoration of a trotyl
charge with an initial density of 1.59 g/cm3 of the same
dtiameter as in the main charge (60 mm).

Other evidence for the presence of & supersonic flow of the
products behind the frort of detonation waves, the propagation
of which would occur in an insufficiently compressed regime,
should have been the reglon of constant dynemic parameters. This
~egion vculd be directly behind the detonation front and would
be inaccessible for rarefaction waves, Such a reglon with the
use of a flow profile by the electromagnetic method behind the
front of self-propagated detonatlon wave in a wide class of
explosives was also not detecced.
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For ideal detonation (L >> a, 4 >> a, where 3, L, and d
correspond to the width of the zone of chemical reactlon, the
length and the diameter of the charge. The profile of the mass
velocity within the limits of the chemical peaks 1s determined
bty the kinetics of the chemical reactions, and also by the kinetics
of the dissipative procecses of attenuation of the pulsation.
Conversely, in a rarefaction wave a drop in the mass velocity
must rirst be nonstztionary and depending on L, while with
sufficiently large L it must become stationary and depend on d.
The latter is connected with the fact that the dispersion of
the product, which on the axis of the charge 18 one-dimensional
at first, cventually becomes basically three-dimensional. PFor
an example, Figs. 46 and 47 show the dependences of u{(t), obtained
by the electromsgnetic method in charges of tetryl and trotyl
of varlous dimensions. In these experlments the width of the
reaction zone was not resolved. From the graphs 1t 1s clear that,
beginning with L > (2.5-3) 4, the profile of-the mass velocity
becomes stationary for every detonation wave. Since the initial
value of the mass velocity in all the curves is one and the same,
it can be transferred to the Chapman-Jouguet point,

A comparison of the data obtained by the electromagnetic
method with the results of the split-off method for composition
"B" [96] and trotyl [109] showed their strong distinction.

Thus, for cast composition "B" "= 0.32 us, while according to
the split-off method Torn ™ 0.027 us. An analysis of the possible
errors of both methods led to the conclusion that the deviatien
in the dependence of W(l) when Z1 = ] mm, obtained in cast
composition "B," does not correspond to the actual position of

the Chapman-Jouguet point. The second deviation when I = 4<5 mm
corresponds to it, Daff and Houston did not detect a second
breakoff dus to the insulficlent width of the plates used by them,
which can be seen from a comparison of their data with th- Jepen-
dence W(Z), obtalned on thicker plates by Deal [112] (Pig. 48).
The dimensiolis of The charges in comparable experiments we'e
approximately idertical. There is an insignificant difference
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in the composition and the density of the charges. Therefore
the parameters of detonation, obtained in work [96] for cast
composition "B" with Py * 1.67 g/cm3, were recalculated for the
density of pg = 1.71 g/cm3, at which the measurements in work

[112] were conducted.

(b)

8 @ o B Nl
(b)

Pig. 46. Dependence of the
mass velocity on the time
behind the detcnation wave
front in tetryl with various
values of L/d., Straight line -
L/d = 2; 1 -L/d=3; 2 -~

L/d = 4; 3 -~ U/a = 6. KEY:

(a) u, km/s; {b) v, us.

Pig. 47. Dependence of the
mazs veleelity on the time
behing the detonation wave
front in trotyl with various
values of L/d. 1 - L/d =

= 2,5 {d =100 mm); 2 - L/d =
 2.25; 5.75; 9.75 (60 mm);

3 ~-L/d = 2.5 (40 mm). KEY:
(a) u, km/s; (b) t, us.

Flg. 48, Dependence of the
speed of the free surface of
the plate on its width accord-
ing to the data of Daff and
Houston (squa*e points) an

of Deal (round points),

KEY: (a) W, km/s; (b) 7, mm.
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The calculation of the mass velocity u and the wldth of
the zone of chemical reaction a from the point of the second
deviation gives values {u = 1,98 km/s, a = 1.2 mm), which
ccincide within the limits of accuracy of experiment with the
data of the electromagnetic method (u = 1.94 km/s, & = 1.75 mm)
{1101,

Pig. 49. Assembly scheme of the experiment
with artificlal split off. 1 - Explosive;
2 - paraffin substrate wWwith a thickness of
10 mm; 3 ~ aluminum unit; ¥ - weight of
travel of the free surface.

For the bend in the W(1) dependuvnce experimenters recently
obtained Py ™ 1.63 g/cm3 in work [113] for pressed trotyl.
In conformance with this dependence the author divided the
pressure profile in the detonation wave into three zones:
1) the reaction zone -~ from the shock front up to the first
deflection when ll s 1 mm, 2) the dissipation zone - from
the first up to the second deflection anc 3) the zone of the
slow pressure drop, folluwing the secona deflection. The first
deflection is put into conformance with the Chapman~Jouguet
point, proceeding from the results of Daff and Houston. However,
an analysis of the causes of the appearance of two deflections
on the W(l) dependence, obtained on the cast composition "B® and
pressed trotyl, lead to the conclusion that the deflection when
1 ~ 1 mm is a consequence of the phenomenon of split off.

The distortion of the W{l) dependence as a result of the
phenomenon of spiit off 1s clearly visible from the following
data. On the final basis (1-2 mm) the rate of toavel of the free
surface ¥ of the aluminum unit having a thickness of 8 mm was
reasured. The shock wave was created by the detonation of a
tharge of trotyl g ® 1.b4 g/em3, Between the charge and the
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aluminum unit a plate made from paraffin 10 mm thick was placed
(Fig. 49). The pressure peak, correspoading to the zone of
chemical reaction, completely attenuates in the paraffin, and in
the aluminum a shock wave of approximately triangular profile

15 propagated, If the aluminum unit 18 assembled from two parts
1! and 61 of different widths, preserving, however, a mutual
thickness I = ' + §1 = § pm, then it turns out that ¥ depends un
§1. Prom the results of the experiment (Fig. 50) it is clear
that with an increaze in &1 right up to a certain value 620 = 1 mm
¥ changss and cnly when &1 > 610 remains constant and equal to
the corresponding value for a continuous plate I = § mm.

- -
" Pig. 50. Speed of the free
p . surgace ¥ as a functlon of
2 -T-—J §1 (artifricial split cff).
1. i [#mM/cex = km/s])
]ﬁf .

| :

-% I Ry B 1

B | VT~
Pig. 51. Dependence of W(l),
obtained during detonation of

charges of trotyl (1 and 2) ana
of alloy T8¢ 50/50 (3).

(he/can = km/s]
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The only possible explsnation of the detected dependence
consists in the fact that during the passage of the shock wave to
the free surfaass of the unit a plate with thickness 6:0
is aplit off. This thickness depends on the pressure profile
in the shock w@ave and the dynamic tensile strength of the material
of the plate. In the examined experiments the plates with
thickness 31 < 61, fly off completely, and the dependence wW(sz)
is 3 consequence of averaging of the impulse of pirt of the shock
¥eve on the plate of given thickness. When 67 > GZO the split-off
plate flies off, snd therefore W is conatant. Analogous experiments
were conducted with continuous plates (I = 8 mm), in which the
split.off plates were collected in water, Their thickness turned
out to be close to 1 mm.

A~ 1 mm

The examined phenomenon, apparently, thkea place for the
split off method and in determining the pressure profile behind
the front of a detonetlicn wave. We conducted g rumber of measure-
ments using the method of artificlal split off, when to determine
the dependence W(l) two plates were employed. The thickness 61
we3 constant here and certeinly less than the thickness of the
nrturgl split off plate. The results of such experiments with
charges of trotyl (p0 = 1,59 g/cm3) with a diameter of 40 mm
are shown in Plg. 51 (curve 1). 1In these experiments plates made
from aluminum with 61 = 0,3 mm were employed. For comparison
there (curve 2) the results of the experiments with the continuous
blades are shown. It 1s clear that on curve W(l), ohtained from
the experiment on plates without official split off, there iz no
deflaction when I ~ 1 ma. One split off when 1 ~ b mn 18 observed
also on curve W(1), obtained in cast charges of trytol-hexogen
50/50 (py = 1.68 g/ca’) with & diameter of 60 mm (curve 3).

When this dependence was obtained, plates made from magnesium

with 81 = 0.5 ma were used. Calculation of the perarmeters and of
ths width of the chemical reaction zone from the j int of deflection
on curve W(7), obtained for samples with artif:-ia split off,
produce values which coincide with the limits of gLauracy of
experisant with the data of the electromagnetic msthod,
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It should be noted that, besides the examined effect in
determining 1 frci: the method of spiit off even with artificlally
calculated plates, a strong understating of the result is possible
due to the effect of the shock wave reflected from the plate.

This influence depends on the relationshlp of the dynamic
rigidities of the explosive and the material of the plate, and
also of the character of dependence t(P). The colncidence of

the values of time of chemical reaction, mass velocity and
pressure, determined vy the split off method with a calculated
plate, with the corresponding values, measured by the electro-
magnetic method for alloys of trotyl with hexogen and pressed
trotyl (po = 1,59 g/cm3). bears witnes: to the faet that in the
glven case the effect of the reflected waves 1s small. Evidently,
the effect of a reflected shock wave on measurements by the split
of f method will be significant in experiments with charges of
curpact density [114].

The ratio of the mass veloclty on the shock front to its
value &t the Chapman-~Jouguet point u¢/u1 for various explosives
fluctuates within a range of 1.3~1.6. An estimate of this
ratio from experimental adiabatic shock curves existing for
certain explosives gives a value of u¢/u1 ~ 1,5 {115, 116], which
18 significantly less than the theoretical value for gases
uO/u1 = 2.0 (evidently, this is related with the difference in
the equations of state of the initial explosive and of the
detonatiun products).

The presence of a chemical peak is characteristic for a
detonation wave and distinguishes it from the transient procesaes,
arising during initiation of detonation by the shock wave or
during its attenuation in charges of small dlageter (d < 4 ).

Ag was showr in the analysis of Initiation of detonation of
solid explosives by a shock wave, in the region of formation of
the detonation wave from a shock wave it firat the profile u(t)
doos not have a clearly expressed peak. The latter is manifested
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only in those stages of development of & process, when the speed
of the front and the other parameters approach detonation values.
A simllar picture of the t@ansformation of the profile u(t), but
in reverse order, 1as observed in the case of attenuation of
detonation in charges when d < dxp. Figure 52 shows, by way of
example, oscillograms of u{t) in a detonation wave with varicus
charged diameters. Simultanecus measurement of the mass veloclity
and the veloclty of the front shows that the proflle u with a
clearly expressed peak on the leading edge corresponds to steady-
state detonation (1, 2, 5, 6), but the other profiles refer to an
attenuating wave (3, 4, 7, 8). Qualitatively, this means that
the mechanism of propagation of normal detonatior in charges of
various dlameters 1s identical.

Pig. 2. Evamples of oscillograms

of the recording of u(t) behind a

detonation wave front in charges
! 3 3 ’

of trotyl of various diameters.
Upper row - cast trotyl (o0 =

e 1.63 g/en3); d (An mm): 1 - 40;
2 - 20; 3 ~16; 4 - 16, Lower row -
/ troty; (po = 1.0 g/cm3); d (in mm):
\J s ’ ]

5 - 40; € -~ 30; 7 - 22.5; 8 - 22.5.

The presence of a peak for the mass velocity (for pressure)
on the front of the detcnation wsve in cast, pressed and compact
charges testifies to the fact that the substance at first is
compressed by the shock front, and then reacts, The explosive'’s
compresaion time turns out to be significantly leas than the
reaction time. Consequently, in the propagation of detonation
in so0lid explosives a leading role is played by the shock wave,
i,e., formerly the detonation process is accomplished according
to 2Zel'dovich's scheme. This gives us the basis for thinking
unjustified the eriticism of the dynamic theory in Cook's view-
point, which denies the existence of a chemisal peak in the
detonation wave [21].

126




ADJS1417 - 145

The presence of & clerrly expressed chemical peak in the
detonation wave front of :o0lid explosives also points out tne
untenability of the jet mechanism as a model of detonatlon
propagation, If this model existed, the front of the detonation
wave would be greatly blurred [117]., From the model of detonation
propagation by stream products one should distinguish between
the mechanism of "explosive combustion" as a means for the occur-
rence of the chemical reaction behind the shock front of the
detonation wave. This means that there still remasins the
possibility of conductive ignition and combustion of the particles
of the explosive behind the front at the sites of contact with
the products or with compressed and heated air. It is also
possible that the role of the products amounts to only purely
shock action on the explosive.

§ 2. The Effect of the Gas-Permeasbility
of the Medium on the Propagation
of Detonation

The propagation of detonation in charges made from
nitroglycerine powder NB (the powder density is 1.63 g/cm3) has
been studied. The experiments were distingulished by the configura-
tion and placement of the Individual elements making up the charges.
In all cases the diameter of the charges were 60 mm, the density -
1.3 g/cm3. The charges of the first type consisted of & flatly
packed powder red of NB, placed along the axis of the charge. The
diameters of tne rods 1n the rod in the various series of experi-
nents were 2 mm and 5 mm, which 1s less than the critical diameter
for a compact powder N3 (8-10 mm [118)). Charges of this type
were perforated in thelr entire length by longitudinal passages,
into which the detonation products ~ould peretrate. Charges of
the second type vere a set of plates made of NB powder, placed
normal to the axis of the charge and separated by air gaps. With
& plate thickness of 3 and 5 mm (various series of experiments)
the air gaps were 0.8 and 1.3 mm, respectively. This ensured the
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sama sverage charging density of 1.3 g/cm3. In such charges the
detonation products of the individual layers make an impact ca
tha explosive layer lying in front of them. Here the contect
surface of the detonation products with the substance is sharply
reduced. And, finally, as the third type ordinary charges were
used #ith random placement of the powder particles of NB with a
trensverse size of 0 mm.

Experiments with charges ol the first type produced the
fcllowing results. With the initiation of the explosive lens,
separated from the charge by a plate made of Plexiglas 2 mm thick
(the plate prevents t..2 penetration of PD of the initlater into
the passages), the explosion occurred on the interface. High-speed
photcgrsphy shows that along the axis of the charge the process
propagates with intensive luminescence (1, Fig. XVI). At a
significant distance from the front of this luminescence, the
Ifront of a second process, accompanied by the dispersion of the
substance to the sides, propagates, An electromignetic sensor
also records the two mass flows, which are ncticeably separated
in time (Pig. 53). The setup of this experiment is given in
Plg. 5%. It is evident that the intensive luminesceince of the
photograph and the first signal on the oscillogram correspond
to the escape of the explosion products through the passages;
the dispersion of the substance to the sides and the second
intensive signal with the abrupt leading edge on the recording
ef u(t) refer to a process, which is also properly detonation.
In the charges of the first configuration, dispite the presence
of the products in front of the main wave front, detonation
does not propagate steadily, and the speed of its front is
reduced in proportion to the distance away from the site of the
initigtion,

In charges of the second and third types detonation propagates
steadily. The basic difference in these versions consists in the
fact that in the two last cases the products have no possibility
of significantly expanding, they are decelerated with impect against
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the layers or powder particles, causing a shock wave in them.

The measurement of the front velocity on the thickness of the
plate, the mass velocity on the interface of the air and plate

and in the plate itself (these gpeeds are equal) during the
detonation of the charges of the second type enabled us to
calculate the pressures developed during deceleratlion of the
products on the interface with the plate of the powder and in

the plate itself. They proved to be close (v190,000 atm).

It is apparent also during detonation of actual charges of

compact density with random distribution of particles the products
at the sites of deceleration create pressures which are practically
no different frem those average prescures determined in the
experiment,

Fig., 53. Oscillogram of the mass velocity
in a charge of powder KB with longitudinal

2 passages at a distance of 50 mm from the
initistion site. 1 ~ Wedk signal from the
flow of products in the channels; 2 - second
signal from the detonatlon front.

Pig, S4. Layout of the experiment to
determine the mass veloelty in charges
with longitudinal passages. 1 - Explosive
booster tablet; 2 - explcsive lens; 3 -
plate made from Plexiglas with a thickness
of 3 mmy; 4 - charge made from rods of NB
powder; 5 - tablet made from compact NB
powder; 6 - sensor for recording the mass
velocity.

P

Fig. 55. Oscillogram of the mass velocity
in charges made from rods of NB powder
with passazges plotted with paraffin.

126




AD7»142+ - 148

The role of the pressure in the initlatlion of the reaction
i3 even more clearly visible from experiments with the same
charges of the first and second types, but withoat air gaps.
If the passages in the charges of the first type are filled with
paraffin, detonation in them propagates stably and the u(t) profile
has the usual form (Pig. 55). The detonation rate in this case
coinsides with the detonation rate of compact charges of NB powder
(D= 7.6 km/3). 1In similar experiments with charges of the second
type the detonation rate increased up to 7.2 km/s (instead of
D s 5.7 km/s in experiments with air gaps), but remalned less than
the detonation rate of compact cherges, The transmission of
detonation from layer to laver is accomplighed here by the shock
wave, contact of the explosive with the products is eliminated,
and tne detonation process proceeds more intensively.

Thus, from the cited data it follows that the products of
the explosion are primucily an instrument for the creation
of & shock wave and for initiation as a result of shock heating
of the chemical reaction. The pressure created during deceleration
of the products against the barrier depends on the aegree of thelr
expansion, Under certain conditions in charges with axial passages,
which are perlodically covered by layers of explosives, 1t iv
possible to have an average propagation rate cf the front greater
then for a compact charge of the given explosive [119]. Initiation
of the reaction 1s acc mplished here basically ac a result of
the shock activity of the producta. In actual charges of porous
ezplosives the surface of contact of the products and of the heated
2ir witn the substance in the reaction zore may turn out to be
much greater and conductive heat axchange will become significant,
For furtner analysis of these problems it is essentlial to clarify
the influence of various factors directly on the time of the
chemical reaction in the detonation wave.
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$§ 3. Effect of the Structure atd of the
Charged Ciameter on the Detonation
Paraneter

Influence of the charge density

In the experiments regular explosives of the fcllowing
grain sizes were used: trotyl ~0,.12 mm, hexogen 0.1 mm,
tetryl 20.25 me, stabiliged pentrito ~0.35 mm, dinz 0.7 za.
¢ grain size in the pressed charges of the sare explosives uere
not checked. Cast charges of trotyl and of trectyl with hexogen
(TQ) were cbtained from melting with careful stirring, The
pour off had & fina-crystal structure. The diameter of the
cast charges was 60 mm, that of the ~thers - 40 mm. Initiation
was done using a booster tablet made of TG '50/50 with & welight
of 10 g and an explosive lens, forming a flat front. Experiments
with charges of various lenzths (L) showed that with a ratio of
1/d > 2-2.5 the parametess of the Jdetonated wave and the reaction
time on ita front do not depend on the length of the charge.
Therefore, in the majority of the experiments the charge length
was not less than 2.5 times greater than !ts diemeter.

The mess velocity u; and the chemical reaction time 1, vere
deternined from the point of break off of the u(t) profile. From
the values of D, u1 and 7y the other parameters at the Chapmnan-
Jouguet point were calculated: the pressure Pl * Py “ID' the
density of the products p, = p,0/(D-u;), the polytropy factor
of the explosion products n = D/ul—l, the width of the zone of
chemnioal reaction ¢ = (D = u) t;+ The polytropy factor rriatas
the pressure ? and the density of the dvtonation products
{PD) in the environment of the Chapman-Jouguet point: P = Ap",
The average value of the mass velocity in tha zone of reaction
was taken as equal to u = (1,25~1,3) u,, since for the majority
of solid explosives the value of the mass velocity on the shock
front is (1,5=1.6) u- The accuracy of determining Au/u is
approximately equal to 3%, while Atl/rl ~ 10-15%. Experimental
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data are shown in Table 1. FPor charges of trotyl with an initial
density of £y = 1.59 g/cm2 u, and a were obtained by the split-cff
method with artificlal split off.

From the presented date 1t follows that for all the investi-
gated explosives une detonation parameters (D, Uy, Pl, pl)
increase with a r.se in initlal density., The pressure in the
detonation products grows with the increase in by @s a result of
i and reaches ~300,300 ¢%.: in
powerful explosives. Values of the polytropy index n for the
Investigated explosives differ somewhat from one another with
identical pressures, which apparently is connected with a2

the rise in botn D, ag well as inu

Jirfrence in the composition cf the PD. For all explosives an
increase in Py the polytropy index at first rises, and then
te-omes constant or even falls somewhat. But in general under
great pressures (150,000-300,000 atm) the values of n are close
to three. For all the studied explosives with an increase in
pressure in the detonation wave the time and the width of the
zone of chemical reaction are decreased.

Attention 1s drawn to the significant influence of the
initial structure of the explosive on the reaction time. 1In
cast TNT explosives in comparison with pressed the reaction time
in the detonatlon zone is clearly greater. The effect of the
initial structure of the explosive on the reaction time in the
detonation wave should be especially noticeable, if experiments
are conducted on charges of various diameters, when the initial
structure (the size of the particl!es) influences the parameters
of detonation (D, P and ro forth).
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Table 1. Dependence of the detonation
paraneters and the chemical reaction time on
the density of the charge of solid explosives.,
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KEY: (1) Trotyl; (2) Cast TNT; (3) Hexogen;
() Pressed TG 35/6X; (5) Cast TG 36/6k;

(6) Cast TG 50/50; (7) Tetryl; (8) Stabilized
pentrite; (9) Dina,
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Effect of the diameter of the charge
and of the size of the initial
particles on the parameters

and reaction time in the

detonation wave

The majority of experiments were conducted with charges of
cast trotyl of two types of castings and with charges of trotyl,
NB powder, hexogan and compact-density ammonium nitrate. The
trotyl castings of the first type were obtainsd by cooling the m~lt
with continuous stirring. They had a homogeneous fine-crystalline
structure throughout the entire cross section of the charge. The
density of such castings, determined by analytic suspension in
water, amounted to 1.62 g/cn3. Castings of the second type were
manufactured similarly, but the melt was cooled without stirring.
As a result casiings were obtalned with large crystals, extending
fronm the periphery to the center, and thelr density was 1.6 g/cm3
on the average. Charges of NB powdsr were manufactured from
particles of spherical form with a specific weight of 1.63 g/cm3.
The particle size of the coapaéf-denaity charges was determined by
sifting through analytic sieves and a composition close to
monodispersed wag selected,

In all the experiments a powerful initiator was used, and the
paraneters were determined under steady-state detonation conditions,
The length of the charges under conditions close to eritical was
(10-12)d. Values of "1, T and other parameters were calculated
frouw the point of deflectiocn of the profile u = u(t), just as in
the case of i1deal detonation regimes. The calculation of other
paraneters was nade using the laws of conservation for a one-
dimensional flow, i.e., expansion of the tube of the flow due to
the curvature of the wave was disregarded. The error here is
spperently insignificant, since T, are swall, and measurements
are nade on the axis of the charge. Table 2 shows exparimental
values of the parameters of detonation of & nuzber of explosives
in chargsa of various diameters and with various initial structures.
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Table 2. The dependence of the parameters
of detonation on the diaweter of the charge
and the grain size,
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Tabie 2 (Continued).
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Table 2 (Continued).
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KEY: (1) Cast trotyl - first type of pour off, Pg ™ 1. 62 g/cn

(2) Cast trotyl - second typo of pour off, p, = 1.60 g/emd; (3)
Ground trotyl, “0 = 1,00 g/cn , 8 = 0,1 mm; (&) ¥"Scaled" trotyl,
pp = 1.00 g/omd, & = 0.5 ma; (5) Trotyl 84g, py = 0.95 g/emd,

"6 = 0.5 and 168, & = 0.1 ma, (6) Critical dismeter of the charges,

(7} NB powder, pg = 1.00 g/cn3, d = 0,26 mm; (8) HB powder, N
= 1.00 g/em3, 5 = 0,%3 mm; (S) NB'powder, By = 1.00 g/emd, & =
+= 2,0 mm; (10) NB/HyD power, 76/2K, py = 1.31 g/emd, § = 0,43 mm;
(11) NB powder, pg * 1.00 g/cm3, § = 0.43 mmwe; (12) Hexogen,

¥y ® 1.00 g/cu3, 6§~ 1.8 mm; (13) ﬂexogen, Pg = 1.00 g/cm , 8=

= o 15 mn; (14) Hexogen, p P = 1. oo g/cm » & = 0,85 mm; (15)
Hexogen/H,0, 72728, °0 v 1,35 g/om » § » 0,85 mm; (16) Microporous
hexogen, p, = 1,00 g/cm » 8§ = 1.3 mm; (17) Detonatlion attenuates;
(18) Afir wvas pumped out, Py £ 1 mm Hg.; (19) ZhV Saltpeter,

by = 0.90 g/emd, & < 0.2 ma.

[wr/cen = km/s; tuc.a7rm © thousands of atm; r/cn3 - g/ca3,
PNCEN = P8 )
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Let us examine firat of all the dependence of the parameters
and the width of the chemical reactiom zone on :he charged
dlameter. For all the inveatigated explosives D, U, Pl' and Py
decrease with a decrease in the diameter of the charge. The
index of polytropy of the explosion products incresses noticesbly
with small diameters of the charge, dispite the fact that the
pressure is reduced. This is apparently connected with incomplete
chemical reaction and to a "worsening® of the composition of the
detonation produsts. Here two cases can be realized. It is
poesible for the explosive to decompose right up to the ¢omposition
determined by the conditions of equilibrium with given P and T.
The other variant consists in the fact that part of the explosive
will not mesnage to appreciably react ¢o the point of deflection
of u(t), but will decompose later in a rarefaction wave or will
not react at all as a result of the rapid drop in pressure and
tenparature during dispersion,

Along with the reduction in pressure the tinme and the width
of the chemical reaction zone increase with a reduction in the
charge dismeter. Such 2 dependence of the detonation parameters
and of the width of the chemical reaction zone on the charge
dlameter is direct experimental confirmation of the basic concept
of Khariton's principle of detonation capability [72], according
to which the possibility of detonatlon propsgation in charges
of ftinite dipmeter depends on the ratio of the apeeds of the
energy liberation es & result of chemical reaction and energy
losses due to latersl expansion, which increase with a reduction
in the charge diameter. This leads to a reduction in the parameters
on the shock front and to an increase in 1,. As can be seen from
the data of Table 2, the quantitative relationship of Khariton
R”p = de/2 »er . aNp is not fulfilled (¢ 1s the speed of sound
in PD, anp is the width of the chemical reaction gone under critical
detonation conditions). Detonation ceases with charge diameters,
shich significantly excead the reaction zone size, The critiocal
roaction sone for the investigated explosives 1s equal to
approximately (0.1-0.2) Rnp.
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Let us turn to the dependence of Pl snd a on the diameter for
charges of cast trotyl of the first and second types of pour offs
(see Teble 2). Identical values of P (consequently ¢) and a are
achieved with gifferent diameters. Dispite the fact that d“p of
the charges of both types of pour offs differ by 1.7 times, 1“p
and a“p are sgual within the liamits of accuracy of experiment.
Consequently, the relative estimate of t with respect to the
critical diameters 11/12 = d1up/“2np are gleo not confirmed, The
critical diameter is determinad, obviously, by a whole list of
factors, which are not taken into consideration by these simple
approximate relationships. Let us recall, for example, that for
the initiation of detonation of one and the same explosive of
different physical structure diffsrent initial impulses are
required. Thus, according to the data of [108] with the initlation
of detonation in normally cooled cast trotyl a portion of tetryl
of 15 grams is required, in slowly cooled ~ 26 grams, and for very
slowly cooled - 1kl4 grams. In our conditions trotyl of the first
type of pour offs detonated from a tablet made from TG with
a weight of 10 graas, while trotyl of the second type of pour offs
from such an initiater did not detonate,

1. Fig. 56. Scheme of the experiment for

I photographing the [ront of a detonation
- {"' 9, vave during its passage from the charge
-------- s B in & ateel shell into a volume, 1 ~
B mirror; 2 - basic explosive charge; 3 -

Ll 47 cardboprd shell, ¥ - steel shell; 5 -

I :/ » initiating charge.

gl

To clurify the nature of the critical diameter of solld
sxplosives it may be interesting to note the results of experiments
on ths passage of dstonation of trotyl charges in a steel shell
into the trotyl volume, The layout of these experiments i1a ashown
in Fig. 55. The charges had identical density (410 g/emd) and

139




ADTS141/ - 158

identical detonation parsmeters, but differed in grein size (0.7 and
2.3 mm). With the ald of a high speed photorecorder a shortening
of the unperturbed region of the front of the wave under the
effect of laterzl rarefaction waves at various distances from the
site of transition of detonation from the tubz into the volume
Was observed. It turned ocut that the front of the wave is
shortened more quickly, where the initial size of the explosive
particles is graater. In the ocase of the NB powder, as can be
seen from Table 2, a change in the initial grain size affects

not only the velue dnp, but also the critical parameters (D, uy,
Pl)’ which are sc much the lower, the yreater is 6, The reaction
time close to dup are also different. It follows from this that
it is impossible to determine 13 unambiguously only from value

dap.

(1)
L 4
> ) Fig. 57. Dependence of the chemical
l \ ot reaction time on the pressure, obtained
U] ' in trotyl charges with various grain

\‘*~*i%,~ sizes (8, in mm) with one and the sane
JA density. 1 -8 = 0.1-0.5; 2 - 0.1;

o 5 B 3, 0 3-2,3; k~0.,5. KEY: (1) 1, us;

'?’j’ (2) P, thousands of atm.
2

From the viewpoint of the mechanism of the detonatlion conver-
sion of the gubstance it 1s important to analyze the dependence
of T on the initial size of the particles in chargea of compact
density. If on the detonatlion wave front particles of explosives
are burned from the surface by dstonation products or by the
gas heated during shock compression in the pores and burn in
parallel layers, then the resdtion time must be directly
proportional to the 1nitisl partiole aize with identical pressures.
Hovever, a great difference in tho initial dimensions of the
particlies (of 5-10 times) dost not lead to such & Aifference in <t
with 1dentioul pressures. The reaction times 40 not depend on the
initial particnl size of t* explosives (NB powder, hexogen) or
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they differ slightly (trotyl). Pigure 57 shows the dependence
of v,(Py) for trotyl, obtained in charges with verious initial
particle sizes.

The independsnce of i from 6 under identical pressures, shown
in the example for NB powder, hexogen and trotyl, contradicts the
concepts of the mechenism of the detonation conversion of a
substance by means of explosive combustion of the initial
particles of the explosive, accomplished as a result of their
ignition by the combustion products of detonation by hot gas
in the pores, or ¢lse ga a result of the heating of the
explosive i{tself at the sites of initial contact of the particles,
These concepta may in some mersure be consistant with the
experiment, if we asaume that the particlies of the explosive
in the front of the wave are crumbled to extremely small sizes,
which with an i1dentical amplitude of the shock wave are, practi-
cally speaking, independent of the 1nitial size of the particles.
However, then it is completely clear that i1¢ is not valid to
connect Ty with the initial size of the particles. Conseguently,
the basic argument in favor of the mechanism of explosive
combustion - the dependence of d“p on the initial particle
size - also loses its force,

Crumbling of the particles
in the shcck wave

The behavior of the particles of the explosives in the front
of the detonation itself is difficult to study, since the entire
process of of compression and conversion of the inltial substance
into the product lasts only fractions of a microsecond, Therefore,
if only to obtain qualitative date it is important to find a
study method, preserving, 1f possible, the epecific conditions,
which take place in actual detonation., With this purpose in mind,
a procedure was develoved to maintaln sanples of porous explosives
after the shock loading up to 1500-2000 atm [120]. The
layout of the experiment can be seer in Pig. 58. The presence
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of a paraffin pigte betwean a steel diasl and the studied sample
facllitated t-s determination of tne parsweters o the shock wave,
sntering into the sample, and excluded the possible influence

on it of the elastic wave in the steel. The studied samples were
enclosed in a glass or steel shell and put into a contalner with
vater, which ensured fgvorable preservation conditions. The
active charge and the elements of the structure were selected

in such a way, that the steel boundary was not penetrated

and 30 that there was no contast of the studied sample with

the PD.

L3

’- Pig. 58. Layout of the experiment for
: preserving the substance. 1 - Explosive
! . rhapge; ¢ ~ steel doundary; 3 - paraffin

'.fﬁ 2} plate; 8 - studied sample; 5 - contalner;
U | e SR 0 - water.
’ 4 v ww e e e
‘4‘:_‘_.._- - .:

Different variants cf setting up the experimentes were
developed and used, in which with an identical wave amplitude
the duratlon of its effect was mesasured and in which the air
w%as punpad from the samples up to PO < 1 mm Hg. In the majority
of the expariments, except for those indicated specially, the
time of action of the shock wave was 15-30 ua. The ampaiitude of
the shock wave was not directly measured in the studied samples.
It's measurements in paraffin produced 1700 atm.

Small difference: in the initial densities of the paraffin
and the studied explosives permit us to assume that the pressures

in the latter were approximately the same as in paraffin, i.e.,
1500-2000 atm,

The saxplos preserved after compression of the shock wave were

studied under the microsccpe in order to clarify the destruction
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of the initigl structure of the particles and & granulometric
anglysis of them was made. The particles were, as a rule, large
canglomerates, easily dsstroyed under 8 load of 1 kg?/csa. The
breakdown of such conglomerates into particles was made using an
ultrasonic dispsrser UZDN-l in weter. A similar treatment using
ultrasonics of the initial substance, not subjected to shock
action, for a significantly greater time pericd doss not destroy
the particles. After drying and separation the relative quantity
n/nz and the welght percent P/Pz of particles of given size vere
daternined (nz and P, are the total nusber of particles at the
welght of the analyzed sax;le, respectively).

To develop a procedure and to clarify certain general regularities
of the behavior of particles of solid substance in che front of the
shock wave the first experiments were conducted with samples of an
inert substence at polystyrene {ths natural density of polystyrene
1s 1.1 g/emd). In the initial state the polystyrene particles
are completely transparent, and it is easy to observe in them
the emergence of defacts and crumbling after shock action. 4n
individual granule of polyatyrene with an initial cross-secticnal
diameter § = 35 mm 15 converted into a crumbled and ceked
conglomerate, rlattenad across the dirsction of propagation of
the shock wave, A porous sample of compact density (~0.7 g/cm3)
of these same particles crumbles even more intensively. But if
¢the cavities 1n this sample gre filled with water, tha particles
keep their initizl shepe, but lose the transparency and turn out
to be penetrated cracks.

The influence of the shock wave on the following explosives was
further investigated: trotyl, hexogen, powder NB, ammonium nitrate,
Porous samples of trotyl (a density of »1.0 g/cm3) vwere prepared
from particles of "scaled" substance with a dlameter of § = 0.4 to
1.0 mm. During prolonged activity of the shock wave (15-20 us)
the particles crumble, are pressed and fora a single conglomerate,
At indlvidual sites of the conglomerste scorched dark spots are
visible. They &re disseminated into the msss of the subatance
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vhish was not touched by the composition. A reduction in the time
of the affect of the shock wave of up to 3-5 us doss not change

the granulometric compositiors of the crumbled substance, but has

a significant affact on the degres of scorching of the conglomerate,
In this case in g crumbied end caked sample there can be seen

oniy & nuclel center of the reaction with 2 size of ~0.01 enr

with a concentyation of 5-1C per 1 cn3.

Suzples of herogen (density of ~1.0 g/cm3), composed from
monoerystalline particles (8 @ 0,4~1.0 mm), werz managed to be
preserved only in the experiments with eir removal up to P, < 1
um Hg. The ssmples with sir burst, which was recorded from the
destruction of the shell, It is difficult to judge the character
of the explosion from these &xperiments, Preserved samples were
conglomerates of crumbled and caked particles without noticeable
traces of decomposition.

Samples of ballistite powder NB had en initisl density of
~1,0 g/cm3 and were manufactured from spherical particles
§ » 0,.37-0.5 mm. After the action of the shock wave the samples
dld not cruedle and did not csks, and a few particles only lost
their aspherical shape,

In investigating granulated asmonium nitrate with an inicial
depsity of ~1,0 g/cna, 6 = 0,4-1,0 mn a steel cylinder was filled
not with water, but with batting, so as not to dissclve the
preserved sample, For the same reason treatment of the latter by
ultrasonics was also made not in water, but in methyl alcohol.
The preserved samples were crumbled and caked conglemeraies
without noticexble traces of decomposition.

Results of the granulomstric analysis of the perserved samples
for va.,ious subatances are shown in Table 3 and in Pigs. 59-51.
For hexcgen dsta, obiained Guring the action of shock waves o”
various intensity on the sample, are presented. 4 different
intens ity of the shock wave was obtained by varying the thickness
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of the matal boundary. The paramaters of the thock wave were

not measured.

A noticeable reduction in its amplitude could be

qualitatively measured from the reduction in the deformation of

the boundary.

Ay g

Fig. 59. Results of granulometric analysis
of the preserved samples of hexogen.
Quantitetive (1) and gravimetric (3) distri-
bution of particles when P = 1500-2G00 atm;
quantitative (2) and gravimetric (4) distri-
bution of particle. when P < 1500 ata.

(o » ]

Pig. 60, PResults of granulometric snalysis
of tne preserved samplas of ammonium nitrate.
1 - Quantitative distribution of particles;

2 - gravimetric.

[Mn = u]

Pig. 61. Results of granulometric analysis
of ..ne preserved samples of trotyl. 1 -
Quantitative distribution of particles;

2 - gravimetric,

[t = p]

Frox the pres:nved data it is clear that even with a low
(in comparison with the detonation) amplitude of the shock wave
there occurs a strong change in the initial structure of porous
sazples of various substances, If in the case of polystyrene
even around 608 (by weight) of the particles do not crumble,
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tnen more than 90% of the mass of preserved particles of hexogen,
trotyl and znmonium nitrate comprise particles, the size of which
s epproximately one order less than the initial size. A maximum
of the gravimetrlic distridbution corresponds in these cases approxi-
mately to an identical final size of the particles (n15-40 y).

The results of the quantltative and gravimetric distribution of
particles o1 hexogen of the studied size, obtained with varilous
amplitudes of the shock wave, allow us to draw the gi.nlitative
conclusion, that the degree of crumbling und.r the investigation
conditions depends on the amplitude of the shock wave acting on

the sample. With an increase in the pressure the welght percentage
of fine partlcles increases and the distributlion maximum shifts

to the side of a decrease in their final size.

Table 3. Granulometric analysis of vhe crum-
bling of particles of polystyrene in a shock

wave.,
(1Y’w (2) Feymrion corind
( 3 Vicancrupoa &at,i—14.85 a
AT LY 04-0,3 | 0.3-8,6 | 04=1,0 | 1,015
LA 0.8 0.9 9,03 0,04 9.004
P, e.aw [ X} [ Xi/] 0,24 0.3
(4 Moamecrnpon, b:=22,i-5,0 un
i, nn 0,4 04— 0 §.0~48 1.8-2.9 ) 0-50
nn, 0.% 0,03 0.08 0,007 0,008
rr, 0.0 0, LY 0.8 0,58

KEY: (1) Parameters; (2) Results of tre
anilysis; (3) Polysty.,ene, 60 = 1,1-).5 mm;

(4) Polystyrene, 60 = 3.5-5.0 mm.

The discovered change in the initlal structure of the
explosive is a result of the integral action on the sample of
several factors, of which we should note primarily the shock
compression in the front and .he subsequent action of the high
pressure in the rarefaction wave. It i1s nece.sary to explain
which of these factors is decisive, since under detonation
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conditions what is important is only what occurs with the
substance on the shock front and for times, not exceeding the
reacticn time (Tl < 1.0 ys).

The obtained results permit us to assume that the crumbling
and pressing of the samples cccurs basically in the front of the
shoek wave. This is borne out by experiments with polystyrene
and trotyl. Thus, porous samples of polyatyrene are intensively
crumbled, while in water-filled samples the particles do not
lose their initial shape with an approximately identical duration
of the phase of compression and expansion. The difference in
these two variants, apparently, is in the possibility of shifts
of the substance in the very front of the shock wave in the
case of porous samples, The filling of thg cavities with water
made the sample centinuous and thus reduced the possibility of
relative shifts, The shock wave amplitude Increased as a result
of the increase in the initial density of the sample, while the
degree of crumbling fell sharply,

Experiments with samples of porous trotyl showed that the
change 1irn the length of the shock wave does not effect the final
distribution of particles with respect to the dimensions, but
does strongly effect the degree of scorching of the conglomerates,
It follows from this that burning arises and is developed for
times, significantly greater than the compression time on the
front of the shock wave, while crumbling and the formation of
conglomerates .roceeds in the very front of the shock wave.

The fact that the pumping of alr from the trotyl and hexogen
samples to pressures of Py < 1 um Hg. in the first instance
eliminates the appearance of scorched conglomerates, and in the
second -~ the explosion of the samples during the experiment
allows us to assume that the heating of the compressed air 1s the
basie source of the initiation of combustion. A minimum estimate
of the heating of the alr can be obtained by assuming that it is
compressed adiabatically up to the pressure in the shock wave.
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Reproduced from
best available copy

For P = 2009 atm such an estimate produces T 4 1000°K [55].
It Lo apparent that at o.oh temporatures and with the duretlon of
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Effeat of fl.ling with water on the
reaction time in & detonation wave

The possibllity of ignition of the exploaive by heated
air or by reactlon products in the front of a detonation wave
cen be established from the following experiments. If the
initiation of the reaction in a detonation wave is caused by
the igniting efi'ect of heated gases or streams of reaction
products, then filling the pores in tne charges of explosives
with water should effect the magnitude of the reaction time
in the detcnation wave, In experiments, however, this is not
detected. As was noted above, independent of the size of the
initlal particles of explosives all the experimental polnts
lie on one curve 1 = t(P). On this same curve also lie the
points obtained in water-filled charges (Pig. 62).

.o
s . Pig. 62. Dependence of the
' 2 33 reaction time on the pressure in
v the detonation wave of charges of
4o NB powder a) and hexogen b)
D) pyvalias of different structures.
M a)1-~46=0,26; 2 ~0.43; 3~
¢ .y 2,00; 4 « with water; 5 - vacuum
“‘-—-a:._g;l_._ uptoPo-lmHs;b)l-G'
4 = 0,15; 2 - 0.45; 3 - 1.80;

D% 8 S 4 - micro-porous; 5 - with water.

[micex = us; ruc.atm = thousands
of atm)]

By analogy with the experiment on crumbling, where air
removal down to pressures of less than 1 mm Hg. significantly
effected the emergence and development of the explosion, experiments
were conducted on determining the reaction time in the detonation
wave with vacuum-trested charges of NB powder. The parameters
and time of reaction &lso did not change (see Flg. 62). Thus,
the obtained results mean that the ignition of the particles of
the explosive by the heated gas in the pores and by the detonation
products 1s absent.
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The totality of the experimental material presented permits
us Lo assert that during detonation of hoth compact as well as
porous so0lid explosives the chemical reaction 1s initlated as
a result of tne heating of the explosive itself under the actlon
of the shock wave. This conclusion 1s confirmed by ectimates
of the temperature of che shock compression, obtained by the
besis of a study of shock compressibility of exploslves in
compact and porous states,

§ 4, Shock Compressibility and Heating
of Solid Explosives

Varfious experimenta) datz [71, 80, 122, 123) are currently
in wide usage, along with the concepls of the theory of a solld
body, to describe the thermal dynamic propsrties of condensed
substances under high dynamic pressures.

Zel'dovich [80] suggested the use of curves of dynamic
compreseibility of a substance with various initial densities to
obtain information on the thermodynamic parameters under high
pressures. The collection of such data for solid explosives is
impeded ty the fact that they quickly decompose under the action
of vven relatively weak shock waves, The existing experimental
data on shock compressibility of =<1¢ explosives are limited only
to several substances with a density close to a monocrystal [115,
116]. Definite svecoesses have been achieved in works [12%, 125],
where formulas were suggested for caleulating the shock adiabatic
curves of varlous substances, inciuding liquid and compact so0lid
explosives, from the known values of the speed of sound in the
normal state.

¥With respect to porous explosives only the first attempts
‘have been made (126, 127]. In the process of compression of
& porous explosive in the front of the shock wave there may cccur
the partial ciemical decomposition or phase transformation and the
stats obitained after comprension will be classified as a mixture
of the initial substance and of the second phase. All this
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imposes increased requirements on the experimental Lechnology
and treatment of the cbtained results.

For high accuracy and the avoidance of possible errors the
experimental determinaticn of the shock compressibility of porous
explosives 1s most conveniently made by the simultaneous measurement
of the mass veloclty (uo) on the interface of the iiert boundary -
studled explosive and of the velocity of the rvont (D) on a finite
measurement base under conditionz of actlon of the shock wave of
rectangular profile [128]. The scheme of the experiment is shown
in Fig. 63. The width of the air gap and the thickness of the
paraffin plate between the charge of the explosive and the studied
sample were st¢lected in such a way that a rectangular-profile
shock wave acts on the sample,

-- | Fig. 63. Layout of the experiment for

? . determining the shock compressibility of
T e I an explosive by the electromagnetic method.

) FEIETIETTEREE 1 - Detector; 2 - studied sample; 3 -

U iad paraffin boundary; 4 - air gap; 5 - ring;

6 ~ charge; S - shock wave velocity
measurement base,

- O

A study was made of the shock compressibility of porous
samples of NB powder (p0 = 1.0 g/cm3), manufactured from spherical
particles of two sizes - 0,43 and 2.0 mm, and of hexcgen of the
same de..3lty from monocrystalline particles 0,5-1.0 mm, and the
shock adiabatic curve of compact powder NB war also obtained.

For an example, Pig. 64 shows typical oscillograms of the recording
of the profile u(t) on the interface of the paraffin - inert
substance (’.aCl) and of paraffin - studied explosives (NB powder),
Under comparatively low pressures (+10,000 atm) recordings of

u(t) do not basically differ. This means that the explosive
behaves l.ertly, and there is no noticeable decomposition of it
during the experiment.
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. Pig. 64. Recordings of u(t) on the
/ b) : interface of paraffin with NaCl and

NB powder, a = NaCl, P » 17,000 atm;

b - XaCl, P ~ 50,000 stm; ¢ - NB
L powder, P ~ 0,000 atm; 4 - NB powder,
’ P 4 50,000"atm. The time scale -
j—'-/_ 2 us. Second sharp rise in the record-

ings of u{t) corresponds 1o the moment
¢) d) of passage of the meaaurement base
by tha wave front.

Under higher pressures (for NB powder 250,000 ztm) the
decomposition of the explosive leads to a sharp drop in u
immediately behind the front of thne shock wave. In connectlon
with this the question arises, what value is u to take on the
csclllogram for the value of the mass velocity con the interface
cf u,. )

Values of u, were always obtalned by the extrapolation
of the recording of u(t) to t = 0 (the moment of the start of
movement of the detector). Obviously, under these amplitudes of
the shock wave, where the profile u{t) is rectangulir. st lcast
during the passage of the base of measurement (S, Fig. b3) such
an extrarolation does not introduce additiasnal error, and the
obtained values of D and U, correspond to one and t.¢ same date,
But in cases where in the recordings of u(t) a peak appears,
the extrapolation to ¢ = 0 makes 1t possible to avoid errors
connected with the effect of decomposition of the explosive.

The point with maximu u value, strictly speaking, should not
be consldered to be a point on the shock adiabatic curve of the
explosive, since for the time of the steep slope of the leading
edge of the oscillograms a noticeable portion of the explosive
might already have reactad. Since the sharp drop in u behind the
rectangular wave is caused by the occurrence of the chemical
reaction, the extrapolation of the dependence u(t) vo t = 0 gives
the point on the shock adiabatic curve of a compressed, but not
of a reacted explosive. Naturally, such a systematic overstatement
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of values of u, iz possible, but the difference from the maximum
registered value of the mass velocity will not exceed, as the rule,
105. In the case where cozpact samples are used, such an
extrapolation is more jJustified, since the steep slope of the
lesding edge of the oscillograms ia detarmined totally by the
inertness of the detector.

Another important moment in the determination of shock
adiabatic curves is the acceleration of the front of the wave
on the measuring base in thoss cases, when there arises in the
explozive & noticeable ezothormic reaction. Possible errors
48 a result of this mey be eliminated by two means. One of these
consiats in measuring D at various Gistances from the interface
of the inert boundary snd explosive and in the extrapolation of
the ocbtelned depsndence to the zero distance. Measurements of
D on various bases under our conditions showed that, in practice,
on S = 3 m D does not differ within the limits of accuracy of the
experiment {v5%) from the values of D0 on the interface, obtained
by the menticnad extrapolation. Therefore, in the majority of
the experiments for value of the velocity of the wave front in
the investigated explosive on the interface values of D were
taken, obtained by ueasurement on 2 base of 3 mm. Moreover, the
calculation of D0 was conducted by the method of reflection
{71} according to the known value of u, on the interface of the
paraffin and explosive. The accuracy of determining Dy in this
manner is significantly lower than with direct measurement,
Within the limits of this accuracy (n10%) the calculated and
measured values of D coincide in the entire investigated range
of pressures.

Values of D and u wers obtained by averaging the results of
3-5 measurements. The deviation of values of individual measure-
ments from the average value did not exceed 5%5. The greatest values
of D and u correspond to the parameters of the shock front of
ideal datonation. At coordirates D - u experimental data for

153




ALIDL4L - 112

(Fig. 65) and hexogen (Fig. 66) can be described by straight liner,
For porous samples of powder independent of the initial dimensions
of the particles all the experimental points are described by

one analytic dependence: D = (0,58 + 1.68 u) km/s. The shock
adlabatic curve of compact powder NB has the form: D = (1.70 +

+ 1.85 u) km/s. This is close to the shock adiabatic curve of
powder N, shown in work (27} D = (1.76 4+ 1.86 u) km/s. The shock
adiabatic curve of porous hexogen is described at covordinates D - u
by the formula D = (0.4 + 2.0 u) km/s.

A linear dependence between D and u can be observed, as
witnessed by the fact that in the front of the shock wave no phase
transformations occur [129). Using analytic expressions of the
shock adlabatic curve at coordinates (D - u), it is easy to
construct them at coordinates (P - V) (Figs. 67 and #8). At these
cocrdinetes the shock adiabatic curves of the porous samples are
situated higner than the shock adiabatic curves of the compact
samples, as must be for a substance with normal thermodynamic
groperties (the coefficient of thermal expansion o > 0, the
Griineisen coefficlent I > 0) with equilibrius . = . -hind
the sheck wave front. On the other hand, in experiments on the
Isotrerrlic ..ompressibllity of NE powcer 7130] 1t was found that
n < 0. A negative coefficient of t™ermal expansion is also
obtained from a comparison of the curve of shock and isothermic
(T = 18°C) compression of compact powder (curves 2 and 3 in
Fig. 67). since with identical pressures shock compression proves
to bte greater than 1sothermic. This conclusion, however, is
contradicted by the mutual position of the shock adiabatic curves
of compact and porous powder. If a had been negative during shock
compression, then curve 1 would have been situated lower than curve
¢. The cause of such a contradictlon is apparently cut out in the
courze cf the isotherms. 1In work {130] there was expressed the
assumption of the possible change in the thermodynamic properties
of the studled system as a result of the ~hange in the interaction
of its components. Possibly, during static isothermic compression
higher than certaln vzlues of P there occurs a separation of
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phages and the volume of the system increases, which formerly
leads to a reduction in a, As a result of this the obtained
isotherms (curves 3 and 4, Pig. 67) are steeper than should occur
in the absence of the cited interaction of the components. During
shock loading the phase separation, apparently, does not occur,

and the compressibility of the substance, existing in a certain
petastable state, s fixed.

Jw'een
? Fig. 65. Shock adlabatic curves
s of porous (1) and compact (2)
. posder NB. Qrain size; QO - 0.43 mm;
and ¢+ - 2.0 mm,
' [un/cen = m/3]

g

W ooz

Fig. 66, Shock adiabatic
curves of parous (1) and
compact (2) hexogen.

(nu/cen = km/s8]
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Pig. 67. Shock adiabatic curves of
porous (1) and compact (2) samples of
NB powder and isotherms of compact NB
powder at & temperature of 18°C (3)
and 92°C (4) [130].

{vuc.ate = thous, of atm.; cn3/r =
= cm3/g3

Fig. 68. Shock adiabatic curves of
porous (1) and compact (2) hexogen.

[7uc.atm = thous, of atm.; cm3/r =
= cm3/g]

Fig. 69. Shock adiabatic curves of
porous (1) and compact (2) substances.
Shaded area - conversion of energy 1in
the porous sample in comparison with
the compact.
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An increase in pressure and energy in the porous samples
in comparison with the cumpact during cospression up to an identical
voluze 1s explained by the rise in the heat components of the
pressure and energy (Pig. 69) [80]. On the strength of this,
the Orilneisen coefficlent is found

ry=Yols
Table 4 presents the values of the specific volumes, pressures,
specific internsl energy E and the coefficient I" for compact
and porous sawxples of powder and hexogen.

With the use of a value of the Griineisen coefficient of 1.5
obtained for NB powder a calculation was made for the temperature
of the shock heating according tc the scheme, suggested in work
[63] and perfectad later in [131]. Calculatjon of the temperature
on the shock front of a detonation wave with an amplitude of
150,000 atm for porous NB powder gives 1500°K, and for compact
poxder (P = 350,000 atm} - 200n°K. In the calculations the
increasse in the specific heat was taken into account (0.3 cal/g x
x deg under normal conditions) with an increase in the temperature
within the 1000-2000°K range by approximately 2.5 times [132].

Table 4, Values of the Griineisen coefficient
for NB powder and hexogen.

ypee | el B | T EE | e |

T, A [ VL. BN

)W' HS | 48 ®o » B3 L8] 1.8
(2 .50 U ] A 10 1.3 144

o5 Qe “ "4 a1 L
(3 )hm (% ] 8 ¢ 12,52 -] 3.8

KEY: (1) Substance; (2) NB powder; (3) Hexogen.

[cn3/r = cm3/g; TuC.8T# @ thous, of atm.;
Ru/r» J/g]

157




A /otat/ - 176

Por porous samples of hexogen we limited oursslves to
the minimun estimate of the heating, taking the difference
betrween the total increment of specific internal energy of
porous and compact substance for the increments of the heat
fraction of internal energy of the porous sample. It 1s obvious
that such an estimste 1s understated, since it does not take into
account the inerement of the thermal energy in the shock-compressed
compact substance. However, in this case also with a pressure
on the shock front of the detonation wave of 150,000 atm {(the
estimates produced T = 1100°K) (an increase in tne specific heat
with a rise at the temperature was calculated and the average
specific heat was taken as equal to "G.6 cal/g-deg [132])). Thus,
solid explosives (Just as liquid) during shock compression up *5
pressures of 100,000 atm and higher, undergo significant heating.

§ 5. On The Mechanlism of Detonation
Cf Solid Explosives

A8 was pointed out above, a normsl detonation regime for all
the investigated solid explosives (cast, pressed, pndnr ) i,
characterized by the presence of the chemical peak, '.e width of
the shock front of a detonatlon wave is significantly less than
the overall time of the chemical reaction, i.e., in the process
of compression the explosive is almost not decomposed. The
detonatlon process 1s managed by the shock wave. In the mecnanism
of initiation of the reaction in the front of the detonation wave
the ignition of the explosive by the hot products and by the gases
Leated In the pores plays ro noticeable role. The shock wave
2rushes, and heats the explosive itself to high temperatures.
For typlical porous explosives uinder the pressures >f detonation
of ~100,000 atm average temperatures of the shock compression of
1500-1500°K are totally attainable.

Are such tempersturcs adequate to ensure the decomposition

of the explosive for the reaction times characteristic for
detonation? If the kinetics of the decomposition of the explosive
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under detonation conditions were known, an answer to this

question might be obtained by direct calculation of the temperature
through the reaction time known from experimentation. Since there
are no such data on the kinetics, obviously, it is most reasonable
to use the concepts of a normal sdiapatic explosion for such a
caleulation. However, the experinentél data contradict such a
representstion of the deromposition of solid explosives in
detonation waves. As was pointed cut above, a noticeable inducticn
period behind the front of the detonation wave of 301id axplosives
1s not observed. Nonetheless, the ideas of a normal adiabatic
thermel explosion can be employed, if we assume that the chemical
decomposition of the solld explosives in the detonation wave

exiats in the form of successive norxal adlabatic explosions at

the centers. They arise in the shack front of a detonation wave

as the result of heterogeneous heating during compression.

The succeesive flashes of the hot centers easily explain in
approximation the triangular pressure profile in the zone of
chenlcal reaction of the detonation wave, It follows from these
considerations that the total time of reactlion is determined by

the time of delay in the normal adiabatic explosion of the coldest
centers,

For the majority of powearful aolid explosives (see Tables
1 and 2) the chemical reaction time for detonation vaiies from
tenthe cof a microsecond up to one microsecond. Caleulation using
kinetic constante for Ty . 0.2 and 1. 1.0 us, for example, In
NB powder produce temperature values of 1160 and 1270°K,
respectively (120, 133], Close texperatures are also required for
other powerful explosives., Temperaturss of such an order, as can
be ssen from the above cited data, are ashieved in the front of
a detonation wave of both ccmpact end of porous explosivas.
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The introduced calculations show that the temperatures
achleved durlng compression ol £21id explosives by shock waves
with an amplitude c¢lose tc tbL . pressures on the shock front of
the detonatioun wave are sufficiently high, so as to explain the
tctal time of the chemleal decomposition of the explosive as a
result o. a normal adiabatic theimal explosion. Therefore, there
is no vasls In the solution of the problem on the mechanism of
the detonation conversion of s0lid explosives (of both compact and
of porous) of disregarding the shock heating of the sulstance
itself.

The actual process ¢f decomposition of porous explosives in
a detcnatlion wave has not been clar‘fied to the end, and it is
nct reducible tc a simple model of fucal, normal thormal explosions.
Actually, in the latter case the depsndence Tl(P) should alsc be
streng, which 1s not observed 1n the experiment. This concept
Is contrzdicted als. by the equality of the reaction in porous
and in wateresaturated explouives. Obviously, the temperature
of the ax:losive on the shuck front of the detonation wava of
Loe eracges s different (this folliows from the clne L.
czta ¢1 tre compressibllity of compact and of porous NB powder),
while the roaction times with ldent.ca! press.are turn out to bLe
equal, inese experimental facts havs -- 11l »:t received an
unaintiguasls explanation.

however, we have no. exzluded the fact thet melting occurs
in the front of tne detonation waves f certaln perous explosives,
In 7il:s taye decompositiorn of the exvlos!ve pioceeds In the
form of 2 degenerated explosion of an almost homogeneous medium
and the dependerc2 1(P) will also be wesk. Finally, the
deyencracy may be caused by the lcw rates of occurrence of the
final stages of the decompesition process, which also leads to a
weak t{P) dependence,
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Whatever the reasons might be for the weak dependence of
t(P) in solid explosives, apparently, connected with this 1s the
possibility of the existence in them of stable detonation regimes
with parameters considerably lower than ideal in a certain range
of meaaurement of the charge diameters. Because of the weak
dependence of t(P) a noticeable decrease in the amplitude of the
detonation wave with certain charge dlameters leads to & slight
rise in v, and the breakdown of the reacticn daes not proceed.
Together with the decrease in the wave amplitude the Intensity

of the expansion &lso falls, and the process is propagated stablly
as before.

In conelusicn, let us note that in principle detonation
waves in solid explosives without 2 sharply defined chemical
peak are possible, This may be during detonation of sufficiently
sensitive porous explosives, if the decompos}tion, having .egun
at the centers, terminates during compression. Such a case 1is
possible for an explosive, the critical temperature of the centers
of which 1s close to or less than the melting temperature [121].
The cthemical peak may, in practice, also be absent in strongly
porcus systems in the case where the process of propagation of
detonation will ex!st as streams of PD.
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CHAPTER ¥

LIMITS OF THE PROPAGATION OF
DETONATION IN CONDENSED EXPLOSIVES

The smallest diameter of the charge of an explosive, with
which Lhe propagation of self-sustaining detonation is still
poz-ibie, called the eritical diameter de. The existence of such
a d'arrter cannot he explained within the framework of the cla:~l:a.
deteration theory, since a finite width of the reactlon zone In
this thecry 1s not taken into consideratlon, and the processes

which cecur hehind i{ts limits cannct transmit perturba'i-~>-, 47 0on
(veriiake tne detonation front in the case of ay

1+ ~ite. Taerefore, concepts of the limizz of propagation of
doteaation nivit be develeped only 17 4le appearance of a detonaticen

the »v w: ' b takes into consl:eratie: a flnlte time of the chemical

reqction In the ront ¢f tre w* n».ion wave,

rrarit n {72, 13:] was the first to mark out the proper path
for an aaderotaiding o the nature of dup‘ According to his
Tees, with 2 reductien in the charge diameter theve ls an Increase
in the 31 persion of tne reacting expiosive *~ the sides an’® a
corresonnding 1o.s of energy, shlcn, in the oppesite case, vwouald
gn f=or Lhe malntenance of the detonatioa frent. At a certain
finite diameter, which is also the critical diameter, the equi-
1ibrium between the heat recelpt and the energy losses is first
destroyed, 1.e., detona%'on cannot propagate.
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According to Khariton, any substance capabie of &n exothermic
rego-ion with constants P and V can detonate, 1f we take &
sufficiently large diameter. In other words, the difference
betweecn the explosive and the remaining exothermlically reacting
8. hstances 1is not basic, It consists in the fact that the critical
diameter of the first lies within the limites of the charge sizes
used in practice, while in the second, on the other hand, 1t is
very large.

Taking into consideration the fact that the dispersion of the
reacting medium is nothing different than its expansion in a
rarefaction wave, and the structure of the latter is determinecd
chiefly by the speed of sound ¢, Khariton gave a formula for
estimating de:

dup 2227,
where t is the reaction time, characteristic for the detonation.

These 1deas, which received propagation under the name of
"Khariton's principle,™ were the first to enable us to connect the
reaction time diewing detonation with the external characteristic
of the given process. This, to a significant degree, stimulated
the development of experimental works to determire the reaction
time under conditions of detonation and, 1n general, on the study
of detonatien close to the limit of its propagation [59, 135-138].
The accumulated factual material not only confirmed the validity
of the advanced qualitative ideas on the nature of de, but also,
to a significant degree, advanced our understanding of detonation
as a p vsical-chemical process,

The development of the theory in this direction lagged far
behind the experimental investigations. The undertaken attempts
at constructing a theory of nonideal detonation and of the critical
diameter [21, 108, 139-144] resta on the extremely simplified
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schemes of f 2ws and in essence have introduced nothing new in
comparison with Kharliton's prinziple., Up to the presen: time «
strict theory of detonation limits for condensed explosives has
still not been created,

In the cited theoretical works it is assumed that ¢ and t In
Khariton's formula are the average speed of sound and the reactlion
time within the limits of the detonation front, respectively.
Moreover, Khariton, and following him also the authcrs of ot.er
of tre abovee~mentloned theoretical investigations lacitly - .’sune
that only a stationary detonation front can be self-sustaining.

This supposition, cerrect for solld (nonhomogeneous) 2xplo-~
.:ve3, 1s not rulfilled 1n many instances of detonation of liquid
esp.osives, It turned out that a detonation front may be separatec
1.2 the Loundarles of the charge and again returned to them. Such
a "nenstationary" detonation front may propagate as long as 1t
wants, and itc critical diamet-r 1s connected nol with the time o!
reaction at the froat, but with the processes leading to its
restoration of the area along the entire cross ~ ' D!
¢nbone.  Tw the future, for che sake of breviLy, any theory resting
an tne assumvtion of a svationary frovt we shall call stationary
10 contrast to tne ensuing nonstationary theory of a detonation
Sromt with a pulsating area.

Fxanmined below are the fundamentals of the formulation of the
probiem, [rom which, in our opinion, there must follow the ensuing
atrict staticnary theory of de, and alao on the hasis of the
sxperimental data fundamental physf{cal principles, which hencefarth
must be sét up as the basis of the nonstationary theory of dqp’
are clar fled. Here we will be speaking mainly of de in charges
of explosives without a shell (or in a very weak shell).
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§ 1. The Propagation of Detonation
in Charges of ?inite Diameter

The ¥Motion Equation
The flow of a continuous madium during the detonation of a

charge of finite diameter is described by three-dimensional equa-
“ions of metion:

4o, (36)
20 (08 TR0, (37)
: (—i-g-)-f-f["lf%—-—-q )]- (38)

where p is the density of the medium; u is the vector of the flow
velocity; P is the pressure; E is the specific internal energy; V
13 the vectorial operator:

2 é [
‘.8‘-&-7’—;'}’?

(1, §, ¥k are unit vectors, directed along Cartesian coordinate
axes).

It can be pointed out that in the case of a rough detonation
front equations (36)-(38) do not change their form, if the flow
of the reacting medium is isotropic~-turbulent. In this case to
obtain the appropriate averaged squations of motion (36)=-(38) it
is sufficient to set up in place cf p and u their average values,
and in place of P and E ~ the corresponding formal values, There-
fore, henceforth we shrll make no distinction between a laminar
and an isotropic-turbulent reaction zone.

The supposition of isotropie turbulence for the case of liquid
explosives with a rough front is not carried out on account of the
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regular character of the inhomogeneitles. On *he other hand, in
the case of solild explosives on account of the chaotic character
of the initial inhomogenelties ov the medium the flow in the
detonation front must be isotropic-turbulent. Therefore the
inclusions of this paragraph are in force only for solid explosives
and, of course, for liguid explosives with a smooth detcnatlion
front.

Let us apply equations (36)~(38) to an anslysis of detonation
close to the 1imit. 1In 4 system of coordinates, connected with
a statlonary detonation front, from the equations of motion the
derivatives with respect to time fall out, which enable us to
cimplify significantly the given equation. Let us introduce into
the consideration flow tubes, i.e., imaginary tubes of any cross-
sectional shape, the 1imits of which at 2ach point coincide with
the direction of the veloecity. Through these limits tnere are no
f1,ws of maus for energy. Consequently, if the cross sectional
area of a f'low tube is equal to o, then the total flow of mass to
its cross section is equal to pua. Therefore, equation (36)
transfers to equation

Hm3
22, (39)
where ! 1s the length, measured along the tube of flow.
Having obtained precisely the same expression for the energy

flux ard using the latter e jvality for the mass flux, one can
trensfer Lo the equality

7 [E+ -+ 5)~o0. (i)

For the transformation of equation (37) the term in the
middle of 1ts left side is transferred to another form:

(Yeo) 8w B (Tpa) 3 (pa¥)w = pu
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By introducing the unit vecteor e’ in the direction of the veloeity
irom the preceding exprassion we obtain the following:

¥,
;u%—“aﬂz%“i‘”"gg'

Multiplying equation (37) scalarly by vector 3 and taking into
account that eg(de/d)- O, we obtain

i g o, (41)

If we consider the absence of heat exchange (dE = «PdV), then
as a result of differentiation of (40) we obtain equation (41).
Multiplying scalarly equation (37) by vector e directed along the
surface P = const, and taking into account ePVP = (0, we find

‘0%“0. . (‘J?_)

A Prandtl-Meyer Flow

Let us examine the structure of a flow, which arises at the
iimit of a detonating charge. We will assume that in front of the
zor.e of reaction a shock front is propagated, the width of which
can be disregarded. This sssumption can be assumed to be valld
for the majority of practically important cases of detonation of
solid explosives; in the case of liquid explosives with a smooth
detoriation front 1t is so much the more valid. The shock front
intersects the free boundary of the charge along a certain line,
which 1s special for the equations of motiou. FPor example, a
whole sheaf of surfaces of constant pressure converges to this
line, cince any particle of the reacting medium, no matter how
closely 1t passes by the special line, must pass through all the
pressures from the sheck front to the pressure of the medium,
surrounding the charge. The flow region, corre:xponding to the
fan of surfaces of constant pressure diverging irom the speclal
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line, in the infinltely close vicinity of the cited 1line ig called

a Prandtl-Meyer flow {#]. It is necessary to study under what
conditions this flow will be statiorary.

Let us select the natural coordilnate surfaces (Fig. 70).
Pirst, as such surfaces one can take planes, passing through the
axis of the charge. Let one of these coincide with the plane of
the figure. The coordinate, corresponding to the given surfaces,
is the angle o, counted off around the axis of the charge. The
rotation of the line of flow around the 1xis of the charyge glves
another system of coordinate surfaces. Finally, as a third system
of coordinate surfaces let us select the surfaces of constant
pressure, determined in the reglon of the Prandtl-Meyer flow by
the angle ¢, which 1s counted off around the special line from 2a
zertain arbitrary surface.

Fig. 70. Selecting a system of
natural curvilinear coordinates
on the free boundary of the
charge., 1 - constant-presstre
lines; 2 « lines of flrw- *
boundary of the explosive
charge; 3 - shock front,

The Iincrement of the radius-vector dr is in the following
manner connected with the change in the curvilinear coordinates

dr = H.e.d3~ H.e,dr - He,dy, (43)

where €y is the unit vector perpendicular to the coordinate plane,
and e, and e¢ are the above-~determined vectors, directed along the
line of flow and along the surfaces of constant pressure, resepct

raspectively, where

¢ le and o, | &,
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Coefficients Ea, Rr and H¢ are asaumad to be known functions of

r and ¢. They do not depend on o on acccunt of the axial symmetry
of the problenm.

Applying (43) to the line of flow, we get

=ik, (&)

Hence equations (39), (41) and (42) can be rewritten in the
following form:

Sl

"‘3-“9: (45)
-2 -T (86)
“F=a - (47)

Let us introduce the component velocities: u’ - directed along the
normal to the surface of constant pressure and u, - lying on this
surface, The unit vector, pormal to the surface of constant
preasure, we will designate by e,

Por the conversion of the first equation (45) one can use the
expression ensuing from (43):

sw oM, (00 Pade (48)

In fact, - let us take a tube of flow of rectangular cruss sectlon,
determined by the increments of coordinates Aa and Ar. Then the
ares of the rectangle, which 18 cut Ly the tube of flow on the
conatant pressure surface, 1s equal to the produet of the length

of 1ts gides Hm-Aa and HroAr. Since the surface of constant
prassure is not orthogonal to lines of flow, in ohtaining exprea-
sion (48) one should introduce the multipliier (en'e’). Thus, for

o the expression Haﬂr(en'e‘)AaAr is fround. Pow, taking into
consideration the fact that 4« and Ar do not depend on §, they can
be thrown out, &s & result of which expression (48) 1s also obtained.
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Since 1t 1s suggested that we subsequently examine the flow
in the Infinitely smsall vici.alty of the special line, the value
i, cen also be discarded, since in this viecinity 2HJ3 =4. The
latter fcllows from the fact that near point A the distance from
the axis of the charge ir the first approximation does not vary
with the change in ¢.

Until the substituiion of expression (48) into the equation
it 1s advisable to determine the derivative of 3 8p. For this
let us examine the change in the distance R of a certaln point of
the medium from point A as a function of the angle ¢. Expression
Rde/u¢ is the time, for which the point would describe the angle
from 6 to ¢ + dé. During this time R would increase by the value
4R = ur(Rd¢/u¢). Hence it follows that
<R v,
':,'— - R E‘-
Lifferentiating this exprescion with respect to r, with considera-
tion of the fa~t that aR/d - H., and discarding terms which fall out
when R + 0 we find
o, X,
= Ho=. (49)

The =ubstitution of [4R) ard {U9) into equation /45) with con-

side ution of equality L:e“°e¢) = u, leads to expressicn

¢
;,‘:,;+pa,-o. (50)

Equation (4C), by the simple substitution of u® = ug + ui, is
reduced to Lhe form ’
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Equation (47) 13 transformed using equality Ae/dy ., which
1s valid *n the infinitely small vicinity of the speclal line,
when the surfaces of constant pressurs can be aasumed to be flat.
With consideration of equalities (we) - 4, and (we) =« we find the
equation

¢
';;'--u.-t (s52)
In the examined infinitely small vieinity any particle passes
an infinitely smsll time. Therefors, its composition and entropy,
obtained as a result of the shock compression, can be assumed to

be constant and the following relatlonship can be written:

dP=cép, : (53)
where c3 is the frozen speed of sound.

The multiplication of equation (50) by uy and 1ts subtraction
from equation (51) using (52) for the introduction of similar
terms lead to expression

2 6, 0P
"'“c'a"'*"” 0.

from which after the substitution of relationship (53) the follow-
ing equality 1is obtained:

@ - ) & =0, (54)

Hence it follows that in the zone of the Prandtl-Meyer {low, where
:w‘h '7'00

!l.-f.. (55)

Let us substitute this value into equation (50). Since
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then

o TIET v (ZE
P = » g - ."i,.)’..m o, {wl's.: e

Taxing into cnnsideration the fact that in ovdl.ary substances

(55,0

and tha. in the region of the examined flow expansicn of the
medium takes place, i.e._ ¥Y/d¢> 0. 1t i3 not difficult to see that

>0 (56)

because of such a sign of u, perturbations from the speclial line
can propagate across the entire region of the Prandtl-Meyer flow,
and to the special line - only from the flow, running inte the
region of this flow.

It follow. Trom equallity (55) that the boundary of the Prandtl-
Meyer Tiow coincldes with the Mach iine, 1.e., the line in the [{low,
with respect ‘> which the rori:al component of the velocity 1s =z=qual
to the apead of souand. Hence it follows that the oncoming flow teo
+ne beundary »f the Prandtl-Meyer flow shoull not be sunersonic,
and perturbations from the special line do net penetrate into the
rogion of ttn flow.

. The study of the Prandtl-Meyer f{low wus conducted on the
assumpt’ n of stationarity of the flow. However, it can be
Jemonstratel that this assumption is not essential, and it is
sufficlent to make the less rigorous supposition of a finfte
valve of the derivatives with respect to time in equations (36€)-
(38}. TIn tact, in the vicinity of the special line, and more
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precisely in the region oi the Prandtl-Meyer flow all the derivae
tives with respect to tne spatial coordinate tend toward an
infinite value. Por this reason, i1t makes no difference whethcr
we digcard all the derivatives with respect to time.

Structure of the Flows in the
Stationary Detonation Wave

The layout of the basic flow elements with stationary detona-
tion is represented in Pig, 71. So that nonastationary rarefaction
waves might not penetrate inside the detonation front, frcm point
A the supersonic fiow must exit, i.e., on the boundary of the
charge behind the shock wave:

DR ' (57)

As was pointed out above, onlv in such a flow can the forward
boundary of a stationary rarefaction wave and a Prandtl-Meyer

flow ¢xist. On the other hand, on the axis of the charge directly
behind the shock front there must exist

870y, (58)
Consequently, the sound surlace, on which

s Gy (52)
intersects the shock front. Thus, the reglon of the subsonic flow,
from which perturbations can admittedly enter the front (in Fig. 71

this is shaded), does not reach the free boundaries of the charge,
and it is precisely this that ensures steady-state conditions.

When it is sald that the flow benind the shock front always
exits from it with a subsonlc speed, it i1s underatocd to mean the
components of the flow veloclty normal to the shock front. But 1if




Pig. 71. Simplified
schemre of the flows
during stationary
detonation in a charge
of finite aiameter.

1 ~ Mach lines; 2 -
boundary of the charge;
3-~ shock front; 4 ~
sound surface.

we transfer to another coordinate system, sliding along the surface
of the shock front, then it 1s not difffcult to see that the
tangential component of the velocity does not vary with the
transition of the medium through jump P. It i3 always pomssible to
select such a value of the tangential component, with whicn the
total velocity behind the shock front is supersonic. Therefore,
to fulfill condition (57) the shock front close to the boundary

of tne charge must be sloping with respect to the oncoming flow

of the initial medium. Hences it follows, in‘turn, that the ampli-
tud> of the shock front on the axis of the charge is greater than
on the boundary due to the corresponding difference in normal
compo 1ents of the oncoming flow of the explosive, As a3 result,
the sacck front becomes convex in the direction of propagation of
detonation, 25 1s also shown in Fig. 71.

“n the transition through the cenvex shock front all the
lines of flow, except the axial, undergo fracture and begin to
leave the axis of the charge. This conclusion follows from the
fact that the normal component of the velocity according to the
law of preservation of mass (pu = pouo) is reduced during the
transition through the shock frcne, while the tangential component
remalns unchanged,

Hence 1t is possible to suppose that behind the shock front
the flow denrity j falls downward with respect to the flow:

A <o, (60)
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From the fact of the divevgence of the lines of flow follows only
the reduction of the average flow density throughout the entire
eross section and the validity of the inequality {60) on the axis
of the charge. Therefore, in the strict thecry inequality (60)
must be Justified.

Iat us make two more assumptions for later. We will assume
that, first, the derivative di/& increases in sbasolute vaiue with
the movement from the axis to the periphery of the charge, and,
second, that the pressure falls monotonically along the entire
region of the flow behind the shock front, l.¢., IR

Let us determine the relationship between the pressure and
ithe volume in the reacting medium. With the absence of transfer
phenomens the following :quality is correct

a_ :
v x° (61)

The left hand side of this expression can be represented in the
following form:

e, e @

Using the thermodynamic relationships

(3, =7 (F), 2= -7 (&), (&), 7=

. (R
- ”(%IL,(F),}..""
we transform (61) into

P

&1, -, 7 (63)

With the aid of expression (62) it is not difficult to be
convinced that the sscond %erm in the right hend side of equality
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(63) represents the rete of increase of the pressure during the
occurrence of the chemical reaction under conditions of constancy
of E and V. For this value let us introduce a special designation:

¥ & 2,108
P""'.T)r.r?l !?' Yy (64)

In this expression the numerator is none other than the rate of
heat 1liberation of the chemical reaction with constants P and V.

Since @ERM4 >0, from equality (64) it follows that the sign
P coincides with the sign of the heat liberation with constanis P
and V. 1In the case of an exothermic reaction it must be positive,

Using the expression for the density of the sound rlow Jgs =

= WP/A'ha. after the replacement of the differentiation of udt = 4l
frem (63) and (64) with a varisble ve obtain

By the substitution of u = §V into equation (41) we fina

The exclusion of the last two equations of the derivative HK/o
leads to the following basic expression:

-y =¥ (P+ag) (67)

The value of é can be assumed to be the characterizing heat
income. Then term cd{dj/d) can be viewed as the characteristic of
the heat losses, occurring as a result of the expansion of the
reacting wediur to the sides. In the absence of the latter, i.e.,
when ¢/l 0, the right aide of expression ((7) is negative. If,
as was assumed above, PRI O, then in the entire region of the flow
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o2 (69)

(Hence it 4s possible in another way to arrive at a justification
for vhe Chapman-Jouguet selsction principle.)

Let us show that in the case of 30— 90 the rate of detonation
on the axis of the charge is less than the rate of i1deal detonation.
Por this, with the mnid of equation (66) we will write the connection
btetwsen the pressure and the specific volume in the detonation wave:

2__ v (69)

Prom the last equality it follows that the point, depicting the
state of the reacting medium, shifts not along Mikhel'son's straight
line, corresponding to the initial shock compression, but along 2
certain more smoothly sloping trajestory (Pig. 72), since dj/dv < oO.
If the shock front were to propagate with the speed of ideul
detonation, then Mikhel'son‘'s stralght 1in¢ OA would touch the
equlllbrium detonation adiabatic curve OCB at point C. 1In this

case the trajectory of the point of the state AB would intersect

the detonation adiabatic curve at a certain point B.

Pig. 72. On the proof of
the impossibility of an

ideal detonation rate in a
charge of finite dlameter.

Assuming for the sake of simplicity that PO = 0, we will
deternine the specific internal cnergy of the reacting medlum in
the svate B, In conformance with the equation of the shock adia-
batic curve of the initial explosive:
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E~Ew (=1, (70)

The specific internal energy at point £ after the deductlon of the
constant Eo 13 equal to area S1 of triangle OAD. With the
trangition to point B the specific internal energy 1is reduced by
the value of the work done by the reacting substance, which is
equal to area 82 on the curvilinear trajectory ABED.

Thus, the specific internal energy of the reacting medium in
the state B i3 equal to

Esw b+ S~ (71)

On the other hand, the specific internal energy of the [inal
reaction products with the same values of P and V in conformance
with the equation of the detonation adiabatic curve is equal to

Ey=Ee+5s, (72)
whepe 33 is the area of the triangle OBE.

Irresp-ctive of whether the reactlion succeeded in going to
comoletion up to the moment of achievemeni of state B or not, for
an excthermic reaction the followinz must be cbserved

Ex>E, (713)
The~efore,
’ E_ "‘Ea‘*s;“-sg"'&)o- ('l'u)
must exist., However, from FPig., 72 it 1s immediately clear that
the opposite inequallty is fulfilled. Consequently, the trajectory

of 4u= point of state should not intersect the equilibrium detona-
tion adiabatic curve, and this 1s possible only in the case where
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Hikhel'son's straight line OA will have 2 smsller slope than that,
riuich corresponds to ideal detonation.

In the same way it is possible to prove the more rigorous
aasertion, namely that the actusl detonation rate cannot exceed the
rata of ideal detonation, which corresponda to the intermadiste
detonation adiabatic curve of the chemical composition, achievable
on the intersection of the axis of the charge with the boundary of
the region, from whic. perturbations can enter the front. Actually,
the solution of the equations of motion for this region does not
change, 1f we assume that the reaction behind its limits is cut
short. 1In such s ca;e it is posaible with accuracy to repeat the
preceding discv:isions, having substituted the equilibrium detonation
adiabatic curve for the intermediste detonation adiabatic curve of
the composition, achievable on the boundary of this region, Henuce
follows the qualitative conclusion that the rate of the stationary
detonation front D must be reduced with the decrease in the charge
dlameter d.

The majority of work on nonideal detonation is dedicated
precisely to attempts using various simplifying assumptions to
obtain a quantitative denendence of D = D(d). From tre fundamental
expression (67) 4t follows that on the antire sound surface the
essential condition of & stationary detonation propagation is
fulfilled:

Pu—ad, (75)

which, being applicable to the line of interscction of the sound
surface with the shock front, will play an important role in
further dias~ussions.
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On the Limit of Propagation of
Stationary Detonation in Soltd
Explosives

Let us cesignate the smallest diameter of stationary propaga-
tion of detona=ion by dcr‘ This diameter does not necessarily
coineid« with dKr. The only thing that can bs confirmed is

o P iy (76)

Let us {irst examine, expressing ourselves figuratively, the
classiesl region, leading to the existence of a finite diameter
dcr’ which In one “orm or another figures in all the works on
ideal detonation. This reason is connected with the fact that the
rate of the chemlical reszction decreases togather with the amplitude
of the shock front initiating it, Moreover, as wa. nointed out
above. the reaction rate decreases with an increase in the rate of
tne pressure drop oehind the shock front {this is especially
apparent in the induction period in the case of the kineties of
heat liberation, answering the law of a normal thermal explosion).
Figure 73 represents with continuous lines the .._223rel dependences
of the reactinsn time 1 on the speed of the detonation front., whicn
in some manner 1; fixed by an exterior source and does not depend
on 1. This dependence of t on D, generally speaking, must vary
with the change in the charge diameter, which determines tae
rate of the fall in the parameters behind the shock front. There-
fore, Fig. 73 represents the entire series of given dependences,
situated one behind the other and decreasing order of the charge
diameter d.

The second series of curves, depicted by dotted lines,
represents the dependence of D on 1, when, conversely, t is fixed
by the external source. When t = 0 detonation, apparently, must
be 1deal within a charge diameter. Therefore, a'l the dotted
curves, each of which corresponds to one value of 4, begin at point
D“, corresponding to the rate of ideal detonation. And in preclsely
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Pig. 73. Qualitative
kinetic curves of t(D)
(continuous lines) and
D(x) (dotted lines) with
iifferent charge diaveters.

the same way when d = » detonation will be ideal at any t, and
therefore for ar infinite diamater the curve will run vertically.
¥ith any finite ¢iameter of the charge the corresponding dotted
curve mus:, with an increase ‘n 1, gradually depart from the ideal
vefocity D, and asymptotically spproach the-speed of sound cy in
the initial explosive. The saaller the charge diameter, the lower
the value of 1, at which such a transfer should be sccomplisied.
In contrast to the first series of kinetic curves the .ines of
the second geries are situated one behind the other in order of
increasing charge diameters,

The points of intersection of the continuous and dotted kinetie
curves for one and the same charge dlameter must, obviously,
correspond to a self-sustaining detonation regime. From Chese
points one can plot the dependence of D(d) {Fig. T4). There
exists & certain {minimal) diameter dmin’ st which the contlnuous
and dotted kinetic curves (see Pig., 73) touch one another. With
lower 4 the kinetic curvea, in genursal, do not intersect, mnd
therefore stationary propagation of detonatlon 1s impossible.

' . Fig. T4. Dependences of
*"" p{d), plotted from points
of intersection of the
kinetic curves for cases
1 - of a strongly degener-

i : ated thermal explosion; 2 -
4 ‘>  of an almost normal thermsl
= explosion.
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“ne curves shown in Pig. 74 correspond to two different laws

of variants of heat 1iberation in the reaction zone. Curve 1
corresponds %o tae law of a ~.rcngly legenerated thermal explosion,
in which the « .natie curves of the firat series for various
iamnters almost zoincice with one another, while the kinetic of
the second serles descend rather mildly slopin_ iy from line Du to
Mre Coe Such behavior of tne curves must be characteristic for
solid explosives. On the other hand, in the case of the approach
of the character of thre heat lihewation in the .eaction zone to the
.aw of the normal thermsl explo ‘oan the kinetic curvcs cf the firs
serie dlverge More and mor - J-om o'te snother, and the transition
of the .inetic cives or che :econd series from D to ¢, is
accomplished more ab=up%l~ (rspproaciiig a Jump;, since slight
spatial movemenly of tie 3on.:d su-face on the ear section of the
reaction zone lead %, great displacemn*s of the given surface
relative to the chemicel composition. It is not difficult to see
that as a result of this chan.a in form of the course of the
kiretis curves the dependence D(d) far from dmin is more mildly
giv-Ing than In the first case, and in return in the viclnity of
dmin it runs, on the other hand, much more crook-1l.. uch 2
variaticn *n D(d) (curve 2) must correspond to liquid explosives,

Let us note that the analysis of the dependenzes of [ = D(d)
with various laws of heat liberation in the reactlon zone vernit
us to apprcach from a somewhat different viewpoint the chemical
reaction separation 'nechanism, which determines the 1limit of
propagation of datonation of liquid explosives in ripgid tubes,

According to ¥ig. T4, two rates of stationary detonation
correspond tu each charge diameter 4 > dmin' The lower branches
of the represented curves correspond to a rise in D with a decrease
in d. The corresponding regimes, spparently, are unstable, since
the individual branches of the detonatlion front may move out
forward. With a cherge diameter less than dmin the stationary

front camnot propagate independently due to the insufficlent heat
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liberation in the subaonic reaction zone. Therefore, with these
dlamaters self-sustaining nonstationary detonstion regimes are

alzo impossible. In other words, the velue of duin ie that
absolute threshovld, lower than which velues of c!“p cannot 1ie, 1.e.,

4n D5y Pl an

If we follow the thesoreticel works, in which the conditions
of stationary propagation of detonation on the axis of the charge
ware discussed, both insqualities £n (77) should be placed with
equalities., Let us show that in the gensral case thiz is untrue.
Let us examine the conditionrs for detonation propagaticn on the
periphery of the charge, namely on tlLc .1a2 of intersection of the
shock front with the sound surface. On this line equality (75)
should pe fulfilled. The value P, entering into this equality,
characterizes the initial rite of the reaction behind the shock
front on the line of its intersection with the sound surfsce. This
value has a very far-removed relationship to the total time of
reaction on the axis of the charge, and therefora the destruction
of equality (75) may destroy depsndence D(d) with values of 4,
which far exceed dmin' Let us cxamine two extreme cases, corre-
sponding to equal laws of heac_libaration behind the shock front.

Let us first assume that the chemical reaction on the line of
intersection of the shock front with ?he sound surface has an
induvetion period. Here the value of P is disregardably small, and
the divergence of the flow ¢j¥ has, apparently, a finite value uith
any finite charge diameter. Consequently, equality (75) can be
unfulfilled even with in{inite charge dismeters. In this case
stationary detonation would be totally impossible., But if the
value 5 has an albeit small, nevertheless a finite value, Lhen
with a rise in the diameter in with corresponding decreases in
o equality (75) can be satisfled when d >> d , . Thus, if the
character of the heat liberatisn in the rezction gone approaches
the lawv of a normal thermal explosion (as in -he case of wany
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1iquid explosives), then depending on tr: specific circumstances
the diameter of the stationary propagation of detonation dcT nust
have a very great or even an infinite vaiue. The critical detona-
tion diameter here must be found from the nonstationary theary,

Let us now turn to another extreme case, where the h.at
liberation over the entire reaction zone takes place according to
the law of a strongly degencrated thermal explosion. Apparently,
all the porous solid explosives satisfy this assumption. In this
case dcT is clome to dmin’ which 13 indicated by tne strong
dependence of D(d), determined experimentally at the limits of
detonation propagation. In fact, from Fig. T4 1t is ~lear that
when d - dmin the cited curve has a vertical tangent., The critical
detonation diareter of solid explosives, apparently, may be
deseribed by the stationary theory. 1t 1s unclear, however, which
ractors determine the position of the line of intersection of the
sound surface with the shock front with respect to the charge
boundary. If we proceed from the fact that the subsonic region of
the {low strives to encompass as great an area as possitle of the
ceross section of the charge, then the mentioned "** | v be et
up at a distance from the cherge limit, comparable with its
ini%izl inhomogreneities.

§ 2. Critical Conditions of
Detonation Propagation in Liquid
Explosives With a Rough Front

Ncnstationary Propagation of a
Detonation Front in Charges
Without a Shell

A typlical representative of liquid explosives with a rough
detonation front 1s nitromethane and its mixtures with an inert
solvent (acetone), mixtures of nitroglycerine with a sufficlently
large quantity of methyl alcohol, mixtures of nitric acid with
dichloroethane and so forth. As was pointed out abcve, the
roughness of the detonation front in liquid explosives testifies
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to the fact that behind the shock front, which h2s a detonation
velocity, the kinetics of the Lisat liberation are close to the

lgw of & normal thermal explosion. J¢ is precisely this circum~
stance that leads to the impossibility of the propegetion of a
one-dimersionsl datonation process. And this leads to instabllity
of the detonation front on the free boundary of the charge,

Experiment shotis that during the propagation cf dstonation
in & charge without a ghell (mors precisely, in a weak shell) from
the boundsry of the charge every now and then *waves of reaction
ceasstion” prozzats, whizh replace the detonaticn front with o
shock front, and each time the dsetonstion front is reestablished
ane¥ along the entire cross section of the charge as a result of
the adiabatic rflashes of the explosive behind this shock front
(Pig. 75). 'Thus, a rough detonation front is not only micronon-
statlionary due to the existence of the inhomogensities, but also
micrononstationgry du> to the waves of reaction cessation. Lateral
rarefaction w.-'s3, arising in the reaction zone, lead to the
separaticn of the adiabatic flash on the level of pressures,
existing in the lnhomogencities. New inhonogeneities are therefore
not formed, the 0ld ones end their existence on the boundary,
and there arises a wave of reaction cessation, which subsequently
Gestroys the oncoming ;nhomogeneities in its path.

Fig. 75. Head~on gcan of the luminescence
of the detonatlon front in nitrcmethans.

A plexigles shell, charge diameter of 30
m, length of 100 ma. ,
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But why In the case of & rough detonation front in liquid
explosives is & quasi-statl nary regime of propagation of the
process not established. Apparently, this 1is connected with the
very strong dependence of the reaction rate on the temperature and
as 8 result of this on the pressure in the shock-compressed
explosive, A3 a result of this dependence the size of the inhomo-
geneities is a strongly diminishing function of the detonation
rate, Therefora, in the oblique detonatlon front, which should
have been established on the charge boundary in the case of a
quasi-ctationary regime, the size of the inhomogeneitlies would
reach ~igantic values, due to which the concept of an obligue
detonation fro1t would lose all meaning.

Liquid explosives with a rough detonation front do not have
Hameters of stationary detonation propagation, i.e., with any
aiarater the detonation will be nonstationary. From this it does
not follow that the detonation front has a variable velocity. On
the contrary, on the axis of the charge, as experimentation has
shown, it always propagates with a conatant velocity, which
coincides within the limits of accuresey with t+- - . ideal
detcnation, Nonctatlonarity of the detcnation front i1s manifested
in ¢ne fact t.-2% the distributlion of the parameters on its edges
varies all the time. Thus, the theory of z critical diameter in
the examined 1iquid explosives rust be nonstationary. For clari-
ficaticrn of the basic principles, which should be lald down on the
baszis of it, let us turn to the experiment on the investigation of
the nmechanism of attenuatlon and restoration of the detonatlior
front.,

The Transfer of detunstion Freom a
Tube to a Velume

The named Lechanism appears in its purest form during the

transfer of detonation from a tube with rigid walls into a wilide
volume, occupled by the explosive, Head-on scanning of this process
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is represented in Fig. 76 (a, b). At first the size of the
jlluminated region is constant and ccrresponds to the tube diameter
d. At moment tg of the emergence of the detonatlon front into the
voluze its boundaries begin to constrict with constant velocity
toward the axis of the cinrge. This velocity may be determined by
measuring th angle ¢. It turned out that its value v close %0 the
rate of propagation of the inhomogeneities along the surface of the
detonaticn front. At a certain moment ty to tne side of the axis
of the clarge there arises a diverging detonaticn front (points A
and A' In Fig. 76), the boundaries of which diverge both in the
direction toward the charge axls, as well as to the opposite

sides. At a certaln moment t, the internal bourdary of the
diverging detonation front overtakes the boundary of the attenuating
detonation front, and from this moment only the expansion of the
area of the detonation front occurs right up to the moment when

the entire cross section of the volume is encompassed.

Pig. 76, Head-on scanning of the luminescence
of the detonation {ront in nitromethane during
the passage of detonation from the tube into
the volume (a) and a diagram of it (b). Tube
diameter 1s 19 mm,

With the reductlion in the tube diameter we discover 1its
eritical value, below which the transfer of detonatlon into the
volume does not cocur. In thils case the diverging detonation
front is not formed, and the boundaries of the detonation front
exiting from the tube with the same constant veloclity are confined
in the dirsction to the axis of the charge right up to the total
attenuation of detonation. A corresponding head-on scan is
represented 1in Flg. 77.

187




AD751417 - 206

7. d-on soan of e uminescence
of the detonation front in a mixture of
nitromethane with acetone (75:25) during Lhe
passeage of the detonation from the tube into
the volume (diameter of the tube iz 37 mm).

The critical diameter of the transfer of the detonation from
the tube into the volume, as was pointed out, depends nelther on
the material, nor on the width of the walls of the tute, if only
tue detonatis: in the latter propagates stably. 1t is interesting
tc note that the clted diameter coincides with good accuracy with
the critical diameter of the same explosive, which 13 determined
in the charges, placed into the thin cellopl.ane siell. Such a
coincidence points out the generality of the r- . ".r., ‘thich

l2ads to the attenuation of detonation in this and in the other
case.

vet us examnine the gas dynamic problem cf the transfer of
detonation from a cylindrical tube into & voiume. According to
head-on scarning, a diverging detonation wave is formed at a
considerable distance from the axis of the charge, which permits
us to simplify the problem by the substitution of z ecylindrical
diagram of the flows by a flat diagram. Such a substitution does
not introduce significant distortions into the structure of flows
to the side of tlLe axis of tite charge, however in calculating the
induction time behind the shocic wave between a cylindricsl and a
flat diagram significant distortion may rzsult. Therefore, in an
analysis of the processes connected with the kinetics of the heat
liberation, we will keep in mind that the examined problenm is
cylindrical. Figure 78 represents a cross section of a charge
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@long the plane, dravn through the axis of symmetry. Let us
stipulate thet the leadoff time runs from the moment of the paseage
of detonation from tha tube into the voluma.

Fig. 78. Diagram of the
passage of tihe decona-
tion front from Che tube
into tha volume,

he surface of the detonation front in
the tube, as well a3 atter its pasasage into the volume is "lat
(in the macroscopic sense). This lact, apparently, is explulned
by the interaction of the inbcmogeneities with the wall as with an
absolutely rigid barrier, as 2 r:sult of which valid initiation of
the reaction 1s ensured on the :dges of the charge as well, In
future discussions this circumstance will be used to a significant
degree.,

As experiment shows, t©

At the moment of passage of the detonation front from the
tube in ite boundaries the interaction with the rigid shell
disappears. Due to the strong dependence of the rate of the
reaction on the temperature (in the final analysis, on the
pressure) on the boundaries of tha front there occurs a separation
of the chemical reactlon in precisely the same way, &s on the
free surface of the charge. Thus, the reaction time increases
with a Jump from the value, which existed in the unlimited detona-
tion front (and is preserved on its sectlons, which lle close %o
the axis of the charge, to a certaln greater value., Due to the
strong dependence of the rate of the reaction on the pressure its
separation occurs practically immediately, on the front of the
rarefaction wave. Therefore, on the surface of the detonation
front a uave of reaction cessation will be propogated with a
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sonstant velocity. Itz velocity w»ill be determi..ed by the velocity
of the shift of the leading eige of the rerefaction wave along the
surface of the front. This value, naturally, is connected with
the sound speeds in the shock-compressed explosive and in the
products.

Let us examine the flow scheme in the vieinity of the boundary
of the attenuating detonation front in approximation, when this
{ront can be aszsumed to be a separation surface. It i3 contrete,
i’ d »» a, which will also he assumed in the future. But this
assumption allows us to assume that the classicni detonation theory
is applicable fer the movement of the dstcnation front both in the
tube, as well as in the volume. In particuiar, the products of
the explosion leave the detonation front with the speed of sound.

Let us conneet the coordinate systen with point A (Fig. 79),
which 1s situated on the boindary of the attenuating detonatien
front. In this coordinate system the oncoming flow of the initial
explosive has a velocity D¥. It is parallel to trajectory 3 on
the top of the right angle 1-1' (in the glver il e, system
this angle moves). The veloeity of the flow of products Uy is
the vectorial sum of the veloclty of the wave of reactlion cessatlon
along the front v and the velocity of the cutflow of products from
the front, which in confurrance with the assumption that 4 >> a is
none other than the speed of sound ¢y (Chapman-Jouguet principle).
Shoek front 4, formed as a result of the expansion of the products
to the sides and of the expansion of the initial explosive by
them, it Joins attenuating detonation front 2. As a result of the
expansion nf the products to the sides the pressure in them must
fall., Thercfore, in the flow of the products a rarefaction wave
6-6' 18 estsblished. The flow of products, having avolded the
rarefaction wave, becomes parallel to the flow of the explosive
behind shock front 4. The pressure .n both sides of the interface
5 must be identical., In the future, all the values referring to
one of these reglons (0) (1), (2), (3), (4} (Fig. 95) will be

designated by letters «ith the corresponding subscripts 0, 1, 2, 3,
uo
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Fig. 79. Structure
of the flows in the
vicinity of the
boundary of the attep-
uating detonation
front.

The flous in region (0) and (1) are determined/by the fulfill-
nant of the conditlions of the problem, since the rgte of detona-
tion D, the rate of movament of the wave of the reaction cessation
v and the velocity of the product outflow from thé front cy 8re
determined by the properties of the selected explosive. All the
rexaining parameters of the flow may be caiculsted, 1f we know
the equation of state of the initisl oxplosive or st least its
shock adiabatic curve, and also the lsentrope of the explosion
products. Henceforth we shall assume that all the elements of the
cited scheme of flows are known; the specific caleulation for
nitromethane and cast trotyl 1a shown in work [145].

It 18 possible to show that u, and uy are greater than the
corresponding speeds of sound cy and c3. Actuslly, the normal
component of the flow, intersecting the boundasry of the Prandti-
Meyer flow, is equal to the speed of gound at the given point in
space. Consequently, the total velocity Uy > cye

The second inequality u3 > c3 is proven, on the strength of
the physical concept of the spsed of the wave of reaction cesaation
v. Let us submit for the moment that the shock I ront & does not
diverge with respect to the detonation front 2. 1In this case
veloclity u§ would have a lower value than it does in fact have.

On the other hand, it would be equal to the speed of sound cl,
corresponding to a pressure not lower than the pressure of the
weak sections of the detonatiocn front., In tuern, the weak sections
have a pressure of not less than that obtained behind the shock
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front ms a result of the éisappearsnce of the reaction over the
entire area, i1.e., during the discharging of the reaction products
forward along the detonation path. Shock front 4 corresponds to
the discharging of the same products to the side and therefore has
a lower pressure. Consequently, c3 < c%' However, in such 2 case

u, > u! s ef >c.,
3 3 3

3

From the demonstrated inequalities

Ky Dy (7°)
%26 (79)

it follows that the examined scheme of flows is correct not only
in the small vicinity of point A, but also in a certain finite
raplion of space around this point. The boundary of this region
from tie aspeet of Lhe shock-cernressed explosive and the rarefied
products 1is the leading edge of the seccnd rarefaction wave T7=-7'.
The latter forms because of the same reason, that the products

and the compressed explosive must of necesslty somewhere be dis-
charged to the pressure of the medium surround*- - .- 4» »nation
charge. The point of intersection F of boundary 7-7' with the
separatl.n surface 5 1s removed from point A with veloelty up,
which {s equal to the lesser of values Uy = ¢, or u3 - c3. For
exanple, let us assume that u, = ¢, < u3 - c3. This means that
the sonic disturbance in the product is communicated with a flow
velotity less than the sonic disturbance proceeding in the

explosive. In this case point P will shift with & velocity u

will form such an angle to the line of separation 5, so as to
enablle it to interlock with the front of the rarefaction wsve,
propdgating from the products. In other words, in the examined
case the rarefaction wave in the products "leads" the rarefaction
wave in the compressed explosives, This may lead only to the
attenuation of the steepness of its front, but it will not be
expressed in its velocity. Thus, point P shifts with the speed of
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the leading wave, and therefore up s U, - Cy, {.e., this speead i<
actually aqual to the leassr of the ~itsd velocities.

Tmz Fachanisn of Detonaticn Cessation

The explosive shown ir region 3 has the potertial of flaring
up after the lapse of the induction pericd t, which is determined
by the conditions behind shosk front ¥, Thus, T 1s that value,
to which the reaction tise increases aftar the disappearange of
interaction of the detcnation fromt with the wall of the tubs.

It is necessary to point out tha. the induction time t is
related not only wih the pressure behind the shock front, but
even with the rate of fall of t :.is pressure in each particle of
the exnrlosive after its passage through the shock front. In the
case of a flat aystem of flows the fall in the parameters behind
shock front 8 right up to the rarefaction wave 7-7' does not
take place. However, actually the system of flows is cylindrical,
and therefore the flow of ths sxplosive behind the shock front
is diverging from the axis of the charge and the pressure in thia
flow falls in proportion to the distence away from point A. Con-
seytiently, induction pericd T in this case is greater than it
would be in the case of a shock front of the save amplitude, but
uith constant parameters behind it.

At firat deflagration takes place only at that moment tl’
when the portion of the explosive, which remsined in regicn 3 not
less than ths induction period, reaches pcint P. Toward wonent
tl point ¥ uwill move away rroR point A by the distance "pel’ since
these points coincided initislly. The same path is traversed by
8 section of the explosive with apeed u3 for time 1

Bighy o K, (80)
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Tha flash of the compressed explosives at point ¥, just as in the
initiation of detonation by the shock wave, leads to the formation
of detonation in the compressed explosive. It is propagated to

all sides, incluuing in the direction ol the attenuating detonation
front. Overcoming shock front 4, the regenerated detonation leads
to the initiation of an ordinary detonation front in the initial
sxplosive, whish by 1ts boundaries is based on the detonation in
the compressed axplosive, Points A ond A' ©.. the head-on scgn of
Fig. 76 also corresponds to this moment precisely.

Because of the {act that the regenerated detonation front
(Fig. 80) interlocks its »dges with the dctonatic~ front, pr¢pagating
through the compressed expios’ re, it is overcomprezsed on the
edges, since the pressure behind the detonation front in the
cempressed explosive is higher than the pressure behind the normal
detonation front in the initisl explosive. Consequently, the
detonation front in the initial explrsive on'tne edges muct be
even more stable than in the center. The stebllity of the entire
regenerated configuration of the detonation fronts depends main.y
on the possibllity of stable propagation of det . . an Lirough
the ccmpressed explosives. In nitromethane, mixtures of it with
acetune and meited trotyl detonation in the compressed explosive,
as experiment shows, I, stabliy propazzted botn to the axls of the
cna.’ze, and in the counterdireccetion, i.e., also in the region
encompassed by tne rarefuaccion wave - Delow 7-T' (see Fig. 79).

2 Pig. 8C. Diagran of

" \( a) the propagation of a

1 o b) diverging detonaticn
AN 5o front. a) detonatiorn

front in the compreased
explosive; b) diverging
detonation front.
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Lat us determine time tss passed from the first def'legration
to the moment uhen detonation of the compressed explosive overtakes
the boundary of the attsnuating detonation wave, assuming as known
the rate of detonation in the ccmpressed explosive D, and assuming
that this detonation is formulatsd prsotically st one point:

b gt (83)

In the nuwscator we have the path, which has to pass the detonation
in pegion (3), and in the denominator - the velocity, with which
the detonation overcomss this path. Thus, the attenuation of the
detonation front after itz exit from the tube into the volume will
cease after

:-:,H.--a(-};-h‘—-_‘_a )e (82)

After this tims the cpposite points, lying on the boundary of the
attenusting detonation front, will aucceed in decreasing Lo value

g-u-\m(;"-wxg,% . (83)

Experiment shows that the critical diamster on the transfer
of detonation from the tube to the volume coincides with dy. It
was found that dstonation cannct disperse even in the case where
the deflagration of the explosive behind shock front 4 occurs,
but the arising detonation in the compressed explosive does not
succesd in reaching the “sundary of the attenuating destonation
front bafore its dicppssrance. In this case the flash which was
about to arise attenuatss. The reason for the bshavior of the
detonation, apparently, lies in the formation of a rarefsaction
wave diverging from tas axis of the charge, which we shall call
the central rarefaction wave., It ia forsed in moments of total
disappearance of the attenuating detonation front. Actually, the
1atter served as the source, fseding shock front § and sustaining
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constant pressure in region 3. The disappearance of such 8 scurce
1s equivalent to the emergence of a ncew rarefaction wave on the
charg. sxis.

The cerntral rarefaction wave encounters detonation from the
compreas.d explosive (if the latter has arisen) and quickly trans-
fers the edge of the diverging detonation front from overcompressicn.
With the rapld removal of overcompression there occurs a separation
of the reaction, and the diverging detonation front attenuates.

Tne same thing occurs «ith the other boundary of the diverging
detonation front. If the central rarefaction wave arises eariler
than the deflagration of the explesive behind shock front U, then
it may, in general, destroy the possibility of ignition, i.e.,
deflagration will not occur at all,

If 1n s-me manner the central rarefaction wave attenuates,
then deflagration and divergence of detonation would have to be
observed zlso after thr disappearance on the attenuating detonation
front. The central rurefaction wave can be weakencd by the
replacement of the cvlindrical tube by a flat s - ., having &
ractangular cyross section, one side of which is considerably
larger than th~ other. In this case ih: .entral rarefaction wave
will bs weaker because the compreased substance after the disaprcar-
ance of the attenuating detonation front will have to discharye
not to all sides of the axis of the herge, but only into vwc sidecs
from the plane of symmetry. Experimaents conducted with flat tubes
have shown that the deflagration and expansion of detonation in
the volume take place even much later after the disappearance of
the attenuating detonation front, where the def agration can also
take place on the plane cf symmetry of the charge, i.e., clearly
in the region encompasced by the central rarefaction wave.

As was already pointed out, the critical diameter of the

transition of detonation from the tube Into a volume, desisnated
subsequently as dl’ coincidas approximately with the critical
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diamster of the given charge in & wesk shell., Such a coincidence
1z not accidental and is connectad with the identical mechanism of

formation of the wave of reaction csssation and of the restoration
of the dstonation wave.

Actuslly, detonation in ths chargs of the liquid explosive
in a wveak shell is accompanied by periodic attesnuation of the
detonation front after its boundaries have come in contect with
the free surface of the charge and after 1ts subseguent restoration
a3 2 result of the dsflagration and detonaticn of the compressed
explosive (see Pig. 75). Pulsations of the surface of the detona-
tion front, popagating through the charge in a weak callophane
shell, have, howzve, aii Arrsgulsr chiracter and occur asynchronously
Trom various sides Trom the sxis of the charge.

The difference betusen dl and dnp can arise as 2 result of
the fact that in the first case the attenuating detonation front
iz macroplane, and in the second case it, as a result of several
pulsations, bucomes convex. Because of this, shock front 4
compriszes the smaller engle with the axis of the charge, increases
the divergence of the {.ow from the axis behind this front and
increases the industion perind. In other worda, for this reason
d“p > dl must exist. However, the above-cited irregularity of
the pulsetions of the front may in the sesond case lead to the
opposite result, eince the vave of reaction cessetion, arising
only from one side of the charge, may penetrate further thin the
axis, without leading to the smerpence of a central rarefactlon
wave, Coincidence betw2en dl and d“p shows that the ziven rrasons
aactically balance ons another.

Thus, espression (83) can be assumed for the spproximate
formula for the oritical dlamater oY detonation of the examined
11Guid explosives. It folicws from this formula that the ~ritical
diamster is determined n-t by the reaction time in the detonation
wave, but by the greater induction tiome ba2hind the shock frouv,
adjoining the attenuating detonation front. Therefore
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&>, (84)

where 1, as always, is the width of the reaction zone. Inequality
(84) shows thav the rough detonation front on the axis of the
cnarge even in the ' icinity of its limit of propagation may be
examined from the viewpoint of the theory of 1deal detonation. In
particular, its speed in conformance with experimentztion must bo
equal to the speed of ideal detonation.

From formula (83) a calculation was made of the ratic d,/7
for nitromethane, mixtures of it with aceione and meited trotyl
{145, 146]. The calculation error, determined mainly by the
accuracy nr the initial data, is equal to 20%. It was found that
vaiues of d./1, calculated and measured from head-on scan: during
the transition of detonation {from a tube to a volume, differ by
19% in the case oJ nitromethane and 3-8% in the remaining cases.
Such a result can be taken as good confirmation of the theory.

It 1s iateresting to note the formal similarity of ~xpression
(€3) with Khariton's formula, which is found, *“ . .:!-'plier
with v in (83) 18 designated by 2¢'. The value of c¢' for nitro-
mathane and mirtures of it with acetone 1s equal to 14 km/s, and
with a certaln degree of stretching 1t can be taken as the gpeed
of =sound. However, in contrast to Khariton's formula the vaiue of
T In expression (83) represents the reaction time not in the
detonation front, but behind the shock front adjoining it.

§ 3. The Nature of the Critical
Diameter of Detenation of Liquid
Expiosives with ¢ One-Dimensional
Reaction Zonc

Comparison of Liquid Explosives
From the Viewpoint of the Structure
of the Cstonation Mront

In the onae of a smootl, det.onation front the process of heat
liberation in the reaction zone occurs according to the law of
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a degenerated thermsi explosion. The highest degree of degeneration
from studied 1liquid explosives i3 observed in tetranitromethane.
Therefore, using it as an exampls, the most clearly expreased
differences are those in the behavior ~f the detonation front from
e just examinad case of 1liquid explosives without a one-dimensioral
reacticn zone. Pigure Bl shows in-time scans of the luminescence

of the datonation front during the passage of the latter from the
tube into the volumz for tuo different diameters of the tube. The
destonation attenuation observable with a smeller diameter after its
passage into the volume is reainescent of the corresponding picture
for the case of explosives with a rough detonation front, with the
exception, however, that the rate of the wave of reaction cessation
depends strongly on the tube diameter and is not consvant iu time.

Fig. 81. Head-on scan of the luminescance
of tha detonation front in tetranitro-
mathane during its pessage from the tuba
into the volume. Tube diameter: a) 15
mx; b) 35 =,

With a certain tube diameter (16-17 mm) after the transfer of
detonation into the volume the aree of & front 1s not yet shortened,
but remains constant. Thus, detonation is propagated through the
voluma, as 1f it were golng through an extension of the tube.
Although in this caze detonation does not diverge through the
volumse, it nevertheless does not attenuate, and the corresponding
diameter should be assumed to be the critical diameter of the
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transfer of detonation from the tube into the volume. In propor-
ticn to the further increase in the diameter the detonation f{ront
becomes divergent, as if after leaving the tube 1t were continuing
its movement within the 1limits of a certain cone, vhcse opening
angle increases together with the tube dilameter.

The critical dlameter of the transitior of detonation from tlre
tube 1nto the volume, as experimentation has shcwn, colucides with
the critical dlameter of propagation of detonation in glass tubes.
This bears witness, Just a- before, to the similariLy cf the
processes which determine the critical ciameters of the cited
forms.

Besides the above-expounded differences, tetranitromethane
“lvo possesses properties, which unite it into a single class with
12quid exvicslives witn a rough) detonation front.

In the study of detonation of liquld explosives with suffi-
clently large qu values an interesting phenomenon was discovered,
wir.ch 1s not 2xplainable from the viewpoint of - : IUYRE,
wentioned in the beginning of this chapter. It was found that tne
criticel letuoatinm dlameter decreased charply, 1f the internal
Wwalli ¢! tae glass or other employed nonmetallic shell was covered
witi. a thin metallic fnll, If, as i{s tacitly assumed in the cited
work:s, tie 2rliical dlameter ceincided with dmin' then for a
~ignifizant Jdecrease 1s this value a shell would be recuirea,
somparacle in wldth with d“p, since a thin shell i:s not capable
o sipnirticantly affecting the divergence of the flow. Since de
i: much greater thin the width of the foil, then

dey > Ao {45)

Tetraniircmethane, in comparison with liquid explosives
having a rough detonation front, has an additional peculiarity.
In 1liquid explasives with a rough detcnation front the above-
cited width of the foil must be of the order of the size of the
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inhomogeneities (and, consequently, simultaneously of the width of’
the reaction zone), which has a simple explanation. An extreme
inhomogeneity after its collision with the shell muet rest for a
sufficient time on the wall, so that the adiabatic flash ia it can
pass through before the arrival of the rarefaction wave from the
outer boundary ¢© ths shell. In contrast to the cited liquid

explosive ti.2 width of the shell made from foil, which substantially

reduces the critical diameter of the tetranitromethana {from 16 to
6 »»), 18 equal to 0.05 mm, which i5 significantly less than the
width of the veactlon zone of 2 mm, A tentative explanation of
thie fact 1s that the shell must in this case aaintain the param-
eters of the shock compression on the boundary of the charge only
during the initial period of occurrence of the reaction, when the
latter has not yet ~eached sufficient speed.

In all the inve: tigated liquid explosives there wis also
detected a somewhat different effect of the thin shell, which
consists in the following. If during the passage of detonation
from the tube into the volume there i established in the latter
a continuation of the tube from the thin metalllc foil, then even
uith a tube dlameter preater than critical detonation in the
volune is propagated ¢nly within the limits of the eylinder,
1imited by the foll., Let us recall that with the absence ¢f the
latter the detonation front in tetranitromethane would diverge
within the limits of a cone, while in liquid explosives with a
nonone~dimenasional reaction zone & detonation wave diverging into
the entire volume would arise,

It is interesting to note that i1f the mentioned tube made
from foil is shortened and staops within the limits of the volune,
then after leaving it the detonation front bhehaves precicely in

the same way as during passage from the rigid tube into the volume,

Let us now examine all these phenomena from theoretical positions,

201,




AD751417 - 220

Pecullarities of the Flow Around
the Limit of an Attenuating
Detonation Pront

1A constructing the flow scheme for liquid explosives with a
nonone-~dimensional reaction zone two assumptions are used: thav
of the practically instantaneous separation of the reaction at
the forwardmost edge of the rarefaction wave and that of the
initiatian of detonation in the compressed explouzives within the
iimits of a very small volume, which, practically speaking, can
be assumed to be & point. These assumptions can be fulfilled only
for those explosives, in which the kina2tics of the heat liberation
correspond to the law of 2 normal thermal explosive.

What will happen with a departure from this law? Obviously,
in prarortion to its degeneration there will be a breakdown in the
seometric rectilinearity of the system of flaows, represented in
Fig. 80 for the limiting case. Actually, although the forward
boundary of the lateral rarefactlion wave must, as before, propagate
over the area cf the detonation front with a constant speed, the
line of =eparation of the chemical reaction wii. .. .ii.-nt from
this bounrtary by the value, determined by the deepness of the
rarefaction wave.

Por the transfer from the tube into the volume the latter
designates that at the initial moment, 1.e., when leaving the
tube, the separation line almost coincides with the forward boundary
of the rarefaction wave, then the distance hetween them grows
as the rarefactlon becomes smocther. Finally, in the vicinity of
the axis of the charge as a result of the divergence of the flow
the nteepness of the rarefaction curve again increases, and the
. separation line again must approach the leading edge of the
disturbance, going along the reaction zone. Thus, the observablas
variable speed of the boundary of the attenuating detonation front
and its dependence on the initial diameter of the tube can be
explained naturally. It is sufficlent only to assume that this
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boundary coincides with the line of separation and to keep in mind
that with & rise in the tube diameter the divergence of the flow
to the sides of the charge axis decreases and, consequently, the
steepness of the rarefaction wave, propagating over the &ares of
the detonation Iront, also dscresses.

Thus, with the deviation of the law of a thermal explosion
from normal first of all poiht A in Pig. 79 is blurred into the
region of sapsaration of finite dimensions, depending on the initial
diameter of the dsteonation front (sone A-A' in Fig. 82), since in
this reglon the amplitude of the shock front is weakened, the
edges of the latter must fall. In turn this leads to a lower value
of the angle batween shock front 4 snd the axis of the chary-,
i.e., to & reduction in its amplitude and %o an increase in the
flow divergence from the mentioned axis. Tﬂus, as the region of
separation A-A' expands, the conditions of initiation of detonation
behind shock front 4 must Jeteriorate. )

At a certian stage of degeneration of the law of thermal
explosion there is a qualitative abrupt change, connected with the
impossibility of the formation of detonation in the compressed
explosive behind shock front #. Apparently, tetranitromethans
conforma exactly to the latter inclusion. In thls case the
critical diameter of the tranafer of detonation from the tube
into the velume is determined not by the flash of the explosive
behind the shock front #, put by the dependence of the rate of
propagation of the separation line to the axis of the charge on
the tube diameter. This rate decreases to zero with the increase
in the tube diammter and then becomes negative (i.e., directed
from the axis of the charge) thia permits us to explain the
obaerved coincidence of eritical diameters during the transfer of
detonation {rom the tube into the volume and during 1ts propagation
in cylindrical charges. At a gero rate of attenuation of the
detonation front behind shock front k& supersonic flow of the
cozpresaed explosive takes place. In this case the flovw within
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the *tmits of the detonation front would not change, 1{ in the
cited flow a free charge boundary was found. From this ¢7so
followz =he coincidence of the two forms of critical diameter for
’tetranitromethane.

Fig. B2. Diagram of the
attenuation of detonation
with a one-dimensional
zone in a liquid explo-
sive during the passage
of the detonation f{ront
from a tube into &

volume.

KEY: a) Axis of the tube.

From wua't has been gald 1t follows that-the critical diameter
ol the charge of tetranitromethane without a shell must be described
by the stationary theory, i.,e.,

&
-

dﬂl-dﬁ- ’ Vo

It 1s difficult to confirm thls concrasiuvrn with direct experimental
thesking, at izast until the mecnanic of the effect of a thin

shell on the value of the critlca. Jlameter {s completely clarified.
Aetually, charges of tetranitromethane, as with any liquid explo-
give, must hive some kind of shell. However, In such a case the
reason fur stationary propagation of detonation in thece charges
can be attributed with certaln care .o the effect of the given
shell.

The following experimental fact indirectly bears witness in
favor of equality {B6). It was found that during the prcpagation
of the detonation front, resting with one edge on the free boundary
of the tetranitromethane, no pulsations of the area of the front
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were detected, sush as ofcur in a similar situation with 1iquid
explosives with a nonone-dimensionsl resction zone. In this

respect the detonatiory of tetranitromethans is similar to the
detonation of solid losives.

Let uvs uxaaine/in more detail the poasible reazzons for the
stroig influence of the thin shell on the value of the critical
diameter of the detonation of tetranitromethane, As was already
senticnied, the prbssnce of such an effect testifies to the great
difference betwesn 3011G explosives and tetraznitromsthane and
places ihe latg r into a single category with other liquid explo-
sives.

The Effect of a Thin Shell

To clarily the role of the thin shell let us construct one of
the possible achemes of flow in the vicinity“or the charge boundary
with the shell (Fig. 83). As 1s usual, the picture of the flows
1s examined in 2 syatem of coordinates, connected with the detona-
tion frent. In order for this plcture to be stationary, the flow
behind the shock front in the vicinity of point A must be super-
sonic. In the opposite case, the boundary of the statlonary
rarefaction wave A'FE could not be estabiished in this flow.

Pig. 83. Approximate
diagram of the flows in
¢ a stationary detonation
—oZc=»=>  yave when there is 2
thin metal shell.

TRLO7

The flow behind the shock front of detonation AB in the
vicinity of point A may turn out to be both superszonic, as well as
subsonic. In the first case the atructure of the flows in the
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Teaction zone would besically not differ from that examined earlier
for a charge without a shell (sece Pilg. 71). Just as before, the
sonic surface would have to intersect the shock front AB, and the
effect of the shell would be exerted only in the region of the
supersonic flow of the reactiag medium, For this reascn the given
casé probavly has no relationship with the effect of tne thin
shell.

In the second case, 1.e., with a subsonlc speed of flow of
the reacting medium away from point A, the sonic curface CD does
not intersect the shock front of detonation. Apparently, in this
case we may assume tha' the shell substitutes itself for the
imaginary section of the detonation front AC, which should have
maintained approximately the same conditions of stationary prepa-
zatlion of detonation on boundary AD with no shell present.

The preceding assumpticn allows us to eiplain the effect of
a thin shell by supposing that the imaginary section of the
detonation front has such large dimensions, that with no shell
present the charge diameter must be increased ! . vl iimes,
so that a -tationary detonatlon front can be propagated through
the latter. Under such conditlions i tnis possible?

Let uc return to the fundamental expression {67). It follows
from 1t that in the region of subsonic flow in the reaction zone
the following inequality must exist

P>2d. (87)

However, the divergence of tne flow 3 directly behind the shock
front, with the other conditlons remaining constant, 13 apparently
a8 monotonically increasing function of the slope cf the latter.
Consequently, depending on the kinetics of the heat libderation iu
the reaction zone at the initial moment after the shock compression
inequality (87) imposes greater or lesser limitations on the value

206




AD751417 - 225

of the glope of the shock front of the é&stonasion. In tuirn, the
slope of the chock front determinas the distance from the line of
1ts intersection with the sonie surface up ‘o the axis of the
charge, and ¢ is this distance which increases .ith the decrease
in the slope.

Susmming up all the foregoing considera%tions, one can draw the
following conclusions. H%th strongly degenerated heat liberation
kinetics, when the value P imp.adiately after shock comprsssion as
a large value, the -onic suiface and the shock front are quite
bent and convergs at & lary: angle *oward one another (at the
limit of propagation of detonation). Therelore, the s*ze of the
Imaginary section of the detonetion front AD wust be small., 1In
other words, ths thin shell will not¢ aignificantly affect the value
d“p. On the other hand, in proporticn to the approach of the heat
liberation kineticz to the normal l-w of a thermsl explosion,
ghich primarily corsist: in the raductiorn in the initlal value
P (1f the total reaction tixe is assumed to be lunstant), the
slope of the shock front and of the sonic surface falls, the angle
of their intersection is reducad, and the size of the i{maginary
section of the detonation front AC increases correspondingly.

It is interesting to note that in the experiment a sharp
reduction is noted in the slope of the detonation frount, ireluding
at the limit of its propagation {both in the charge with a shell
and in the or2 without it). during the transition from volid
eaplosiver to iiquid. Thua, the conclusion about the reduction
of the slope of the front as the kinetices of the heat liberation
approaches the law of the normal thermal explosion is confirmed
experimentally.

Thus, the effect of a thin shell for a smooth detonation
front must exist only in the case where the kinetlics of the heat
1iberation in the resction zone correspond to the law of a weakly
dsgenerateé thermal explosion. It should be emphasized once again
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that tnis con~lusion is baszd esasentlally on the assumption ¢
squivalency of the effect of the zhell on che subrunlc reaction
zone and of the effect on the same .one of the degenerated portion
of the dctonat n front {uhich in the absence of the shell must he
replaced by a real section of the front). If this assunption Is
not justified with sufficient accuracy, then another explanation
of the effect of a thin metal snell should be found.

From the diagra.: of flows shown in Figz. 83 1t is .l.ar that
not every sheil maSerial cxa.: lead to its noticeavic Z:n.fluence on
the value of dup‘ ‘or the examined effect a definite ralationship
between the dynamic rwoperties of the materizl of the shell and
of the studied explosives is necesrsiry. In particunlar, the shell
density must be as large as possibie, :o that with one and the
-ame shock compression pressure the normzl speed of the shock front
‘a the shell will he less than the same spoed in the explosive.
Consequently, if the conclusions drawn here ire more rigorously
Justifieu, then one can give a strict experimental confirmation
to formula (86) by using the appropriate slell material.

The small slope of the shock front of detonation in the
charze of a4 “ijuid explosive with a t+in metal shell also allows
us te easily expl ‘a the second of tn- earlier mentioned effects
of a thi.. shell. Actuaily, if the cpu:e around this charge is
filied with the same liquid explosive, then It has no significant
«ffect or the cetonation propagation within the confines of *the
shell, since in the determinant section AD (see Fig. 83) thae
»ffect of the thin shell with all other condltions being equal 1s
equivalent to the effect of an infinitely thick shell (information
on the thickness of the shell comes to the flow of the explosive
only at point F). Thus, the detonation fron% within the limits
of the shell will be flat in contrast to its shape when there is
no shell.
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Pigure 84 gives a dlagram of tne flows, arising behind the
detongtion {ront snd in the surroundirg explusive., It can be
obtalned from the disgram of flowa in the vicinity of the attenu-~
ating detonation front, represented in Fig. 79, if we assume that
vhe spéed of the wave of resctlon cessation is v = 0. In the
latter flow systea the flow behind shock front 4 is easentially
divergent from the charge axis. Bacause of this each element of
the initial explosive after shock compression immediately appears
tn be under conditions of rapid ediabatic expansion. Under such
conditions all iiquid exprlosives may undergo separstion of the
posxibllity of ignition, as a result of which the .induction period
becomes infinite (the surroundirg sxplosive does not detonste, in
apite of the increase with tims of the dimensions of the region
of the compressed explosive). Thus, the second effect of a thin
snell is related with the fact that 1t obatructs the buil'dup of
“he edges of the Jetonation frunt and does not enable 1t e
propagace to the side. '

Fig. 84. Disgram of the
flows during detonation

]
[
x' propagation within limits,
delimited by a thin metal
/j \\ shell.
r

Let us note that in solid explosives such an effect in
appeare..tly impossible because they begin to react imme?iately on
the shoc:- front.

Trousfer Froz the Ststionary
Theory of d“p to the {onstationary

0f great interest is the investigation of thowe ligquid
explosives, which are betwean tetranitromethane and nitromethane
w.th respect to the peculiarities of the kinetics of the heat
1iberation in thz reactlon vone. As an example of such explosives
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w2 can point out the form of the transfer from the stationary
theory of de (tetranitromethane) to . he nongtationary theory
(nitromethane).

Nitroglycerine and dinitroglycerine belong t¢ the cited
liquid explosives., These explosives are close te one another in
chemical structure &nd are distinguished by thei- high power. The
strong:effeﬂt of the thin metal shell on the de value can also be
observed for then.

Figurr B85 shows time scannings of the luminescence of the
detonation fro:t ir nitroglycerine during its transition from rigid
tubes of various diameters into a volume. To increase the image
on the film of tre photo recorder in these experiments magnifying
lenser, nlaced in front of the charge at a distance of less than
the focali length, were used. Such scannings for dinitroglycerine
do not differ gqualitatively frcm those repreéented, if we do not
consider the approximately fourfold increase in the critical
diameter in the latter cazse.

The photoscannings shown testify to the significant diffcrence
of the piciule o the transfer det<niaijon from & tube to a volume
toth from ti, case of tecranitrometh-sie {see Fig. (1), as well. as
fror the case of nitcomethine fses Plpgs. 76 and 77). Attention is
Jdrawn to €nh~ faet <hat after the passage of detonatiocs into the
volume the noundaries of the detonation frcat reveal special
pulsaticns, which can be expliained in ithe following way.

In nitroglycerine and dinitroglyceriae the detonation front
13 one~-dimens.onal. Therefore, the nature of the detonation
attenuation during its passage intc the volume and afte. each
pulsation muct be the same 88 In tetranitromethane, At the same
time behind th> shock front, adjolning the boundary o. the attenu-
ating detonatlion front, the kinetics of the heat liberation
corresponds t~ the law of a normal thermal ex, losion. Therefore,
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Just as $n nitromethane, in this case behind shock front 4 (see

Mg. 79) adiabatic flashes occur and detonation in the compressed
explosive is forred.

: . e
Pig. 85. Hesd-on seanning of the luaines-
cence of the detonation front of nitroglyc~
e ine during its passage froa & tube into a
volume. Tube diameter 2)1,7 mm; b) 2.4
ma.

It would seem that the further development of detonation
shou>d take place according to the syatem, existli-3 in nitromethane.
however, instead of propageting to both sides from the site of its
emergonce, detonation ip a compressed explosive proceeds only
toward the axis of the charge, and trailing behind it a wave of
reaction cessation is propegated. Such detonation behavior,
however paradoxicslly, 1s relaved with ihe small value of the
i{nduction period behind the shock front., It is precisely because
of this that a sufficiently larjze layer of the conpressed explo-
sive fails to increase before the initiation of detonation behind
tl : shock fromt. /s a result, ths initial volume of the compressed
explosive, which is encoxpasased by detomition, turns ocut to be
to. amall to initiate and sustain a dlverging detonation wave in
a noncospressed explosive, For the same reason the uctonacion of
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a compreased explosive does not proceed in the least favorable
direction, i.e., against the peripheral rarefaction wave. In this
way the pulsation attenuates. However, in lIts place in the same
way the following one arises and so on.

It 1s interesting to note that in pure nitromethane and in
nixtures of it with acetone a picture similar to that described
above is occasionally observed. This occurs when tecauce of random
reasons (apparently, due to microbubbles of gas) the inducticn time
tehind the shcck front ' roves ‘to be an order less than Its rormal
value.

Let us return to nitroglycerine and dinitrozlycerine, Depend-
ing on the tuve diameter eaéh suvsequent flash behind the shock
{rcat can take place either before the total attenuation of the
preceding one, or after it. This also apparently determines the
value of de of the transition of detonation from the tube into
the volume. Just as in the case of other liquid explosives, it
was found that this diameter coinclues with the critical detonatlon
diameter of the same explosive in a glass shel® On this Losis
one can conclude that in the glven explosives the critical diameter
mu3t be doterrined by the nonstationaiy theor:, wherein the latter
will significaatly differ from the crse of lignid explosives with
a rough detonation front,

In conclusion let us make a few general remarks on the limits
of detonatiuvn propagation with respect to the charze diameter in
all liquid explosives. On the basis of what has been said it can
be asgerted that in all liquid explosives d“p > dmin‘ Therefore,
the dependence D(d) for all liquid explosives is broken off long
in advance of a noticeable decrease in the detonation rate with
a decrease in the dlameter. This gives clarificstion to an
experimental fact: the weak dependence of the detonation rate on
the charge dismeter in all llquid explosives. The second coaclu-
slon consists in the fact that the width of the renction zone in
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all 1iquid exploaives does not have a2 direct relatlonship to dnp
and is much less then its value,

In ¢he literature one sometimes encounters the comparison
of the sensitivity of an explosives to s shock wave with the value
of d“p [137]). Such a comparison is not well-grounded for liquid
axplosives.

Actually, the sensitivity of an explosive during shock
initistion is determined by the laws of development of the adisbatie
thermal explosion during heating, which is fized using the active
charge, Consequently, the sensitivity of an explosive prisarily
depends on the activation energy and only secondly - on the heat
of the reaction. For example, in nitromethgne and mixtures of it
with acetone at one and the same piressure of shock compression the
induction period is aimost identicsl. On the other hand, the
critical dianeter is determined either by thé conditions behind
shock front 4 (see Fig. 79), or by the conditions at the points of
intersection of the shock front of detonation with its sonic sur-
face. In both instances heating at the indicated sites depends on
the power of the explosive, which determines the detoration rate,
and through the latter - also determinea the temperature of the
shock compression. Consequently, the critical diameter depends
both on the activation energy, as well as on the power of the
explosive (in this respect 1iquid explosives are similar to solid).
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Fig. I. Experiment with 1light reflectisn
in nitromethane. 1 - moment of entry of
the shock wave into the liquid; 2 -~ light
reflection from the shosk wave; 3 - light
reflection from the front of normal
detonation; ¥ =~ luminescence of normal
detonation, 5 - luminescence of the
seaond wave.

Fig. X1. Photos anning of the lumines-
cence during the initiation of nitroglyc~
erime., 1 - mwoment of entry of ths shock
wave into the nitroglycerine; 2 - "halo®;
3 « luminescence of the second wave; 8§ -
Iuningscence of nermal detonetion.
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Pig. III. Experimentation with light reflecticn in
nitroglycerine. 1 - moment of -entry of the shock wave
into the nitroglycerine; 2 - light reflection from the
shock wave; 3 - light reflection from the surface of a
boundary made from plexiglas with a deposited aluminum
layer; U - "dark region," arising as a result of the
cessation of light reflection from the. boundary; 5 -
.uminescence of the second wave; € - luminescence of
normal detonatlon.

Fig. IV. Experimentatlon with light reflection in
tetranitromethane. 1 - light reflection from the sur-
face of a boundary, covered with a thin aluminum layer,
before the passage of the shock wave through it; 2 -
moment of entry of the shock wave inte the 1liquid
(reflection from the interface immediately diaapgeara);
3 - 1ight reflection from the shock wave front; 4 -
moment of formation of detonation in an undisturbed
1iquid; 5 - luminescence of normal detonation in tetra-
nitrorethane; 6 - light reflection from a normal
detongtion front.
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Fig. V. Head-on photoscanning of the
process in nitromethane with a flat folil,
placed a certain distance from the interface.
1 - moment of passage of the second wave to
the foll.

Fiz. V1. Photoscanning of the
process of detonation propagation
1n a mixture of nitromethane with
gcetons in a volumetric ratio of
- 72:28. 1 ~ atart of detonation.
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Pig. VII. Photoscar of the experiments
with 1ight reflection. 1 - light refiec-
tion from the interface prici zo the
appearance of the shock wave in the 1ijuid
exploslve; 2 - moment of entry of the shock
wave Into the medium; 3 « "mirror" light
reflection from ihe shcek wave; 4 -~ lumines~
cence of the detonation of shock-compressed
nitromethane; 5 -~ luminescence of normal
detonation in nitromethane; 6 - lirht
reflection from the surface of the detona-
tion front (reduction in the width of the
imaga i3 caused by the convexity of the
detonation front); 7 - reglon of overcom-
preasion.

Fig. VIIT, Photoscan of the process of
detonaticn Initiation in a mixture of nitro-
methane with acetone in a volumetric ratlo
of 60:40. 1 - moment of shock wave entry,
fixed by the flash of the miniature charges,
rlaced on the interface of the aciive
~harge: 2 - weak luminescence, corresponding
ty detonation o the shock-compressed mixe
turg; 3 - luminescence of detona<i-n in an
undisturbed mixture; U - repeat-d sdtabatic
flashes in the shock wave.
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Fig. IX., Photoscan of the ezperiments
with artificial excitation of the detona-
tion of & shock-compressed mixture. a)
=izture of niltromethane with acetone in g
ratio of 60:40; b) mixture of nitromethane
with acetone 65:35; 1 - moment of entry of
the shock wave; 2 - explosion of the
initiating charge, placed on the interface;
J ~ Juminescence of dztonation of the
shock-compressed mixture; 2 - luminescence
of detonation in an uncompressed mixture
(the "fine structure™ 1a visible); § =
egion of propagacion of the shock wave
without ignition,
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Fig. X. Photoscans of experiments on
observing the Interaction of triple detona-
tion configurations. a) free passage of
configurations through one another; b)
damplng of configurations up.n collision.

PID-HT-23~1889-71 222




AD751417 - 241

*...

M

Fig, XI. Photescam of prooess of iniation
of detonstion in a'mixture of nitromsthane
with scetond with & short powerful dis-
charge. 1 - start of &etonmation} 2 - end
of detonstion.

Pig. XII. Photosean of experizent to
obsarve separaticn of spherical detonation
in 8 75:25 nitrosethane and gostone mixturs.
1 » stert of detonstion; 2 -~ end of detona-~
tion.
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Pig. XIII. PMhotescan of experiment
to observe emsrgance £ dpherical
detonaticn to steady-state regime in
78:22 nitromethane and acetone unlx-
ture, 1 ~ gtert of detonstlon; 2 -
forxatien of detoastion propagating
in normal ragime with esmstant dimen-
sion of configuration Bt the front.

Pig. XIV. Photozcen of oxperiment
to observe dsmping of pulsating

detonation at the limtt, 1 - start
of dstonation in lower cube; 2 -

pessage of detonation through film;
3u; end of detonation: in upper
tube.

Mg. XV. Pig.
Mg. XV. Rastor photoscan. 1 = glow of detonation
front vefore approach to the air gap.

Fig. XVI. Photograph of dstonating change of KB powder
with longitudinal channels. 1 - glow of products rlow.
ing along the channels; 2 -~ glow cf front of detonatin
process.
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