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This book puts forth the results of ret*anh on the theory

of dtena-tion of" condensed mwdias 4onductod at a branch of "he

Institute or Chemoal Physics of the Acade* of S iem s of the

USSR. The book is desigrad for salentifie personnel and engineers

involvvd .th research and practioal work or detonation, " also

for students and graduate students, apecialiing in the theor7 of

the Oysics of cosustion and exploiovA.

The use of ondensed explosives is at the present tize beacming

soak and more widespread. This oan be explain" by the growing

Intareat of investigtors in the pbanomnon or dtomtlon.

The baslc untrzlying lde&a in the developnt of concepts on

the vachonism or detonationt which stimalated wiftspreaA foruda-

tio of experitenta1 research, belong to the Soylet scientists:

Ta. B. Seltdovich, Tu. S. Mhariton and K. 1. Shahelkin. The nme
of these scientists are eonnected with Ideas of a physioal mnoel

of a detonation wave, with the hudts of excitation and prop paton

of detonation and or the WIersal Instability of a detonation

frost in bsneous explosive media.

The promt book gives further development to problem of the
the or o tonation for condensed explosires. 3ch a possibility

MA WIM a a Mult orthe aet that at PrOesn, thank toV1i
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nm *oft ofeYsean am to tho weotiga or ezpsrinual
to lm, 1ffotant n ewpefIM al data have been obtalsld in
the etI6 direction.

In the introduction the bule problem of the study of
detoratLon of aorensed explosiv s ee briefly forsulated. The
pbsuo2mlogeal theory of detonation is expounded in Chapter I as
clie to condenced oxploswaes: the claseal theory, the theory
of Sel'dovi b ad the thbory of a quasi-stationa y detcnation front.
C ater n ons ths muits or inestiations of the mwchanism of
the initiation o detocntion In liquid and solid explosives by
shook waves. An aeacot 15 given here of ths volusminous experimental
data ca tbe struetur of flows during the formation of detonation.
c - orur taes up the results of Investiptions of the process
of datczation in liquid #xplo@siv*. This chapter oxaines the

exper1wnts In which it wu establishad that In a nurber of liquid
explosive& the detonation front has a heterogeneous pulsating

m wt and givev qualitative explanations to the limits of th*
e&uito of eob detantion. Chapter W generalizes the results
of InUV% ti= of the process of 4etonaticn In solid explosives.
Chapter V czisws the nature of the critical diLater. Special

ttwUi t IM r givn to the study of pulsations of the surface
l~ on of the detonation front in liquid exploolves.

Us authors express their deep gratitude to Acadtelcian N. N.
-fx 2'r bis vqport or this resea'ch at Its start and his
awlm atent .An the results during the investigtions, to
Aced.Joan Ya. D. Zo5 dovloh for his numrous discussions of the
rw o , vaiwle b tervatona end advice durInS the Investigations

=4 fts MeW~r on tba amuwrpt, to coa'responftnt smbers Z. 1.
eam4 L I. 8oloukhi, ad also to F. 1. Dubovitskiy, !'is. K.

* 1. Do v, V. V. hiLtrofanov an R. Ye. Topchlyan for
,4063 #nweting wn useful discussions an the theory of

N OW " *"$-1'*,-'' PV11
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detonation in connection with tb* "IMBrs o QVlntall "Oultz

and data.

The authors consider it their pleaant duty to thm* 0. K.

Roxanov, G. A. Adadurov, S. A. Kolduaiowg V. A. VerotennIkov, and

A. N. Mikhaylov, who participated in the investigation.
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INTRONICTIOU

The mat basic organization of theoretical research on the

detonation o: condensed media oonsists in the determination of the

connection of the basic charsateristice of a detonation wave with

the original phyaioal-cheleal properties of an explosive. Por
the solution of this problem it Is necessary to answer the following
questions:

1. What kind of physical model of the detonation wave Is

there?

2. How does the structure or the front of the detonation

determine the li1its of Its excitation and propagation?

3. How are the rates of the chenjcal reactions in the eon-

densed mdittu related with the Intensity of the shock compression?

4. W ht kind of equation do ve have for the state of the

condensed explosives utd the prcduct of their detonation?

the classical hydrodynaic theory of detonation of gasen,

the creation of which Involves the nanes of Mikheltson, Chapman

and Joupt, sugge~tad a model in conformance to which the detona-

tion wave s a shock weve with negligibly small time of chemical

oversion at the front. If a shock wave is propagated in a

FTD-T- 23-1889-71 12
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nwexplosive dia, thmn directly behind its front the velocity

Ot the flow of matter is less than the velocity of propaation of

eW daUtiloft, In the cae of a shock wave without an external

support (wplunpe9) the excitation behind the front is a vacuus,

MW thefefor. 2uch waves attenuate. To explain the constancy of

tha rate of detonation as a shock wave It Is necessary, consequently,

to allow that the speed of the products of explosion behind its

front be greater than or equal to the speed of sound. Chapman and

Jouget advanced the hypothesis, according to which the speed of the

ovtflow of products of an explosion is equal to the speed of sound.

The laws of conservation of mass, momentum and energy with

the transfer of matter through a detonation front together with the

equation of state of the gases contain five unknown pareneters of

a detonation wave. The Chapman-Jouget hypothesis gave the fifth

efficient equation. Therefore, the coincidence of the detonation

pa-neters calculated on the basis of the hydrodynamic theo and

experimental values was viewed as confirmtion of the correctness

of the Chapman-Jouget hypothesis and of the concept of detonation

as a shock wave. The solution of the problem of the applicability

of the hydrodynamic theory to detonation of condensed media was

mad more difficult because of the absence of an equation of state

of their explosion products. Therefore, for calculationa various

equations of state or equivalent equations of state, but In

different form, were employed. It turned out that the results or

calculating the parmteters of detonation, with the exception of

the temperature, were in good correspondence with experimentation.

In conformance with these results few investigators were left who

doubted the applicability of the hydrodynamic theory to detonation

both of condensed mwdia an well as of gases.

In the use of condensed explosives in technology detonation

is most frequently propagated undar conditions far fron extra=.

In this ease the width of the zono of chemical reaction on its

frot Is disrogardably small in comparison with the characteristic

YM.N-23-1889-71 x
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dtaiow of the ohawr. Therefore, for calculating the dynamic

VA*6r of a statlotary detonation wave the classical hydro-
dYmic theory Is perfectly adequate.

Since the classical hydrodynamic theory postulated that the

reaction occurs so quickly, that It is not a controlling factor

for the propagation of detonation, this theory could not give

clarification of the lmits. In essence, because of this reason

there was also no complete theoretical basis given for the

principle of selection of the detonation rate, since for this

proof, as consequences showed, there were necessary representations

on the mechanism of the detonation conversion, on the structure of

the reaction zowza (each representation of the mechansim of a

detonation conversion obviously requires its own proof for the

principle of selection of the detonation rate).

The hydrodynmic theory of detonation received further develop-

ment in the work of Z¢l'doviah (somewhat later analo'ous results

were obtained In the works of Neluann and Dering). The new theory

proposed a physical model for the detonation front. In particular,

It was shown that in the %one of reaction of a detonation wave

there must exist elevated pressures, corresponding to the gas state

behind the front of the shock wave, which Is propagated with the

apeed of the detonation. According to this model the shock front

causes Ignition of the substance. In proportion to the ocoifnee

of the reaction the volume of g&v Increases, while the pressure

drops to values which correspond to a certain state of the explosion

product. The region of elevated pressures at the front of the

detonation wave became known as the fkhimpik" (chonical peak).

For thin mechanism of the detonation conversion the proof of the

validity of the Chapman-Jouget hypotheols was successful. The

most Important conclusion of Zel'dovich's theory - the existence

of the chemical peak at the front of detonation wave - subsequently

received experimental confirmation in the investigation of the

dotwation of gases and condensed media. These results were a

PT!-M-23-1889-71 xi
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conwbirng confirmation of the validity of the theory. Subsequent

o~ur'enoea showed, however, that this theory also Is not universal.

For all the investigated gas mixtures and for a number of

liquid explosives a pulsating character of the detonation front

was established. In these explosives, and also in solid '-xp)osives,

the original physical-mechanical structure of which it is non-
homogeneous, the zone of heat liberation at the front of detonation

waves is turbulent. It is obvious that the theoretical basis for

the principle of selection of the detonation rate, obtained for

a one-dimensional wave, is not applicable ir. this case. For a

nonunivariate detonation front it should be recalculated anew.

In connection with the opening of a putlsating (nonunivariate)

detonation in homogeneous media the problem of a physical model

on the front of a detonation wave or of the structure 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, as a result

of which the detonation in homogeneous media, apparently, aleo
Oselects" the method of propagation: pulsating or one-dimensional.

This fact, besides the independent interest, led to the necessity

for a completely different treatment of phenomena on the limits of

props"atIon of detonation and during it excitation by a shook wave.

Fundamental information on the process of detonation of

condensad mediA is currently being produced by experiumntatlon.

As a rssult of this inveistigations in general, incliding thwe

conducted in this book, have a fragmentary character and reqvArx

addit,tonal calculations, presently Inaccessible due to the abseme

of nlaLable information on the equation of state of cor;dnaud

vzpqv. a, their explosion products and of the kinetics of

VO46O., which occur under conditions of detonation pressu-es

aM mpratures.

M23-1889-I Xi
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Atteepts to construct an equation of state for explosive

products he be n made for a long time. However, in the majority

of oa~s thbt theoretical Investigations led to the writing of

an equation of state with many unknown puram.ers, which were

calculated on the basis of experimental data on the depenr2ence of

the dynawic paramters of detonation (speed, pressure) on the

Initial density of the explosives. Naturally, in these calcula-

tions the Chapl=-.Tuuget principle of selection for the detonation

rate waa used. The value of such calculations for the theory of

detonation is small. A criterion for the successful application

of the hydrodynaie theory should be the coincidence of the

experimental values of detonation parameters with the results of

calculation carried out on the basis of independent data. The

problem has not yet been solved in such a form.

The measurement of tho temperature might give Important

information on the state of the detonation products. With these

aim the use of optical methods, which are apparently the only

ones possible, have net v~th considerable difficulties. In

experimnts, especially 41th liquid explosives, the luminescence

of the detonation front ha3 been successfully observed without

difficulty. To evaluate the chromatic and luminosity character-

istics of the temperature of the detonation products it is

necessary to obtain information on the radiative and absorptive

olaoitioe of the detonation products in the Chapaan-Joupet plane

which characterize the dynamic parameters or the detonation wave.

However, there has been no sucress in obtaining the spectra of

these detonation products, when the chemical reaction is basically

completed. When observing detonation from the uide this is

inhibited br the effect of lateral unloading. When observing the

process from the end of the charge using opectral equipment the

identifieation of the radiation spectrum or the zone of heat

l'oeration at the front with the radiative power of the detonation

products appearx Indeterminate.

PRD-HT-23-1889-71 ,ii.



The aurTmma of the soft of shavcia reaction dMUS1
datontion02 of Ulqt4G *Voislve does mit siV11fy the proble.,
,ince tbowg is a com 1pon5t N tn au in the eurtum "ient

in the region of dtmation Wp.tI=, whiab oa Peat1 distoft

the relative nd abolute d4itribution of radiation 6mra from
the region of detonation products. It i knovn that optical mthcds

or ueauri 1umirity and ohrmto towx prtU &r applicable

only for objects haogeogm in to"e.tue. In a amor of liquid

explosives the detonation front is also pulsating, aW its lumurence

corresponds to a set of local flashes on the front, shIch follow

vitb gaat rapidity. Obviously, In this ease the origin of the
opoctrum or dots.tation has an evoen more complo natur.



A PNIMMOGCAL KSCRIPTIfl

Detonation Is om of the processes by Which the chaedal

conversice of oxplosives and of coamuxtiblo mixtures takes place.

This p o acn, viailar to oobustion, is characterized by the fact
that the choeical reaction takes place in the entire voluwe of the
oubstanee a t s wiltaneously, but propagates successiveli from

lsyer to layer. During detonation and combuation in the substance
there Is a shift in the cheateal conversion front. Aich depending
on the occurring process is also called the detonst.on front or

the comotion front end within the limits of which the substance
poee t " all tb* Interedlate stages from the initial state
to the procwts of reaction (Fig. 1).

PFig. 1. Diapam explaininS the process of
detonation and combustion. 1 - original sub-
stance; 2 - &one of chemical convoraion; 3 -
reaction products; a) w .dth of the zone of
chemical conversion; D - aormal rate of propa-
Sation of the front in the subotanco.

Catu= ton and detonation are distinguished from one another

by tho tat that in the first tiue the noral rate of movnent of
tba ftt of oheleal convarxion D Is less then the speed o, iound

Ia 00 Intal sbstance ghtle in the second cue it exceeds this



speed. Detonation may be propapted under conditions of an Isolated,

closed system. From this follods the definltln of detonation.

Detonation is the process of sup i tMic propagation of the front

of chemical conversion In a substance, which ay occur without any

interaction with the surrounding mdium.

Cheiical conversion of a substance during detonation is

simultaneously accompanied by the movement of the medium, which

arises as a result of the difference in the specific volumes of the

initial substance and of the products of reaction under one and

the same pressure (or due to a difference in pressures with

identical specific -olumes). In turn, the mechanical movement

affects the state of the substance within the limits of the

detonation fr-,nt and, in the final analysis, the rate of the

chemical conversion. Consequently, detonation is not only a

chemical, but also a gas dynamic process. orcover, it is precisely

the laws of gas dynamics, it turns out, which determine the rate

of movement or the detonation front in the substance, as well as

many other aspects of the detonation prooess.

In the general case to determine the conditions of the chemical

conversion of a substance it would be necessary to solve the mutual

system 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 en the movements

of the detonation front can be made from a gas-dynamie analysis

of the properties of the suggested solution. Such an analysis is

a subject of the phenomnological theory of detonation.

1 1. Clasoiflcatior, of the Theory
of Detonation

The classical theory of detonation, developed in the works of

I khl'aon [1], Chapman [2) and Jouget [3), is occupied by a rango

of problems, for which no significant role is played by the final

IT'D-HT-23-1889-71 2



W-~ ~4th of ti ch=ic=1 amrlon scne (see Fig. 1).
W t XWY ' vi"S t&- detcticn -rent aimly ag a ourfte of'

~~~~ df1.Wiatira rsubsta* frout the reactior.

Vftiwt. a lleits of qV11cioblity of the cleA&:4 ta theory will
Se~ e thr.

The =vswnt of the detcnation front in the substo'ice, as an

wvYmt, is euhjeot 16o tho lavis of the preservation of masa,
nowntm aid ewrgy. The use of Oase 1aws Is signiticantly

simlitfied, it vs oonsider that the detonation front as a result of

its supersonic sped cannot 2*nd the pertur aticn foroard. There-
rors, the Initlal mdiia ronalna unperturbed right up to the start
of tho ch iioal conversion. In thlA way, during detonation only

the reactica prvducts can Influence the mechanical movement.

Assuming that 'she initial stubtance and the product are Isotropic

edila, and drawIng on considerations of syxmetry, It is not diffi-

cult to show that the speed of the Just formed reaction products,

!bioh is henceforth designated as u, is directed along the norml

to the dt(oation front. Ve will take this as its positive

direction, whioh coincides with the direction of propagation of

tM detonaton.

Lot u.S @* ine the detonation of the physioally and Infinitely

all 5taterial volume, conceivably sepa aed from the =diim. Let

us ass= that at first it was a straight cylinder, the axis of

which is prpe cular to the surface of the detonation front

(VU. 2). It thb dotonticn front pmod through the entire

071i&tw for t$.a to then the initial 7olue WA tho s of the

vustav" tvre equal to ODt and po#Dt, respectively, wbora e Is
the a of the bwe of the cylinder, and o is the initial density
of tho =dim. The base of the cylinder, through which the

fantlorn front entered, shifts with a reaction product speed u,

q t.4r*fora for tim t the height of the cylinder Is reduced by
the value ut. Consequently, the volue of the reaction product

is equal to o(D - u)t, and their =as in equal to jW(D - u)t, whore

~~2~l889~7l3
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rng. 2. Por the derivation of 1mws of con-
serntion of =us, oomntux and eneraw for a
fetoriatlon front.
he broku Ib designates the paltion or pant

-0 of the bow4&ry of the oylindfr and of the
detonation froat at the initial w-Ant in taw.

9 Is tk density of the product. Equating the mass of the products

to the mass of the initial substance, ve find

Here J is the density of the flow of matter throui the surface of

the detonation front, i.e., the mass of the substanee, which

reacts per unit of time in a section of thle detonation front of

unit area.

Somettzr;s It is convenient to repreaent equation (1) in another

equivalent foru:

"NOM--IM-n(2)

where V0 - 1/00 and V 1/0 are the specific volumes or the initial

substance and of the products, respectively. Each of the equations

(2) and (2) expresees the law of conservation of wss.

Let 4s apply the law of conservation of xowntua to the

divided cylinder. During time t the initially resting substance

acquires a quantity of movemnt p.DOtu. This quantity of movement

ariases under the influenee of pressure, which the surrounding

medium e~irts on the cylinder's boundaries. If wo d eipate by

P0 and P the pressure in the initial substance and in the products,

respotlyply, then the total forio acting on the cylider durinZ
Its detonation is constant and equal to (P - PO ) , since the forces

acting on the la.; ral boundMa of the cylinder are counterbalanced.

By equating the conentum of force (P - Po)at to the incromont of

tMe quantity of zovment, V. rind
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U(3)

With the aid of the equation for the law or conservation of

Nass (2) we can give the last equation another form, uhich will

play an important role in the theory:

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

momentum,

Let us examine the law of conservation of energy. Let ua

deLignate by E0 and E the specif.c (per unit mass) internal energy

of the initial substance and of the productp, respectively. We

will azsume that both values are weasared from one and the same

arbltrva zero level and Include both the energy of kinetic move-

ment and of the interactior of molecules, as well as the latent

chemical portion of energy. In the case where the initial substance

and the products of reaction are thermodynamically identical, the

chemical energy can be separated in the form of the independent

t rm Q. This Is also done, for example, in the examination of

detonation In gases. In the general case such separation of the

chemical energy does not have to be done uniquely, and therefore

in the discussions of the theoretical problems we will not do this.

Besides t.*, internal energy, the reaction products still

possoss specific kinetic energy - u2/2, on account of which the

total chang in energy of the separated volumes during its detona-

tion can be represented in the form

A -,+ 64.

Generally speaking, a divided cylinder changes its energy both as

a result 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 detonation of condensed media diffusion and heat conductivity

are disregarded, since these processes are slow and, apparently,

do not succeed in making a significant contribution to the energy

of the formed products for the times which are characteristic for

detonation. Taking this into consideration, let us equate the

change in energy only to the work of external forces Pout. Con-

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

we get

From the last expression with the aid of the equa~ion of conserva-

tion of maos (2) we exclude D and u and arrive at the following
form of the equation of conservation of energy:

-- i-(5)

which differs from the pxiceding, in that it contains only thermo-
dynamic values. The presence of such an equation shows that with

given parameters of the initial state of tne medium (Po, VOR B0 ),

not every state of the reaction products can be achieved in the

process of detonatio.

Let us analyze th conclusion of the equations of conservation
of mass, momentum and energy with the purpose of their extension to
the case of a plane stationary detonation front with a terminal

width a (see Fig. 1). The detonation front is called stationary
if its normal speed D, widt.. a, as well as propagated distribution

within its limits of density p, specific momentum pu and specific
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
snall cylinder during one and the same time t. This means, Just

as before, that the initial and terminal volumes of the cylinder

6



am tual to iDt and a (D - u)t, respectively. From this the above

ea~feed derivation of the equation for the conservation of mass is

obtrA1ed directly. 'the mozentun and energy, included in the unit

area of a detonation front, as a result of its pasage through the

cylinder do not change. This my be viewed as the equality or the

total interection tetween the cylinder and the detonation front to

zero. Consequently, the divided cylinder acquires momentum and
energy in the final analysis only as a result of the forces which

act uyon it outside the detonatio'n front. However, only this was

used above In the derivation of equations of the laws of conserva-

tion of momentum and energy. Thus, the derived equations for the

con3ervation of mass, momentum and energy are valid not only for

the surface of discontinuity, but also for a stationary detonation

front of finite width.

In connection with the fact that the chemical reaction

ordinarily takes place for a finite time, the actual detonation

front must have a finite width. Consequently, the classical theory

of detonation, on the basis of which lie the equations of the laws

of conservation of mass, momentum, and energy (W)-(5), strictly
speaking, are applicable only to a flat 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

time a/D, i.e., dD/dt x a/D << D. Detonation which occurs under

these conditions is called ideal. Thus, the classical theory is

a theory of Ideal detonation.

Our further conclusiona will rest on the assumption that the

products of reaction exist in a state of thermodynamic equilibrium.

In this cane their specific internal energy is a function only of
P mi Vs

E - ( P . M ( 6 )

7



For examp , if these products satisfy the equation of state of an

ideal gas, then

i. T.(6a)

where y - epec. is the ratio of specific heat with conztant P and V,

respectively. The quantity Q Is a constant, which depends on the

chemical compoeition of the gas and the selection of the zero

reading level of the energy. As a rule, this level is selected

so that fo: the products

Q-O. (7)

From the existence of relationship (6) it follows that a

certain curve in plane P-V,wbich is called the detonation adiabatic

curve (Fig. ?), 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 products the

qualitative fora, of the detonation adiabatic curve is in all cases

the same. Therefore, the basic conclusions of the possible theory

of detonatiun may be illistrated by the example, when the detotation

prcducts conform to the equation of state of an ideal gas.

Fig. 3, Investigating the properties
of the detonation adiabatic curve.
1(1') - supposed position of the
detonation adiabatic curve; 2, 3, 4,

X 5 - Mikhel'son's curves.

klxA

IL'tff

Independent of whether the inirtal medium is gaseous, the

following designation can be introduced:

, _ + Q0. (8)

7=T
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rR qUatIC2 (8) (7) and (6a) It follows that the value QO is
the specific isobaric-isochoric thermal effect 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. V M -O

From this same equation It follows that the given value in the

general case depends on P0 and VO . This may be a constant only in
the case where the initial medium is also an ideal gas, and with

the sam value of y, as in the products.

Substituting expressions (6a), (7) and (8) Into equation

after aimple transformations we obtain

-rV--, - 1) (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 .MV'V~j 1 (10)

Vnp Is the limiting volume, to which the products may be compressed

during detonation.

The lines of the rays exiting from point P0 ' V0 correspond to

the equation of the law of conservation of momentum (4) in this

same plane P-V. They are called Mikhel'son's curves. The tangent
2of the slope angle of each of Mikhel'son's curves is equal to j.

Consequently, onl' Mikhel'son's curves vith positive slope

(tg # >0) may correspond to the actual process of detonation. For

this reason it is possible to exclude from further examination

quadrants I and III of planes P, V (see Fig. 3) as responding to
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the imaginary va~ue of the plane of the flow of substance j through
the detonation front. It is also possible to show that the

chemical conversion regimes, which cannot exist as stationary under

conditions of a closed isolated system, correoponds to quadrant

IV. Such a process is called deflagration. Thus, only points of

quadrant II of plane P-V can reapond to detonation.

With a fixed rate of detonation D the actual state of the

products direct]y behind the detonation front can be described

1,y the point of Intersection of the detonation adiabatic curve and

the corresponding curve of Mikhel'son. F-om Fig. 3 It is clear
that in the general case there are two such points (for example,

the points of intersection of line 2 with curve 1), i.e., the laws

of conservation of momentum and energy permit two types of detona-
tion at one and the same speed D. Detonation which corresponds to
a large pressure value in the products is called ovorcompressed
or strong detonation, while that which corresponds to a lesser
value 1s caied undercompressed or weak detonation. The lowest
detonation rate, at which Miklel'son's curve has only one common

point A with the detonation adiabatic curve, is zalied the normal.
In conformance with the classificatlon of detonation regimes the
segment of the detonation adiabatic cur-e, lying above point A,
is called Its stron branch, while the segn(nt 31tuated below is
called the weak brann.

It can bt-, hown (for example, see [4]) that in overcompressed

detonation the reaction products relative to the detonation front
move with subsonic speed. Tn undercompressed detonation this
speed is supersonic. in the case of normal detonation the relative

speed of the product3 is precisely equal to the speed of sound.
Let us prove, in particular, the last assertion.

It is known that the speed of sound c is determined by the

following ?xpression:

- • (1)



.%jn S 1 the specific entropy. On the other hand, the unknown

rel~tvo apoed of the products D - u using the equixtions or the

laws of' the conservation of mss (1) and momentum (4) is expressed
by the slope of lulkhel'son's curve:

(12)

Thus, it Is necessary to proye that at point A Mikhel'son's curve

touchez not only the de'onation adiabatic curve, but also the

inentrope. With this aim let us differentiate expression (5) with

respect to V along the detonation adiabatic curve. Is a result of
simple transforsations with the use of thermodynamic identities we

will find

where T is the absolute temperature; dP/dV is the derivative along

the detonation adiabatic curve.

From the last equality iv follows that at point A the simul-

taneous touching of the detonation adiabatic curve, of the isen-

trope and of Mikhel'son's curve does in fact take place, i.e.,
c 2 (D - U) .

As can be seen from the foregoing examination, the laws of

conservation of mass, momentum and energy permit any rate of
detonation D, as long as it is not less then the minimum value

corresponding to normal detonation. It thus seems as If the self-

sustainn detonation front can have any speed, beginning with the

normal and higher. However, experience shows that each explosive

has Its own definite detonation rate. Consequently, there must

exist a mechanim, which selects only one definite speed from the

set of speeds permissible by the laws of conservation,

11
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Even Jouget pointed out (3) thrt overcovpressed self-satining

detonation cannot be stationary. He proceeded from the fact that

wit1 such detonation the products are removed from the detonation

front at subsonic speed. Because of this the rarefaction wave has

the possi'ility of overtaking the detonation front and making it

nonstationary. The rarefaction wavt can be eliminated, if the

detonation products are supported from behind using some kind of

plunger, which moves in the direction of propagation of the

detonation. However, such a regime will still not be self-support-

Ing, and its speed will be deternined not only by the mechanism of

the detonation conversion, but also by the external source.

Thus, using simple considerations it can be shown that self-

supporting detonation can be either normal or undercotpressed

detonation. However, more definite conclusions of the regime of

this detonation, without introducing information on the Ctructure

of its front, cannot be made. Therefore, the problem of the natu -

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 thlz prln iple, self-supporting detonation is normal, i.e.,

its front relative to its own products moves at the speed of sound.

The Chapman-Jouget hypothesis allows us to calculate the

detonation rate and other parameters of the detonation front, if

the parameters of the initial state of the substance Po' Vol E09

as well as the dependence E a E(P, V) for the products, are given.

According to the state of the detonation adiabatic curve is plotted

and the slope of the MIkhel'son curve, corresoonding to point of

tangency A, is found.

For example, let us determine the detonation rate D for the

case where the products aredan ideal gas. For this let us substi-

ture into the equation of the detonation adiabatic curve (9) the

value P, expressed with the aid of the equation of the law of

conservaticn of momentum (4):

12
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As a result -f this substitution a quadratic equation relative to

V. depending on D as on the papameter, is obtained. From the known

princlplos such a value D will be found, with which the equation

has only one root. The obtained value, obviously, will also be

the desired detonation rate. For simplicity let us examine the

case where the value P0 in ccaparlson with P can be disregarded.

Assuming in expressions (9) and (14) Po a 0, we will come to the

following quadratic equation relative to V:

,a--,- 1P + - - - (15)

The condition where this equation has only one solution will have

the form

(16)

Hence, throwing out the physically inapplicable value D a O, we

find

(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 Q01 It should be

emphasized that here not an ordinary isobaric-inothermic heat

effect is understood (i.e., determined with constants P and T),

but an isobaric-isochoric heat effect. These two values are

significantly different and equal to one another only in exclusive

cases, when az a result of the occurrence of the reaction at

constant pressure V and T simultaneously manage to be maintained

constant. This, for example, is poseible it the products of

detonation (PD) and the initial medium are described by the

equatlon of the state of an ideal gas with one and the same value y.

13
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The role of the Isobaric-Isochoric 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. Considering the observation made, henceforth by

the term heat effect of the reaction we will always mean precisely

the isobaric-isochoric heat effect.

The obtained 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, where 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
3of 1-2 g/cm . In conformance with the equation of the law of

conservation of momentum (4) the density of the product is even

higher. Consequently, they cannot be described by the equation of

state of an ideal gas.

The nonideality of the detonation produc's, in particular,

!i manifested in the dependence of the rate of detonation of

condensed explosives on the initial density p., wiich was discovered
experimentally by the very first investigators of detonation.

Actually, according to equation (8), E0 a QO when P 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 p0 in the case where the products

were an ideal gas.

The first attempts at taking into account the nonideallty of

the detonation products were undertaken with the use of Abel's

equation of state [5-121:

r(18)
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where a iz the characteristic volums of the molecules or the

covolume. However, It is not difficult to see that the detonation

adiabatic curve corresponding to this equation of state can be

obtained from equation (9) by substitution of V by V - a. Con-

aequently, in this case also for the detonation rate we come to

formula (17). Hence it follows that for an explanation of the

lependence of D(O0) the covolume must be ccnsidered as a variable

value. Its dependence on the various parameters are examined in

works [13-21).

The variability of the covolume suggests that in the structure

of the equation of state of the PD a 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

suggested a basically new approach to the structure of the equation

of state of PD [22). Proceeding from the fact that with the

enormous pressures existing in the detonation products, each

molecule vibrates 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

pressure and specific energy are. represented in the form of sums

of the elastic and thermal terms:

LT F,,IV) + EV 7) + cr. ( 20 )

where A, E, n, CV are constants.

Using equations (19) and (20), it is possible to express the

detonation rate through the parameters of the initial explosive

[23). We will not stop here on this point. Let us only

nte that the obtained expression differs significantly from (17)

and in similar to the latter only in the fact that in a general

case D is proportional to /C, if we assume E0 - Q0" All the

subsequent works [23-36) on the determination of the equation of

15



state of PD rests on the basic work of Landau and Stanyukovich

(22] ar.d are dedicated basically to the determination of expressions

(19) and (20) from experimental data.

In works [22, 23) It is shown hoy proceeding from the

dependence of D(00 ), to determine the constants of equations (19)

and (20). gore accurate results [32-34] are obtained ulth the

use of not only this dependence, but also the values of the param-

eters of detonation at the Chapman-Jouget point. A special place

is occupied 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 Geparate chemical components of the

products. A detailed analysis of certain works on the equation of

state of detonation products of condensed explosives may be found

in review articles [37, 38).

Thus, the classical theory of detonation at the present tim

allows us not only in principle, but also in practice to caloulate

the parameters 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 is

implemented. The problem of the selection principle, as Zel'dovich

first demonstrated [39), must be solved on the basis of the

concrete assumption of the structure of the detonation front.

1 2. The Theory of Zel'dovioh

Let us examine from the position of gas dynarics the structure

of a stntionary detonation front in a homogeneous medium. Here

we will assume that the flow in the reaction zone is one-dimensional.

Therefore, it is necessary to write one-dimensional equatlons for

the conservation of mass, Mowntum, and energy for this narrow

zone. However, it turns out that 4f within its boundaries the

viscosity, thermoconductivity, and diffusion are disregarded,

!.6
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thm the dIred equations will be the equations (M)-(5) derived

above. Actually, with the assumptions made intermediate reaction

praducts differ from the terminal products only by the absence of

chemical equilibrium, which is in no way reflected in the equations

of conservation. Therefore, using the same considerations which

allowed us to generalize the equations mentioned for the case of a
plan* stationary detonation front tie can establish their application

for try portion of this front, which comprises an arbitrary portion
of its width.

Within the limits of the reaction zone the specific in-nal

energy E can be assuzed to be a function of only three variables:

E -E(P. V. 4 (21)

where k is a value, which somehoi' reflects the chemical composition,
and 'bich for brevity is therefore henceforth called the composition.
Tt In possible, for example, to use as the composition the set of

independent concentrations of chemical components in the reacting
mixture. From this example it is clear that in the general case

a composition k is determined not by one, but by several numbers.

Differentiating (21) with respect to the composition, we

obtain &n expression for the heat effect of the reaction with

constants P and V:

(22)

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

In the equation of the law of conservation of energy (5), by
replacing B bY the function E a E(P, V, k) and assuming k to be a
constant parameter, we will arrive at an expression, wh!ch can be

17
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called the equation of the interftdiate detonation adlinbatic cu -ve
of constant eompositiont

E iP. 1r. i-E to (._ (23)

The detonation adiabatic curve, corresponding to the state of the

final reaction products, for the sake of distinction we shall call

the equilibrium adiabatic curve. Let us note that the substitution

into equation (23) of the final value of the composition k a k1 for

the actual detonation front, generally speaking, does not produce

an equation of the equilibrium detonation adiabatic curve, sinte

the equilibrium conposition may be a function of P and V.

It Is not difficult to show that the intermediate adiabatic

curve of constant composLtion has the same properties as the

equilibrium detonation adiabatic curve. For this, it is sufficient

to repeat the corresponding calculations of [4], having replaced

the equilibrium Isentrope an the speed of sound

by the isentrope of constant composition and the so-called frozen

speed of sound:

(24)

Let us explain the physical meaning of these concepts.

Ir a reacting mixture of arbitrary composition k, existing

In state P, V, is quickly adiabatically compressed or expanded by

the Infinitely small value dV, then ito state will be displaced

with respect to the isentrope of constant composition, since the

latter cannot instantaneoualy react to the change in the external

conditions. Let us select on plane P-V the random point A (Fig. %).

18
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Fig. A. Relative distribution
of equilibrium isentrope AB
and the Isentrope of constantcomposition Ac.

Let us draw the equilibrium isentrope AS through this point and
let us deterzins with respect to it 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 equilibrium isencrope. Conversely,

point C or C1 will correspond to the new state, which is required

to be established,

Since 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 increase in pressure when S w const.

Consequently, in conformance with Le Chatelier's principle in the

process of relaxation the pressure will drop. Since this process

Is accompanied by a rise in entropy, point D, corresponding to the

equilibrium state, turns out to be higher than the isentrope AB.

In this caae 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, i.e.,

> (25)

(26)

It can be demonstrated that infinitely small perturbations

are propaSated in the nedium with velocity c3. This conclusion is

also valid in tha case where the wedium Is in the equillbrium

state.
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In conneotion with this arises the question of whether it is
necensary in Joupt's proof of the Impossibility of overcompressed

detonation to replace the equilibrium speed or sound with the
frozen one? Thie question should be answered in the negative.

The fact is that the rarefaction wave, propagating in the medium,

Is expanded in space with tle, and the expansion of the substance

at the front of this wave occurs more and more smoothly. Therefore,
the basic rarefaction is propagated in the medium with the

equilibrium speed of sound, while the perturbation moving away in

front with velocity c3 attenuates. Thus, in examining a stationa.,

regime It should be kept in mind that the rarefaction wave is
propagated in the products with the equilibrium speed of sound.

However, it can be noted that if a sufficiently strong perturbation
Is created In the products, it is capable of penetrating within

the limits of the reaction zone, i.e., with respect to strong

perturbations the normal detonation front is overcotmpressed.

With the substitution of the value k - k into the equation

of the Intermediate detonation adiabatic curve there is obtained

an e: ,tation of the Impact adiabatic curve, which is related with

the movement in the medium of the surface of discontinuity without

a reaction. Such a surface of discontinuity is called a shock
front. For the latter all the above obtained equations of conserva-

tion (l)-(5) are valid, therefore the shock front may be viewed as

a particular case of an overoompreased detonation front.

Let us now apply the equations of concervation of mas,

o=ntum and energy to determine the structure of the detonation

front. Figure 5 represents the relative di3tribution of the

equilibrium dettonat'on adiabatic curve p and the interwdlate

detonation adiabatic curves of constant composition k, where the

greater value of the subscript corresponds to the larger amount

of liberated heat (the chock adiabatic curve of the initial

explosive corresponds to the composition k0 ).

20
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.13 Fig. 5. Relative distribu-
tIon of tho equilibrium
detonation adiabatic curve
p and detonation adiabatic

C ' curve of intermediate
oo0positlon with a chemical
reaction exothermic from

-_ - start to finish.

In accordance with the equation of conservation of momentum

(4) the point depicting the thermodynamic state of the medium (the

point of the state) must slide along one of Kikhel'son's curves,

until It reaches the equilibrium detonation adiabatic curve. If

it were lifted from position 0, then only the equilibrium points

lying on the weak branch of the indicated detonation adiabatic

curve would be accessible to it. Therefore, depending on the

concrete mechanism of occurrence of the reaction not only a normal,

but even vy regime of undarcoiressed detonation might take place.

If however, the phenomena of transfer and the transmission of

radiant energy within the limits of the detonation front are

assumed to be negligibly small, then only a single mechanism of

initiation of the chemical reaction remains - shock comreesion of

the substance. Therefore the forward border or the reaction zone

must be the shock front, which transfers the state of the medium

abruptly from point 0 to point A or a" other point A', lying above

the shock adiabatic curve.

From position A or A' in proportion to the occurrence of the

chemical reaction the point of the state along the corresponding

Mkhel'son curve transfers to position B or Bt with the decrease

in pressure. Thus, within the limits of the detonation front a

zone of increased pressure, called the chemical peak (Fig. 6),

must exist. The propagated pressure distribution in the chemical

peak depends on the kinetics of occurrence of the chemical

reaction.

21
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40 Fig. 6. Distribution of pressure in a normal
detonation wave in the case of a quick reaction
from start to finish (the continuous line) and
at the start of a slow, and then accelerating
reaction (dotted line).
BD - nonstationary rarefaction wave. The

---------- designation does the same as in Fig. 5.

A further shifting of the point of state from position B or B'

along the Mikhel'son curve is impossible, 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 front is propagated with supersonic

speed, while at point B and above the following condition is

fulfilled

C>D-L (27)

Hence it 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-

tion 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:

(28)

These two conditions do not contradict one another only when

C-D-2, (29)

22



AD~bl4iI - 'i

ie. 8 with the fulfillment of the Chapman-Jouget selection

principle. Let us emphasize that this principle is implemented

with respect to the equilibrium speed of sound, and relative to the

frozen speed c3 the regime is overcompressed.

Let us examine another case, where the chemical reaction

during the change of the composition from k to a certain ki is0
ezothermic, and from R I to the equilibrium composition - endothermic.

Such : reaction may, for example, exist, if in the reacting mixture

two independent chemical reactions go with heat liberation of equal

signs, where the endothermic reaction has a lower speed. Figure 7
representA the corresponding diagram of the relative position of

the detonation adiabatic curve. Now the lowest speed of detonation

is determined by the slope of Mikhel'son's curve OA tangent to the
detonation adiabatie curve of intermediate composition kl, in whinh

the sign of heat liberation changes. Hence it is immediately

obvious that in any regime the detonation front is propagated with

a speed higher than normal. In other words, the Chapman-Jouget

principle is not implemented in this case.

Fig. 7. Relative position
1of the equilibrium detona-

tion adiabatic curve p,
shock adiabatic curve k0 and
detonation adiabatic curve
of maximum heat liberation
kI.

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 Mlikhel'son's curve
from position A or A' to position B or B' (see Fig. 7). During

this process the pressure falls, i.e., once again there is a

chemical peak. From position B' a further shifting of the point of

23
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rtate downsar4 s impossible, since the !ntermediate detonation

adiabatic curve of composition k lies above all the other detona-

tion adiabatic curves. Consequently, from position B' the point of

state will shift along Mikhel'son's curve only upward - to the

equilibrium position C'. Let us note that, passing from above

downward through point C', the reacting mixture had no equilibrluL

composition, but a certain Intermediate comosition bcween k and

ki. In contrast to B' from position B the further movement of the

point of state along Miknel'son's curve is possible both to the

side of a pressure increase, to position C, as rell as to the side

of its further decrease, to position D, to which undercompressed

detonation corresponds. It is precisely such detonation which

will be self-propagating in the case under consideration.

For a more visualizable representation of the structure of

an undercompressed detonation front let us assume that behind

the detonation front in the products a shock front is transmitted,

each time of greater amplitude, until finally the undercompressed

regime transfers to an overcompressed regime. Figure 8 represents

the pressure distribution In a detonation wave for the three cases

analyzed above, mainly, when points D, C, and C' correspond to the

final state of the products.

P files in detonation

Iegia Th ' O t waves in the cane of| /A_ , a; change of sign of the
heat liberation at the
end of the reaction zone.

# ., Z a) Undercompreassd
reglm. The shock waves with P < P C and the

rarefaction waves are absent from the detona-
a) tion front, b) Mixed regime (the contlnuous

line - overcompressed, the dotted line -
L undercomprejsed). A shock wave with P C

can be represented at any distanc( from the detonation front. c)
Overcompressed regime. The detontation front cannot be separated
from the shock wave with P > PC,
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Let Us now assum that behind the shock front there first
occurs the absorntion of heat, for example, as a result of the

endothermic reaction or the process of relaxation. Then from

point A or A' (see Figs. 5 and 7) the point of state will at first

go along Mikhel'son's curve upward, which will 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 Is shown for the examle by the dashed line in Fig. 8a.

Concluding our discussion of the structure of a detonation
wave with various heat liberation regimes, let us note that in all
instances, except that correspondino to Fig. a (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 relative to the detonation front is subsonic in the reaction
zone and perturbations from It enter the shock front. As pertains

to segment BD, the flow corresponding to it must be supersonic

(this Is because of the frozen speed of sound). Thus, Zel'dovich's
theory not only permits us to substantiate the Chapman-Jouget
selection principle, but also to point out possible divergences

from this principle depending on the kinetics of the chemical

reaction within the limits of the detonation front.

1 3. On the Theory of an Uneven
Front

The theory examined in the preceding paragraph shows that if
we assume the flow within the reaction zone boundaries to be one-
dimensional, then the correuponding solution of a common system of

equations ot the gas dynamics and of the chemical kinetics will
always exist. Therefore, from rirst 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
deterudnation it is necessary only to find sufficiently accurate
equations of the chemical kinetics and to determine the necessary
constants. However, as is pointed out in the work of Zel'dovich
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[351, the existenc( of a solution still does not denote that it

3rresronds to the actually existing process of detonation. The

fact is ti.at a solution, obtained on the assumption of a one-

imenzion al 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

Shehelkin (0]. Subsequent works [41-44] showed that in the

majority of cases during the detonation of gases a smooth detona-

tion front, corresponding to Zel'dovLch's theory, is actually

unstable. The most basically formulated and solved problem in

the general form on the stability of the detonation front is in

work [45]. However, neither this, nor other works permit us to

draw definite conclusions on the stability of the detonation front

in the case of 2undensed 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.

In 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 Justification 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,

tho 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 wcrks [46, 47] there is En analysis of the application or the

laws of conservation of averaged mass, momentum and energy to the

case of gas detonation on the assumption of isotropic flow turbu-

lence in the reaction zone. In work (48] it is shown that by

3electing a metho of averaging of the flow parameters the equations

of conservativn for an arbitrary medium can be given the form of
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these 38M *quations of a one-dimnsional flow (l)-(5), If by the
pressure and specific Interal energy we mean the following fortral

values:

(30)

Ie. R+ly-To(31)

and by the density and speed - the corresponding average values

Sand U. In the last expressions the line above denotes averaging

with respect to time at a given point of space in the coordinate

system, related with the detonation front. The vector u' and its

comonent U'., directed along the detonation propagation, represent

the pulmation of the flow velocity, i.e., the difference between

momentary and the averrap velocity.

Thus, in the case df a turbulent reaction zone the internal

energy should man the sim of the internal energy proper and of the

turbulent movemnt of the radium. In Just the same way the pressure
should be underatood to man the sun of the thermodynamic pressure'2
and the dynamic head Pu' 2 Let us note that pressure P may be

mwasured by a waomter, which possesses a sufficiently large time

constant, if Its sensor shifts together with the medium with the

averaPe sped of its movement. Purbhermore in work [48] it was

shown that it Is possible to select in this way the values which

charaeoterls the flow Lurbulence in the reaction zone, and that

they will formally behave as components of the chemical composition

k. In other worfs, the process of the emergence and subsequent

attenuation of turbulence during detonation can be viewed as the
occurrence of the chemical reaction and it Is possible to even

calculate the heat liberation of the latter. From this viewpoint

the reaction son* should be understood to mean the entire region,
rithin the confines of which not only does the chemical reaction

o to copletIon, but also where the total attenuation of the

flow turbultnce occurs.
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The proposed mthod of averaging allows us to solve the problem

of the structure of & detonation wave with a turbulent reaction

zone in precisely the sa= way as was done in the theory of

Zel'dovich. In particular, it was shown in [481 that if the

Orineisen coefficient for the product satisfies the inequality

r.-Y10 k-AM(32)

then the heat liberation as a result of the formal components of

th chemical comosition is positive. If the purely chemical part

of the heat liberation is also positive, then the detonation will

have a normal regime.

The idea of conditions (32) can be clarified on the basis of

the following simple considerations. Let us assume that with tie

attenuation of the turbulence, when the l.,.ter can be considered

Isotropic, a unit volume, which will henceforth remain constant,

is liberated from the medium. On account of the fact that it Is

isolated, the energy contained in It E (the sum of the internal

and of the kinetic energy) also does not change with time. There-

fore the reduction in the kinetic energy is exactly equal to the

increase in the internal energy:

AWN. (33)

In accordance with the change in the kinetic and internal

parts of the total energy there i a change in the average pressure

and in the dynaric head, i.e., the comporents of the formal

pressure. Taking into account the fact that
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A pa iz g attsntion to @quality (33), we find

Sinoe with the attenuation ot the turbulence 3 increases, with the
observation of corltin r ) 2/3 P also increases. However, this
also means that In the irvan ease th* process of attenuation of the
turbulence uat be formlly considered to be an exothermic reaction.

In the diacussed theory, by aralogy with the theor7 or

Zel'dovich, the Justification of the Chapz"-Jouget selection
principle io basically related vith the assumption that In the
process of the reaction and tht atte; uation of the turbulence the
edium ps to a state of therao4ynwMc equilibrium while expanding

(the corresponding point PF, T slides along Mikhellson's curve
downward). With a turbulent reaction sone the disregardable

sallneas of the pheno wa of transfer does not necessarily lead to
the daired direction of sovement or point P, , V along Mkhel'son's

curvo. Thsrofo, the mntionA assumption must theoretically be
Justified for oach concrete structure of an uneven detonation
front or =at be d1l#otly checked experimentally. For example,
to determIne the distribution of V within the limits of the
reaction son* it ia possible to measure the profile of the mass
velocity U arA to then nke use of the law or conservation of mass
(1). Running a few steps ahead, we will note that In almost all
Inotances, when such musurement has been done successfully, it
was discoverod that the reacting mdlua approaches the equilibrium

state right during tho process of expanuion.

The pressure and ear within the limits of the detonation
frnt, as a rule, an doterminod Indirectly through other values
with the aid of tho m of ocnmeration of momentum (4) and energy
(51. In the etas of a turbulent reaotion zone P and E, do not enter
into th*se equatlonr, but rather P and B$, and therefore In In-
direct ssurcvnts not the thermodynamic, but the formal pressure
and eoea are determined, which should always be kept In mind.
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CHAPTER 11

EXCITATION OF DETONATION BY SHOCK WAVE

The usual method of initiating detonation in a condensed

explosive suzstanoe is the creation in this substance of a

shock wave of sufficient intensity from the detonator capaule

in conjunction with the booster charge.

Detonation W also 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, even under

these conditions formation of detonation occurs as a result of

the emergence in the final stages of a transition process of

the nonstationary shock wave with ignition, which also passes

into a stationary detonation wave.

The study of the phenomenon of the transition of a shock

wave into detonation touches on the basic problems of detonation

of condensed syrtems. On the one hand, this is a problea of a

mechanism of the emergence and occurence of a chemical rection

which ensures total heat liberation in the explosive for relatively

short times of the shock loading. On the other hand, it is a

problem concerning the structure of hydrodynamic flows under

nonstationary conditions, which fora the detonation wave.
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The number of expeintal works on tho observation of a

detailed picture of deformation of a detonation wave Is 8mall.

There are significantly more works dediCatod to the solution of

applied problm of the susceptibility of the explosives to

detonation depending an their aregate state, density, dispersity,

presence of sensitizing and retarding additives, etc. The dynamic

parameters of the initiating 3hock wave were ordinarily not measured

here, and the susceptibility to detonation was characterized in

relative values. Most frequently this was the width of a plate

made or an inert material, which di'vided the active charge from

the investigated materisl, through whi'ch the detonation was still

capable of being transferred E493. In sinilar experiments using

a photoregister it was discovered that detonation in a passive

charge begins at a certain distance from the inert boundary,

which Increased in proportion to the increase in the width of the

boundary or the decrease in the size of the initiating charge.

In certain experiments the phenomenon of the propagation or

detonation in the opposite direction from the site of emergence

("retonation") was alzo detected.

An explanation of these results encounters significant

difficulties. The presence of a delay in the initiation and the

emergence of a retonation wave from outside recalls the picture

of the predetonation period in the transition of combustion into

detonation in gaseous mixtures [23], In connection with this

until this time numerous atteupts have been made (53-58) to

examine the phenomenon approximately according to the following

outline.

The shook wave causea ignition of the substance wJth a

certain delay. A pressume rise as a result of the developed

reactica leads to the MosWmse of a series of compression waves,

which overtake the front of the Initiating shock wave and increa3e

its amlitud.. The azlitude of the shock wave increases

continually until it reaches a value which corresponds to normal

detonation. In this way it Is supposed that the difference with

31



AD751417 - 50

the classical ide of the trwwition of cowustion into detonation

(23] consists only In the fact that the shock wave, originating

under the effect of the accelerating front of combustion, is

replaced by a shock wave frca the active charge. It Is obvious

that such a transference of te nodel of the transition of cov~us-

tion to detonation for clarification of the development of the

Initiating shock wave Is conncted with miaunderatanding. In the

scheme of the transition of combustion to detonation the accumula-

tion of compression waves leads to the formation of a shock wave

with an amplitude sufficient for self Ignition of the gas. The

appearance of such a shock wave Is identified with the manifestation

o! detonation (23). UTe more preclse problem of the transition

of such a shock vave to detonation Is not examined In detail,

and it is precisely thid that is the essence of the problem of

shock Initiation.

The theoretic&l problem of nonstationary Interaction of the

region of self-ignition with the front of the shock wave has

remained until the present time an open question even for gaseoua

mixtures. The specifies of the reactions In a condensed medium

complicate a strict formulation of the problem even more.

1 1. The Iiitial,ion of Liquid Explosives

Today the majority of investigators assume that the occurence

of the cheical reaction in a shock-compressed homogeneous

exflosive has a thermal natire. In spite of the fact that precise

calc .)t'ions on the value of the shock warm-up are so far uncocqpli-

cated, approximate evaluations [58, 59) testify to the actual

posibility of the heat-up of liquid to teraperatures of self-

Ignition in the shock wave with a pressuire on the 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 indeterainate. It should be kept In mind that on the

front or the detonation of powerful liquid explosives the presoure

in the medlua may reach a significantly greater value, at which
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in prizlnple a qualitative ohh e In the aechanism of the chemical

reaction Is pooslble [23].

A decisive ehamoteaistic of the thermal nature of the

chaical reaction, which can be described, for example, by

ArThenluh kinetics, is the presene. or the abrupt self-acceleration

of the reaction under adiabatio oonditlons manifested In the

alf-lgnltlon of the substaneo after a certain delay time and In

the strong dependence ot this time on the initial parameters.

A conorote reason In favor of the assumption of the thermal
nature might also be the analogy in the processes of excitation

and propagation of detoation of homogeneous condensed explosives

and gaseous aditures.

In the ozparimental works of Campbell, et al. E60] using

speed phot-grapb and electrical probes altrafa3st phenomenon
in the Initiation of detonation in certain liquid explosives

was metectod. It was established that the Initiating shock wave

Is propagated through the liquid explosive for a certain time

at a slightly falling rate, as in an inert medium. After a

Cert in time of delay the shook wave suddenly transfers to
detonation, *bere at the initial moment this detonation Is over-

compressed. In observing the procos from the end of the charge
In a trnparent liquid explosive - nitromethane - there was

register.ed the ocuence of a weak l=a nescence ahortly before
the transition of the shock wave Into detonation.

A che4me for setting up the experinent for the observation
ot the process of initiation in nitrozethitne, imilar to the
00ty ot CamPbll1 et al. [60], is shown in Fi 8 . 9. As the

Iet botwyA , cutting off the incoaescent preducts of detonation
of t* a tive chre, a set of plates made fros Plexielss Is used.

7W trsprecy Of the Plealglas allows us, during observation

of the proceas fm th4 end of the charge, to record on a

photo-d cazznr thb lahes of the air gaps during the passage of
e shook w&v through the bounAry. Since the shock adiabatic
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curve of the Plexiglas is known [61], it is possible to calculate

the mass velocity, density and pr,ssure in this shock wave.

Moreover, the shock adiabatic curve of nitromethane Is also known

(62). Therefore, with the method or reflect'on [63) It is not

difficult to calculate the uave and rms velocity, pressure and

density in the Initiating shock wave.

t Pig. 9. Setup of the experiment for

observing the formation of detona-
Stion on the excitation boundary.

I - Detonator capsule; 2 - booster
charge; 3 - exploaive lens; 4 -
table of pressed trotyl 100 = in

diameter; 5 and 6 - Plexiglas plates;
7 - container with liquid explosive;=:-'- .-. .8 - air gaps; 9 - direction of the

optical axis of the photoregister.

The selection on the pressure amplitude necessary for

initiation occurs with a change in the initial density or the

charge made from pressed trotyl. Pine regulaticn of the pressure

In the initlated wave allows us to obtain a delay In the transition

of the shock wave into detonation of up to 10 ps. Photoscanning

of one of the experiments, conducted according to this setup,

is given in Fig. 10. The initial velocity of the shock wave

in nitromethane In this experiment amounted to 4.2 km/8, while the

pressure in the wave was 78,000 atm. In the photooannar one

can see how after a certain time after the entry of the chock

wave into the nitromethane in the shock-compresoed liquid there

arises a relatively weak luminescence, which has a constant

intensity and after a certain time Is suddenly changed by the

luminescence of the detonation of the nitromethane. (The rats of

norml detonation in nitromethane in 6.3 Ka, and the initial
density Is 1.14 g/cd3.) Using ionization aerwora (601 It was
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,stablishad that the emergence of conductivity on the limit of

the division of the inert boundary and the nitromethane correspunds

to the start of this lumnescence. Using the same senses there

was success in recording the fact that the zone of conductivity,

which apparently arises ee a result of the chemical reactior.,

propkgates with high speed behind the shock wave and overtakes it.

Fig. 10. PhotoscanninZ 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 liquid; 3 - luminescence in the
area of shock-compressed liquid; 4 - lumines-
cence of normal detonation of nitrorthane;
5 - area of overcompresaion in the cetonation
of nitromethane; 6 - illumination of the deto-
nation products during their escape from the
free surface of the liquid explosive.

The observed ultrafast perturbation, accompanied by weak

lunineoence, corresponds, as Chaiken suggested (64], to the

detonation of the preliminarily compressed and heated shock wave

of nitromethane, which arises under the effect of the thermal

explosion on the boundary of the section, occurring after a

definite period or induction. The detonation rate here, according

to tho hydrodynamic model, must be higher than normal due to the

pro,,.iWin ry compression of the substance by the shock wave.
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Considering this wave as standard, Chaiken 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).

Fig. 11. Chaiken's scheme for calcula-
ting the rate of detonation 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
* t //made from inert material; 3 - delay of

the thermal explosion on the boundary
surface; 4 - time of weak luminescence
behind the shock wave; 5 - propagation
of detonation in a liquid preliminarily
compressed by a shock wave; 6 - normal
detonation.

Since there were no direct proofs of the detonation nature

of the ultrafast perturbation, Jacobs [65] was limited by the

assumption of the existence o: a "secondary shock wave in the

liquid as a 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 investigation 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 Chaiken's hypothesis?

2, Under what conditions and in what way does the ultrafast

wave arise? In particular, is the formation of this second wave

characteristic for the shock initiation of all liquid explosives?
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3. ftv do we determine the sensitivity of homogeneous
oondmued explosives for a shock wave?

Lot us examine these problem one at a time.

1. 1f, according to Chaiken, we assum, that the ultrafast

wavo corresponds to detonation of shock-compressed nitroatthane,

then It is possible from zhe calculated or seasured speed of this

detonation to estimate the parameters of the shock wave on its

front, correspondIng to the hydrodynamic model. The calculation

scheme is shown In Fig. 12. It turns out that even for the Biallest

values of measured wave velocities [60, 67] with the use of the

adiabatic curve of double compression (understated estimate) the

pressure on the shook front of the detonation, corresponding to

a ce-dimensional hydrodynamic Zol'dovich odel, must be around

1 million atm. The density Jump here must not exceed the dersity

Jump on the front of norta detonation by less than 2 times.

Fig. 12. Estimating the parameters of
(1) a shock wave on the detonation front

of a shock-compressed substance.
I. - Extrapolated shock adiabatic curve
of nitrmethane masured up to preasures

of 80,000 atm; i - adiabatic curve of
a double chook compression; 3 - parameters

4 /of an Initiating shock wave; , - ray,
corresponding to the speed of the second

- .wave, equal to 8.4 km/s relative to the
Vmoving boundary of the active charge;

45 - parameters of the second wave;
X-A- 6 - pressure on the detonation front
(2) of a shook-compressed liquid explosive.

KEY: (1) P, thousands of atm; (2)
u, ka/s.

From works [68, 69] it is known that the front of norml

detonation, an well as Inert shock waves in liquid reflect well

the light of an extraneous light source. Therefore, attempts

mi ght be made to detect the shock wave on the front of an

ultrofast detonation by the reflected-light method. Since the

donsity jsuip, calculated above for a shock front or an ultrafast
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detonation, is large, correspondlng!y tLe coefriclent of light

.relection from this wave must also be large.

The shock wave preceding the ultrafast detonation is

in nitromethane practically completely transparent. This conclusion

follows from the experiments on the ob3ervation of light reflection

from the border of the boundary, covered by a thin reflecting

aluminum layer, through the layer of shock-compressed nitromethane

[Y0. The transparency of the liquid behind tit shock front is

also witnessed by the constancy 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 reflection from the second wave, which had a convex

shape in our experiments. The angular dimension of the light

source was 0.2 rad to obtain a sufficiently large reflection in

the convex "mirror," corresponding to the second :ave. It was

found that the light is reflected well both from the shock

detonation w~ve, as well as from the normal detonation wave, and

from the second wave there is no light reflection (Pig. I). In

the explanation of this fact several vercticns are permissible.

Fig. 13. Forwulation of an experiment
with light reflection. 1 - Active charge;

2 - transparent ,ontainer with liquid
explosive; 3 - explosive light source,
consisting of an explosive lens, a pressed
hexogen tablet and a glass tube with argon;
4 - light source diaphragm (15 mm - width
aperture, cut in the screen of perpendicular

POP- projection of the inlet opening of the photo-
register); (5) - direction of the axis of
the photoreg'%ster.
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Ue high pressures of tha dynamic pasrameters on the front
Of the second wave, obtained through calculation, allow un to assume
that the thermal coMponent In the energy of the shock compression
is also large. 7Die high tesperature or the shock woarm-up on
the front of the detonation, propagating along the precoiepressed
and heated front up to toe.ratures, close to self igntion for
the substance, Mst lead to the minimum possible time of
chemical neaotion on this front. If I ntion on the front occurs
here after a time on the order or 10- a,, then the distance from
the foaard ahock front up to the flawe =at be less than the
wavelength of the lig0t (5-10-5 cm). It is possible that the
forward front of such detonation does no, in practice, also have
to reflect light fm &n extraneous source. Also not excluded
is the fact that with such enormous pressures the kinetics of
the hest liberation io not thermal and the pressure directly
affects the chemical conversion, In this case the reflective
capability of the detonation front becomes indeterminate. And,
finally, the last assuvwtion consists in the fact that the second
wave, In general, doe, ,nt havte a clear-cut forward front and
is not detonation.

To explain the nature of the ultrafast wave a direct
neasuremtent of the profile of the hydrodynamic flows behind the
initiating shock wave was 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 a thin
foil, attracted by the shock or detonation wave to a perpendicu-
larly constant mgetic field (71] (Fig. 14). A typical recording
of the flow rate In an experiment with nitromethane Is shown In
Fig. 15. The sensor was set up at a certain distance from the
ba.rrier limit. An initiation delay was selected, such that the
shock wave attracted the sensor until the approach of the ultra-
fast wave to it. As can be seen from the oxcillogramn, the ultrafast
waya has an abrupt leading edga. The mass velocity on thr a~ont of
the fiz-st shock wave Is 1.6 kmk/s, &;id the additional jump of the
sun velocity in the second wave io 1.2 km/a in a regime of initia-
tion with a delay of 2-3 us.
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7e curvature of the leading edge of the ultraf- at walre

bears witness in favor of the assumption of its detonation

character. For the calculation of the parameters of this wave,

applying the loss of conservation to the surfaces of the hydro-

dynwm~c diacontinuity, 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 on the front of this wave, evidently, is so narrow, that

it is nnt noticed on the oscillograms. The detonation character

of the second wave Is to an even greater degree attested to

by the drop in pressure behind the front of this wave due to

the escape of the detonation products. It was establiohed that

in proportion to the increase in the layer of substance detonated

in this wave the pressure profile behind the wave becomes smoother

in conformance with the one-dimensional theory of the escape of

detonation products.

Pig. 14. Mounting of the charge for
meaduring the profile of velocity of
the medium during shock initiation by
the electromagnetic method. I - Initiator;
2 - explosive lens; 3 - troty! tablet;

- plat.t made from paraffin; 5 - sensor
made from aluminum foil, 0.03 mm thi(k;
6 - liquid explosive.

3.0
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Vig. 15. Oscllog ma of the mass velocity
uring initiatici of detonation in nitro-

methane. 1 - Spe'd of tba sediua behind
the front of the initiating shock wave;
2 - Increase in the flow velocity under the
effect of the second wave.

The abrupt pressure drop 1inediately behind the front allows

us aiso to exp.ess certain considerations relative to the fulfill-

ment of the Chapman-Zhge selection principle for the detonation

of a shock-compreseed substance. It is known that a regime of

overcompressed detonation cabmot exist without external support,

and therefore in our case this regime does not exist. A regime

of undercompressed detonation, tibib In principle may exist, for

example, as a result of radiation or anomalous thermoconductivity

is distinguished by the fact that the flow velocity behind the

front of the irae is greater than the velocity of propagation of

perturbations in the detonation products. In this case directly

b#ehlnd the zone of chemical reaction in the wave an area of

constant paraneters must exist, alnce the rarefaction wave remains

behind the front of the detonation wave. No such region of

constant parameters as 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 laaso postulated in Chalken's hypothesis.
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It was earlier pointed out that an i nitating aback wave

curing the period of Induction behaves as if inzrt. 1bus, the

ultrafaA detonation, :ar-ing frm the therza explosion, is
propagated through the ecresed substanee, uMch has a practically
conztant density. Since the propagation of the detonation does not

depend cn the method of its Initiation, i, Is possible to excite

an ultrafast wave artifically. For this, with the usual charge
setup (See Fig. 9) on the boundary - nitromothane interface there

is set up a gas 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

detonation of the compressed substance. The shock wave is

selected with such an amplitude, that the independent thermal

explosion must occur with a long delay. The variation in the

delay in initiation is accompanied by an extremely slight change

in the parameters of the initiating 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). Thus, it was successfully established that the

process of propagation of the ultrafast detonation is statioruy,

and its velocity was measured, without using Chaiken's space-time

system. For nitromethane, precompressed by a shock wave to a

pressure of 80,000 atm, the detonation rate is 8.1 km/s. Por a
mixture of nitromethane with acetone in a ratio of 75:25 at the

same pressure this velocity equals 6.3 km/B. The drop in the

speed with the reduction in the heat content helps to confirm

the validity of Chaiken'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

spaoe-time system, suggested by Chaiken, leads to untrue results.

The speed of the "second" wave in the milxture turns out to be

greater than the s eed of this wave in undiluted nitromethane.

The reasons for the incorrectness or the calculation procedure

will be explained below.
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pg. 16. Photoscan of an experiment of the direct
wasurezent of the detonation rate of a shock-compressed
exploaive using an artificial ignition initiator In the
shook wave. I - Uplosion of a miniature explosive
harge, placed on the Interface, under the action of the

shock dave; 2 - propaation of detonation through a shock-
comprecsed explosive along the interface- 3 - luminosoence
of ro=l detonation.

Pig. 17. Diagram of the propagation
of ultrafast detonation of an explo-
sive with Its 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
detonation; 5 - site of explosion of
the miniature charge.

In concluding the analysis of the ultrafast phenomenon In

nitzoaethane we will emphasize that the initiating shock wave

creates a layer of denser substance, the ignition of which causes

the indepandent detonation of this layer, which then transfers

to the datonation of the unexcited liquid explosive. The formation

of th ultra, aat detonation cocylex, corresponding to the hydro-

dynamic model, takes place behind the front of the initiating

shock wave; with the transition to the uncompressed explosive

this ooaplex is only reostructured in conformance with the other

value of the initial density.
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2. The stuJy of nitro1ycerine, dinitroglyoerine and

tetraltromethane has shown. that all these substances on the

boundary of excitation behave similar to nitrawthane. The

thrusnold pressures differ considerably: for nitroglycerine it

is 120,000 atm, and for tetranitrometba - 70,000 atm.

Nitroglycerine and dinitroglycerine, being viscous liquids,

can contain in the suspended atate air bubbles, water drops and

other contaminants. This 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

nonhomogeneitles of the initial structure there exists a certain

critical dimension (0.3 um), above which premature detonation

takes place. In the case of nitroglycerine there was actually

detected a certain peculiarity, consisting in the emergence of

a weak luminescence - "aureole" (Fig. II) with the departure of

the shock wave, which is maintained right up to the onset cf

detonation. This luminescence is also observed in a shock wave

with an amplitude, insufficient for the excitation of detonation.

It may be distinguished that it consists of a nultitude of

ignition foci, which are recorded on the photoscanner in the

form of thin luminescence bands.

Additional experiments with light reflection from the

boundary limit have shown that such a focal ignition does not

lead to noticeable light absorption, from which the conclusion

can be drawn that tne quantity of reacting explosive and the

corresponding additional heat liberation are insignificant.

It is obvious that the foci have dimensions which are less than

critiqal. Therefore, nitroglycerine also possesses properties

of n homogeneous liquid explosive, manifested in the formation

of ultrafast detonation. Direct measurement of the rate of

this detonation by the method described above produces for it
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4 value of 10.2 kxms Vith a pr s3ure of 115,000 atm In the shock
wave. The dosity of the nitroglycerine behind the shook nave

Is 2.3 g/cm3. Hence, fm approximate estimates, the pressure
In the detonation in the compressed nitroglycerine must be higher
than 500,000 atm. Appazently, this is the most powerful detonation
of those encountered in the experiment.

In all th6 observed cases the luminescence of the detonation
of a shock-compressed explosive turned out to be significantly
weaker in comparison with the luminescence of normal detonation.
Even Khariton £72] pointed that with an increase in the initial
density the temperature of the products of detonation must fall,
since a large part of the liberated chemical energy is here
transferred to elastic energy of the products. This effect is
also predicted by the quantitative calculations on the basis of
the equation of state of Landau-Stanyukovich [73]. It is possible
that the observed phenomena also serves as experimental confirmation

of these asumptions.

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, it 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 in the
state of pre-explosion heating. A calculation of the parameters
In the process of the explosion itself is practically inadmissible,
especially, as a result of the indeterminacy of the activation
c.ncrgy, the specific heat value, the form of the equation of
state of the condensed medium, etc. There Is no need of such
calculationa in the najority 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 characteristic - millionths of a second.

Under such conditions, when the problem of the limitingly small

timas for the occurrence of the chemical reaction becomes acute,

the ezploion time "proper" may be of the same order with the

time of the induotion 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, 7 1.

The physical concept of "degeneration" consists in the fact

that at the high initial speed or the chemical reaction there occurs

the effect of "burn out" of the substance, since up to the moment

of the explosion a considerable part o the substance is consuaed,

as a result of which the explosive effect becomes weakened. The

achievement of such conditions is characterized by two parameters

and_ T- (35)

where T is The initial temperature; E is the energy of activation;

H is the gas "onstant; c is the specific heat; Q is the heat

content.

When y << I and 0 << 1 the thermal explosion Is normal with

introduction period much greater than the time of explosion itoelf.

If these conditions are not fulfilled, then the thermal

explosion is degenerated. In this case it is difficult to speak

of the induction period and of the time of th. explosion itself,

since the occurence of the reaction in time does not possess the

sharply expressed effect of self-acceleration, leading to the

explosive liberation of energy with a delay. A rough estimate of

the parameters 8 and y for th" conditions of shock initiation In

nitromethane (pressure 80,000 atm, T0 
"' 1000°K (60], c - 0.3

cal/g-deg, E " 50 kcal, Q '1 1 kcal/g) produces y - 0.012 and

B s 0.041.
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Since for a normal explosion the values of y and a comprise

0.01-0o001 [75), from the estimates Introduced it follows that

under conditions of shock initiation of nitromethane the kinetics

of the heat liberation w-e close to degeneration. The thermal

explosion under actual conditions is accompanied by the expansion

of the reaction product in the explosion stage of the process,

which must lead to deviation from the adiabetic s.heme of calcula-

tion to the side of still greater "degeneration."

It is 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 certain connection between the time of the thermal

explosion, which occura with a certain delay, and the time of

formation of detonation of the shock-compressed 3ubstance. These

times in turn determine the sice of the arpa at the section

boundaries, wh-rc 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 Light in nitromerhane [70] it was discovered

that the light reflecticn from the boundary limit disappears

shortly before the occurrence of the luminescence of the ultrafast

wave. In analogous phenomenon is observed in nitroglycerine

(Fig. III).

Apparently, the loss of transparency of the liquid is caused

cy the start of the vlolcnt chemical reaction in the initial

stageb of the developing thermal explosion, The time interval

from the start of darkening of the substance to the emergence or

luminescence o. the second wave corresponds tc the time of its
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formation under the effect of the thermal explosion. This

ph':nomenon, testifying to the noticeable degree of degeneration

of heat liberation behind the shock wave, is especially well

expressed In tetranitrcmethane. It was established that with

slight Initiation delays In tetranitromethane there Is generally

observed the formation of prelumilnescence, corresponding to the

second wave (Fig. 18). Experiments witn the reflection or light

indicate that the shock wave is nontransparent immediately after

it passez into the 3ubstance (Fig. IV). At lower pressures and

with significantly greater initiation delays the detonation of

shock-compres3ed nit'omethane is obaerved, but the duration of Its

luminescence k small, since It is formed at a significant

distance from the boundary limit, and its travel time to the

front is small.

Fig. 18. Photoscan of the luminescence
during initiation of tetranitromethane.
1 - Moment of entrance of the shock wave
into the nitromethane; 2 - moment of
formation of detonation In unperturbed
liquid (luminescence or the second wave
I" absent); 3 - luminescence of normal
detonation.
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Fig. 19. Chalken's space-time diagram with
calculation of the final time of thermal
explosion 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-ording to the dataif~ " v off direct measurement of its speed; 41-

region or formation of detonation of a
_ 2 ... shock-compressed substance under the effect

X of an adiabatic thermal explosion on the
liquid explosive - inert boundary interface;
5 - movement of a thin foil placpd a certain
distance from the boundary surface.

A good illustration of the presence of a region 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 according to Chaiken's scheme. Apparently,
the method of end photoacanning 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 being successfully achieved
by placing bans of thin nontransparent foil a certain distance
from the boundary limit (Fig. 19). Photoscanning or the process
from the end of the charge is shown in Pig. V. From the known
distance of the foil from the boundary and the time of passage
of the second wave from the foil to the shock front it is not
difficult to calculate the speed of the second wave. The result
coincides with the direct measurements shown above.

lthe forwation of detonation of a compressed substance behind
the shock wave, a3 follows from the conducted experiments, must
occur in those shock waves, in which there is "normal" kinetics
of heat liberation. Witi given equations of state of the liquid
explosives and intensity, ur the shock wave from the active charge,
which detersine the value of the initial temperature behind the
shock front, the possibility of the formation of ultrarast speed
will be reduced with the reduction of the heat content of the
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:Ajoio~ive rf~" example, with its dilution by an inert solvent

%.Ith similar dynamic properties). The approach to the degenerate

.ase occur, az a result of the Increase in the parameter y.

The Lme lrg must take place with a significant increase in

tW:C zamF!iLtu.e of the shock wave (increase in 3 and y as a result

of thr Increase In T0).

A:. ,itrafast wave may also be absent in the case where the

react.ion Litind the shock wave is complex and the .nal stage

of Lae process of heat liberation is for some reason drawn out.

Tne ouhhlvement of such conditions with the aid of the above-cited

qualitative considerations is naturally difficult to foresee.

The ;etalUed mechanism of the formation of detonation of a shock-

conRprL_.'zd substance under the effect of thermal explosion requires

adaitlonal investigation.

3. From the foregoing experiments it was observed that for

each elqAJ explosive in the formulation of the experiments, shown

in Fig. , there exists a certain pressure amplitude, lower than

which detonation doez not take place. Of interest is the clarifica-

tion of t:ae problem of how the limiting amplitude of the initiating

shock wave Is determined. If the shock wave is rectilinear

(of infinhle length), then on the assumption of the formal

corresponaence of the speedof the chemical reaction to Arrhenlus'

law lwit!i any amplitude of the parameters of the initiating shock

wave ignitIun must take place. The single limitation here may be

v ly the p:'esence of such enormous delay times inadmissible for

tie tc1.ijAl,,gy of shock Initiation, during which the phenomena or

thermal conductivity can occur.

Under actual conditions it must always be a question of

shock wave parameters falling in time. The speed of this fall

Is determined basically by the characteristic dispersion time

of the products of the explosion of the active charge, which is

proportional to Its linear dimension. The amplitude of the

parameters Is 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 failing in time with its

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 strong degree

of degeneration of heat liberation behind the shock wave, when

an ultrafast wave after Ignition io not formed, this criterion

is unacceptable. However, as the xperiment 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

detonation on the temperature in liquid explosives is very

strong (60], it is 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 lifetime"

in the shock-compressed state. This case corresponds to the

separation of the thermal explosion, which under such conditions

generally does not take place. More precisely the separation

condition may be characterized thus: the separation of ignition

takes place, if the rate of fall of the parameters of the shock

wave as a result of the rarefaction wave from the side of the

active charge iE sufficient for the cooling arising in the

process of adiaba-c expansion of the compressed substance to be

able to completely compensate for the self-heating of the medium

as a result of the chemical reaction.
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This consideration Can a.lso be illustrated by a rough

calculation. The induction period T is proportional to exp (E/RT).

Hence

Let us assume that the temperature in the shock wave falls accord-

ing to tne exponential law

where a Is 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 following

form: di/dt > I. From a comparison of all these equations the

conaitions of separation may be represented as

Hence it i3 clear that with large 7 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 determines

the threshola of sensitivity of the liquid explosive to shock

initiation. With an increase in the parameters of the active

charge the amplitude of the limiting pressure, Initiating detonation

in the liquid explosive, must be reduced (and the maximum possible

delay of initiation is increased). It is important to note that

in determln!?ig the separation conditions an initial chemical

reaction rat? Is generally figured, which is determined by the
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twO 4tue of the shook compression and by the value of the

activation energy. The heat content of the substance in the

expression for the Induction period is a secondary term [74.

Therefore, the sensitivity of the liquid explosive to shock

Initiation must be practically independent of the value of its

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 manifested in the

picture of the formation of detonation above the limit.

Under actual conditions tae initiating shock wave, as a result

of the effect of lateral rarefaction waves on the detonation of

the active charge, Is somewhat convex. The attenuation of the

front along the periphery of the charge occurs more quickly.

Therefore, more favorable conditions for ignition ave created

along the axiu of the charge. In proportion to the distance

from the center of the charge in a radial direction delays In

JZiltion increase, while in the peripheral segments combustion

undergoes separation. As a result of this the nonaxial segments

of the shock-compressed substance on the interface do not

explode Indepeiidently, rather they detonate under the effect

of the ultrafast wave coming from the center.

Combustion behind the shock wave is a necessary, but

insufficient condition for the excitation of detonation. If

the heat content of the liquiu explosive Is so small that the

pressure In the products of normal detonation turns out to be

less than tre limiting pressure in the shock wave, still capable

of causing combustion, stationary detonation under the effect

of detonation of the shook-compressed substance does not

take place. This was experimentally discovered in mixtures of

nitromethane with acetone, having a pulsating detonation front.

An explanatlon of this effect requires the introduction of

specific Information on the structure of the pulsating detonation

front and will be given below.
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Also of interest is the question as to under what conditions

will the shock wave with the ignition and with subsequent

detonation vf the compre3sed substance ensure the creation of

stati.nary detonation, having a one-dimensional zone of cheical

reaction. Such a formulatl'n of the proble4 is naturally

somewhat abstract, since the conditions of 4xistenr-e have until

now not been investigated under the actual donditions of a one-

dimensional detonation wave. In spite of the cited indeterminancy,

it is apparent that for sufficiently powerful explosives

inflammation of the substance behinid the shoik wave is a necessary

and sufficient condition for the formation of detonation.

Summarizing the results on shock initiation, one must note

the following. An examination of the nonstationary interaction

uf tl.e front of a flat shock wave with the region of inflammation

is the classical object of theoretical research. in the stationary

versiun sucn a complex coincides. with Zeltdovieh'I model f6r the

front of a detonation wave. Under nonstationary conditions neq

phenomena have been discovered experimentally: the possibility

of the formation of independent detonation of the shock.:compressed

medium, the tendency of combustion behind the shock wave to the

separation effect, the possibility of degenerated regimes of

heat liberation in the shock wave. It is to be expected that these

phenomena greatly determine the variety of the nonstationary

processes on the front of a stationary detonation wave.

S 2. Initiation of Solid ESplosivea

Solid explosives (bulk, pressed, poured) in the majority

of cases have significantly greater detonation sensitivity in

comparison with homogeneous liquid explosives. The pressure

in the shock wave, initiating the detonation, in a number of

systems does not exceed 10,000 atm. Under such pressures the

shock heating of the particlcs is insufficient to create conditicna

for quick occurrence of the reaction within the particles [59].
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It iz obvious that the high sensitivity of porous solid explosives

is a direct consequence of the nonhomogeneity of the initial

physical-mechanical structure. For example, trotyl, the chemical

properties of which are maintained with the change in its

aggregate state, is much more sensitive to a shock oave in the

pressed form in comparison with a cast or molten form with

identical initial density. Therefore, it 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

initial structure, creates regions of local heating, in which

ignition takes place. An additional pressure rise in the medium

because of gas liberation at the foci increast the amplitude of

the shock wave, which in turn leads to a further increase in the

rate of heat liberation behind the front. To this time there

is no one viewpoint on the mechanism of formation of reactior

foci.

In works [55, 59, 76] an important role is contributed to

adiabatic heating of gas inclusions, whi~h can Ign'te the surround-

ing substance. The streams of reaction products, which are capable

of penetrating into an uncompressed medium and f creating ignition

foci during deceleration, can have a significant effect. Active

centers of reaction can arise also because of the intense friction

and the plastic flows during the breakdown of the initial structure

of the substance by the shock wave [77]. Moreover, local heating

must be created because of the microcumulative effects during

a sudden closing of the pores in the front of the shock wave,

because of the radiational heating of the thin layers of explosive

by the radiation of an incandescent gas bubble [78], etc.
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The propagation of reaction from the focus to the surrounding

medium may occur in two ways: through the additional shock

heating under the effect of a focal thermal explosion or through

the combustion of particles from the surface. For detonation

processes short times are characteristic, and vave processes,

it would appear, 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 spots.' 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 .ill be shown below, can crumble particles through micron sizes,

which in principle can successfully burn for short periods of time.

Moreover, a witness of the fact that diffusion processes may

participate in detonation conversion is the detonation of mixed

explosives.

From the considerations on the possible mechanisms of formation

of ignition foci follows the conclusion of the special role of

the front of a shock wave for heat liberation In a porous

explosive. In homogeneous systema 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 packirg of the substance in

the front may turn out to be of the same order as the timen of

ignition at the foci.

If the heat liberation in a wave, after the inflamation

of the foci 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 liberation should have a smoother cnaracter

as a result of the gradual burning out of the substance from the

foci, formed at the front.
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in proportion to the propagation of the shock wave in a

powder vaplosive the dynamic parameters at it's front vary

within wide limits from the initial pressure to values, correspond-

ing to a detonation front. Here the substitution of the mechanis.-

of formation of "hot spots" Is permissible, since with the

increase in parameters an ever greater role will be played by

homogeneous shock heating. The reaction times on the front of

a shock wave, which has a speed close to the speed of stationary

detonation, becomes so small, that particularly streneous require-

ments are imposed on the mechan.=m of transfer of energy from the

foci by the heat conductivity and diffusion.

The literature contains almost no direct experimental data

on the nature of focal heat liberation In a shock wave. To the

present, howeyer, rather a large amount of information has been

collected on the macroscopic picture of the formation of

letonktion from a shock wave. In work [81] in experiments using

a photorecorder, and also with the aid of ionization sensors

it was established that in solid explosives the initiating shock

wave after its passage into the substance begins to increase its

speed. The gradual rise in speed is accomplished by the smooth

transition to detonation. From this fact, that a sr-)ck wave is

accelerated from its very start in contrast to I quid explosives,

the authors of work [81) concluded that in solid explosives the

reaction begins in the direct vicinity or the front ct' the shock

oave in the defects and nonhomogeneities of the explosive.

Significantly more information or the structurt of the

hydrodynamic flows during acceleration of a shock wave is produced

by observation 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

made from trotyl of various structures (Fig. 20). Similar

experiments were conducted with hexogene, tetranitromethylaniline

and p*ntaerythritol tetranitrate. These experiments allow us

to dra the important conclusion that the qualitative picture
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;f t:a transfer of the shock wave to detonation is unequivocally

dttermzined by the physial-mechanical structure of the substance.

For bulk explosives the presence of a falling pressure profile

Lehind tne front of the shock wave is characteristic, while the

amplitude of the front rises continuously and relatively quickly.

r, a pressed explosive In proportion to the development of the

proceo behind the front of the wave there arises an additional

Ircrease in the mass velocity, testifying to the pressure rise

at a certain distance behind the front. Such a character of

focal heat liberation in a pressed explosive can create the

effect of overcompression of detonation at the moment of its

formatlcn similar to the case examined above with the formation

of detonation in tetranitromethane (see Fig. 18). One can assume

that such a phenomenon took place in the experiments of Jacob (77].
The picture of the transition process in poured trotyl was

characterized by the constancy of the 2s velocity in the vicinity

of the frcnt 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 shock wave were substances different in their initial physical

structure in the region directly preceding the formation of

detonation becomes identical. In this region there is 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, obtained on the bases of measurements 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 systems in the

os'illcrams of mass velocity (see Fig. 20) there is observed

a drop in the mass velocity directly behind the front of the

shG.k wave. The occurrence of a peak is obsirved, apparently

a chemical peak of the hydrodynamic model of normal detonation.

With a further smooth increase in the parameters of the Initiating

wave right up to values corresponding to stationary detonation the

form of the profile is almost unchanged. The parameters at the
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front of the shock wave reach values correspond-'ng to the
paraters on the shook front of normal detonation, earlier than
the reaction zone characteristic for normal detonation 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 a -Cast
small-crystal trotyl (p0 a 1.62 g/cm ); b -pressed
trotyl (p0 a 1.59 g/cm3); c - bulk trotyl (p.0 1.0

gc3,grain size of 0.5 mm. Numbers under the
oacillogr.ms - distance of the sensor from the
boundary (in cm). Distance between the time marks on
the oscillograms correspond to 2 Vs.

(a)
fte OR

Fig. 21. Pressure at the front of
shock waves, causing detonation of

' pressed (1), cast (2), and bulk (3)
trotyl depending on the distance
traveled by the waves. KEY: (a)
P, thousands of atmospheres.
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In the literature there have smny discussions of the problem

of tUe possibility of the emergence of retonation waves during

t:,e formation of detonation in solid explosives. In particular,

keLEe w.ves were observed during the photorecording of the lateral

alsp-rsion of reaction products In the region of the Initiating

snGck wave [53, 54J. However, numerous experiments using the

electromagnetic method clarlfied tbht along the axis of the charge

no retonation waves are observed. The presence of a retonation

wave ihould have been mnifested on the oscillograms of the mass

velocity in the form of a sharp negtlve signal. At the same

time retonation waves ar actually observed with optical observation

of the processes of transition from the lateral surface of the

charge in pressed trotyl. A coeparicon of these results forces us

to conclude that In thin case a special detonation process takes

place in the lateral layers of the charge, iubjected to the

ef'fect Qf the lateral rarefaction wave. It is obvious that this

phenomenon ha3 no direct relationship to the mechanism of initiation

of detonation of solid explosives, and its similarity with the

mecnanism of the emergence of retonation in gas media during the

transition of combustion to detonation has no basis.

Observation of the process of initiation of detonation by

the optical method in a solid opaque substance from a lateral

surface of the charge generally cannot be a sufficiently reliable

metnod of investiption. Thus, for examplev an a result of the

lateral loading the front of the shock wave is distorted. After

the formation of detonation inside the charge its front is also

convex. When this wave emergea on the lateral surface, there ia

recrdea an excess in the rate of propagation of luminescence on

tne i4,.ral surface, which could mistakenly be taken as a real
excvL at the moment of forzation of datonatl.u [52, 54).

Let us stop briefly on the limits of excitation of detonation

of solid explosives by a shiook wave. An important peculiarity
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of the excitation of detonation In 8olid explosives is the fact

that the distance, at which the shock wave becomes detonation,

can be very significant, right up to several diameters of the

initiated charge. Under such conditions the lateral loading in

thls charge exerts a significant influence on the transltior

process and to a considerable degree masks the effect of the

active charge, which has 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 the

diameter of the passive charge and the presence of a shell.

A characteristic part of the transition processe; in solid

explosives is the falling profile of the mass velocity behind

the shock wave front, the velocity of which is 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 is not complete.

Thus, if for liquid explosives tLe criterion of transition

of a shock wave into detonation is a homogeneous thermal

explostor., which can also occur with a shock wave attenuating

in amplitude, then in solid nonhomogeneous explosives the criterion

for the formation of detonation is the nonattenuation of the

initiating shock wave. This condition is ensured in the case

where the pressure rise as a result of the 1'ocal heat liberation

behind the front compensates for the pressure drop as a result

of the rarefaction of the substance behind the snock front.

With a given physical-chemical structure of the charge the effect

of tM actJvity of the foci must depend on the heat content of

the exploslve. Therefore, heat content is a basic parameter

of sensltivlty of solid explosives (in contrast to liquid

explosives), namely, the greater the heat content of the substance,

the higher its sensitivity. On the other hand, kinetic properties,

determine the sensitivity of liquid explosives (explosion effects),

during focal heat liberation deviate to a second plai and for the

sensitivity of nonhomogeneous explosive. 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 representation of the

i.echanism of the formation, multiplication and dissolution of the

"hot spots" must be the subject of further study.

Acrttting the results to the consideration of the problem

of sheck initiation of detonation -n condensed explosives, one
.:: ul conclude that in phenomena of detonation formation in

:,,i',.o,,eneous and heterogeneous explosives, it is difficult to

finid general traits, which would produce a basis for the construe-

tion of a single theoretical model of the transition processes.
Thererore, one can assume as unjustified the attempts to construct

a universal one-dimensional model of the transition of a shock

wave into detonation [65, 85-881, in which both results - the

6radual Increase in the speed and Its excess - can ba obtained

by varying the formal kinetics. Such a formal system of
e:tralization of the experimental results cannot produce solid

physIcal representations of the phenomenon, since with its use

une cannot take into account the effects of the initial structure

or the substance on the picture of the transition, nor can one

forezee the possibility of incomplete liberation behind the shock

front.
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CHAPTEP III

THE IECHANItSH OF THE PROPA6ATIOh OF
DETOTATIOH IN LIQUID EXPLOSIVES

The process of liberation of chemical energy at the front of

a detonation wave inhomogeneous condensed media Is a most

inexcessible region for experimental investiFation. In particular,

due to the exclusive smallness of the times of detonation conversion

and the destruction action of detonation to the shell many of the

optical metisods of diagnostics (schlieren method, photo scanning

of the occurrences behind the front, spectroscopic measurement of

the temperature profile in the detonation products and so forth)

are inapplicable.

Until recently information on the zone of chemical reaction

on the front of detonation in liquid explosives was almost completely

lacking. For a long time it was suggested (23, 55, 59] that the

reaction mechanism in the detonation of liquid explosives did not

differ from the reaction 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 r89]. In conformance with this, the problem or

huilding a quantitative theory of the detonation front wns reduced

to the clarification of the kinetics or the chemical reactions for

complex organic mclecules under conditions of very high pressures,

to the consideration of the possibility of chax.iring the form of the

equation of state in the process of heat liberation, to the

calculation of the distribution of liberated chemical energy into
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:.a.-'tc and thermal portion, and to an analysis of the regularities

aexpansion of the reacting condensed medium and so forth.

*f-',.e 3olution of these problems we would succeed in calculating

. r' :u'. .'fr,, profile in the zone of chemical reaction.

Tne ai.covery of the pulsating nature of the detonation front

i mixtures far from the boundary [90, 91] led to a new

* n,.'atL , of tlie problem of the mechanism of detonation even for

•.:-.-nous condensed medium. Notability, since with the simplest

." kinetics of the chemical reaction ignition behind the

shock, ave Is accompanied by complex nonstationary processes, the

,,.i': f these hydrodynamic phenomena on tne front of the wave

>'e: primary importance, inasmuch as it is precisely they that

• ',.Ane the structure of the detonation front and its limits of

zsatIon.

Th,, kinetic problem in such a formulation amounts to the

1t,e.:nnnation of the possibility of the existence of an induction

~~:* :or Ignition behind the shock front and to the calculation of
tle !e.,ndence of its value on the initial temperature. These data

'.t least sufficient, according to the .Xlzting theory [41, 42,

' ,, to answer the question, whether the zcn,- of chemical reaction

,i te front of detonation is pulsating or one-dimensional.

first information on the zone of chemical reaction in

'oa.'d ?xplcsives was obtained after it was successful in greatly

xtt:r.r," in time the process of heat liberation on the front

S-,u.. ol the dilution of certain liquid explosives with an inert

'.e direct recording of the luminescence of the front

.nd of a transparent charge (F.g. 22) successfully

. e the clearly expressed pulsacing character of the zone

Fl -r...-'cai reaction (Fig. VI). It turned out that the pulsating

.. observed with the diluton of nitroglycerin with

nI.l .1 ;ohol, glyceride alcohol nitrite with acetone and so forth.
Aimilarlty was noted here between the observed picture

r .i i t;ons on uhe front with the phenomena taking place in
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gaseous detonation [91]. Hence it follows that the specifics of

heat liberation In a condensed medium do not lead to significant

pecalarities in the process of propagation of detonation, and the

theory of the phenomenon for liquid explosives and gases must be

common for both to a significant degree.

A--
Fig. 22. Formulation of the

-experiment for observation
of luminescence of the
detonation front in a liquid
explosive. I - mirror;
2 - liquid 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 photo scanning is possible only close to the limits of

detonation propagation, in mixtures with relatively low heat content.

With the enrichment (an increase in the heat content) of the mixture

the size of the inhomogeneities, i.e., the characteristic size of

the grid on the photo scan of the luminescence of the detonation

front, is abruptly reduced and in mixtures, far from the limit,

becomes unsolvable photochronographically. In connection with this,

doubts may arise or the existence of a puliating zone of detonation

far from the limits. 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 inert boundary with an Insufficiently

polished surface.

The experiment with lighL reflection gives an unambiguous

answer to both problems. The presence of trar-sverse perturbation-:

on the front of detonation must lead to r~uehness of the surface of

the leading shock front of detonation. L:'ht reflection from such
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"a.Ui, surface must bear a nonregular character in contrast to

-, r~Fular light reflection from an inert shock wave, which leds

" -lrror reflection of the aperture of the light source on its

.. :, iC]. The irregular character of the reflection Is

.d in the blurring of the edges of the "image" of the

.. ,-rtu.e of the exFrosive light source.

, result of the experiment with light reflection in

-:.i':ted nitromethane is shown in Fig. VII. The scheme of

con,ucting the experiment was given in Fig. 13. Detonation under

tho 'conditions of this experiment was propagated far from the limits

(t, size of the charge was much greater than the limit), but the

l..;i ! o:" the aperture of the light source, taken in the form of a

' , wa.; obtained blurred on its front, which bears witness to the

r . of the detonation front. At the same time the initiating

., ,,ave reflects light regularly and, consequently, is smooth.

!.-Lrofore, the method of Initiat! n is not the reason for the

,'-:.,iince of a pulsating detonation front. It is interesting to

,.:.e that the pulsating rough detonation wave Is formed from a

.1 iating shock wave practica)ly instartaneous without the

pa*.Jr.r over of detonation which is overcompressed at the initial

momerit .o a regime of a stationary one-dimenaional wave with the

su l tt res~ructuring of the one-dimenslonal "classical" complex

pulsating zone of chemical reaction. Conversely, one would

%ave t,; observe a change in the regular reflection of light to a

ricnr,,i"Cir even under conditions of normal propagation. A similar

, .~t s observed in weak mixtures (see Fig. VI), in which the

:%,v e pulsations are directly observable on the head-on photo

.:,. .. prooortion to the transition from overcompression the

.- I inhomogeneities is increased up to a value which

Ocrr:',:; -. s to normal detonation.

. tne transverse pulsetlons on the detonation front in

liquid explosives are always generated In an overcompressed regime,

Pt i.- ,' %- That the application of Shchelkin's theory [90] on the

mt. ""' * ',e formation of pulsations from a one-dimensional
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stationary Zelldovich complex is in this case impossible, at least

without adiitional substantiation. The formation of a pulsating

zone in a nonstationary process (the emergence of a wave from over-

compression) leads to the conclusion that the analysis of the

problem should be based-on experiments on the observation of the

nonstationary interaction of a flat shock wave with the ignitJon

zone, a particular instance of whi'h is the occurrence of shock

initiation of detonation.

The basic questions in examining the mechanism of detonation

of liquid explosives are the following:

I. 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 front?

3. Which processes in the pulsating zone accomplish complete

heat liberation?

4. To what do the pulsations lead: to an increase In the

to~al time of heat liberation on the front or to its decrease?

5. Do the pulsation3 on the detonation front amount to a

"thin structure" of a one-dimensional detonation complex?

6. Which phenomena in ' pulsating front determine the

nonstationary restructuring of the wave (emergence from over

compression, spherical detonation etc)?

7. What is the iature of the lirtrts of propagation of a

pulsating detonation 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 1iq'uld explosi.ves
during shock initiation has an unusual character, if as the
initiating explosive we take a mixture with a low heat content

(nItromethane, strongly diluted acetone). Ip this cast in setting

up the experiment, shown in Fig. 9, as usual (see Fig. 10), the

deconation of shock-compressed substance (Fig. VIII) begins in th-

central region of the charge. This detonation i propagated to the

peripheral segments of the shock wave, in which self-ignitlon has
underg .te separation. In a head-on photo scan this detonation is

recorded in the form of a narrow band of weak luminescence. The
detonation conversion in an unperturbed liquid takes place in a

local region of ignition on the shock front, recording the form

of a narrow, relatively bright illuminated 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 detonatio comprises the three-

dimensional detonation configuration. A cross section of such a

configuration is depicted diagrammatical in Fig. 23.

A similar picture is observed, if instead of the emergence

of detonation of the compressed substance as a result of self-

Ignition this detonation is caused artificially using a miniature

initiator, placed on the interface. A photo scan of the process in

sjc. an experiment is given in Fig. IX. The layout of the,

experiment with an artificial Initiator in individual cases is

prcferable, slaca It insures 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 ooser"ations. The region of bright luminescence 4 has a

"fine structuire," whic' is clearly destroyed in certain experiments

(Fig. IX), 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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otber. In proportion to the distance away from the point of

intersection of the tranbvers. 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 o:e behind the other frequently breaks

down as a result of the occurrence of microconfligurations, which

follow In the opposite direction.

F-g. 23. Diagram of the
propagation of three-
dimensional detonati .-n

$ configurations. I -
initiating shock. wave;
2 - detonation of a

7 2 shock-compressed mixture;
3 - segment of inflamma-
tion on the shock front;
4 - re-formed shock wave
without inflammation;
5 - detonation products.

The characteristic size of the inhomogeneities in region 4 is

less than with normal detonaticn of the same mixture (see Fig. 27).

Hence it follows that this section of the three-dimensional

detonation complex is overcompressed. It is apparent .that over-

compreision in region 4 is created by the pressure in the detonation

products of the precompressed liquid.

Let us turn once again to Fig. 23. Behind shock wave 4

inflammation is absent, and Its front is separated from the

detonation products. Since no heat liberation occurs in this

region, the pressure behind this bhock wave approaches the initial

pressure of the Initiating shock wave, which is fixed by the

parameters of the active charge. In the course of che indu.-ticn

period a newi adiabatic flash may take place in this region, leading

to the formation of a new triple configuration, extended following

the first one. With ideally selected conditions the plcture of

the detonation trarsformation should icok like a "fir tree" on the

photo scan (Fig. 24). Under actual conditions, howcver, the

69

I.



regularity of formation of tho conflguration is greatly distorted.

A slight variation in the amplitude of the initiating shock wave

reads t) a multiplication of the configurations on the surface of

the jh:)2 front, or to their disappearance altogether.

With artificial excitation of several configuratirns using

miUn-atdre initiators it is possible to observe the character of

t:,e('r !nteraction durinr collision. Figure X shows how the formed

trlr12 configurations can pass through one another without noticeable

Jistortion or, on the other hand, disappear during collision. The

interaction scheme in the first case is shown in Fig. 25. The

phenomenon of the formation of triple-shock configurations under

the effect of a smooth shock wave, undoubtedly, must have a direct

r' latlonship to the nature of the transverse pulsations on the

front of the stationary detonation. The problem consist of

der.vine from the observations of large-scale configurations,

havin a fine structure, a model of the elementary triple

configuration, using which it is possible to construct a scheme

of the pulsating front of a stationary detonation wave, and also

of explaining all the details of the model experiments.

V Pig. 2 4. Suggested form of
the photo scan of model
experiments under idealized
conditions.

2t;,ervatlon of the model configurations allows us to assume

that t*," elementary triple configurations have the same basic

signs, namely: the presence of an overcompressed detonation wave,

record.: r the photo scan as a clear line of luminescence, the

presencP of 4 transverse detonati.on wave and, finally, the existence

:f ar. ",.rea of separation of the front of the shock wave from the

detrna' 'nriJucts. Figure 26 shows an approximate scheme or the
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triple configuration, wfich in simplified form repeats the scheme

of the head of spinning detonation [91]. In the compressed

explosives the transverse detonation front is propagated. The

products of its detonation, which hava great pressure, as a result

of lateral expansion initiate the clearly luminescent overcompressed

detonation front in the undisturbed explosive 2.

Fig. 25. Schematic depiction of
the sequence of phenomena in the
collision of triple configurations.
I - moment before collision;
II - after collision; 1 - initiating
shock wave; 2 - overcompressed
segment of the detonation complex;

* -3 - transverse detonation of shock-
compressed explosive; 4 - region of

Sdetonation products; 5 - shock waves
without inflammation; 6 - surface of
the boundary of the active charge.

Fig. 26. Scheme of the triple
configuration. I - areas without
Ignition; 2 - segment of over-
compressed detonation; 3 - deto-
nation of shock-compressed explosive;
4 - site of separation of ignition
behind the shock front.

In the model of elementary triple ccnfiguration we can, without

loss for the Ideal aspect of the problem, assuie one-dimensionality

of the zone of chemical reaction in the overcompressed segment of

the configuration. This problem will be analyzed in more detail

later. In proportion to the distance away from the triple point

the pressure in the area of overcompression as a result of the

lateral expansion of the detonation products of the compresred

substance quickly falls. As a result, the delay in the ignition

in the region of the zone of chemical reaction of overcompresBed

detonation very rapidly increases. At a certain distance from the

triple point the separation of ignition takes place behind the

oblique detonated wave. This leads to the separation of the front

of the shock wave from t1.e letonation products, and the pressure in
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it dsymptotically approach the pressur In the initial initiating

-hock wave, which is fixed by the parUmters of the active charge.

It should be noted that ipition separation at point 4 (see

Fis. 26-, taking place luring copmation of ehenical self-heating

of the substance by the cooling as a result or Its adiabatic

expa:;'Ion, has certain pecularities in comparison with the

epa'.-±:ion behind tne initiating shock wave. In this case the

,epar.atl:n is accoapenied by the deay of the double discontinuity

(the front of the shock wave - the plane of self-ignition),

corrctonding to the overcor resod one-dimnsional detonation

complex. Qualitative considerations on the dispersing one-dimensional

double discontinuities are expounded in works [41, 90, 92], although.

the case ef separation of ignition is not examined in them. It

should be noted that the transverse detonation wav is also one-

di..ensional. This follows directly fro observaticn of the regular

reflection of light from the front of detonation of a shock-compressed

m.'xture of nitromethane with acetone in a 75:25 ratio.

Special experiments with weak. artificial Initiators, which were

incapable of causing detonation of a shock-comprersed substance,

showed that another type of configuration is also possible,

d fferi:g from that described above by the fact that Instead of

a detonation front in the compressed explosive S shock front is

propagated. Inflammation in such a configuration proceeds only in

tie regiorn of Section 2 (aec Fig. 26). These configurations are

distinguished by their quick attenuation after formation.

S 2. A Model of a Pulsating Detonation Wave

The above suggested model of triple configuration qualitatively

coincWds with the model of tronseQrse pulsatiorso on the detonation

front 'r, gasvous mixtures [91). It should be noted that in

analyziag the nature of the transverse pulsations on the front in

gaseour aetonation special attention was concentrated on the

examirni -,r cf the scheme of the flows .in the vicinsity 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 region for
liquid 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 basic

properties of the detonation wave are determined by the conditions
of Ignition in region I (see Fig. 26). From the problems of the
structure of the flows in the region of the triple point there is
only one principle problem - whether the transverse wave is a

detonation wave?

For the region of configuration 1 of greatest significance
is the question of whether the parameters of this shock wave

correspond to the one-Cimensional Zel'dovich complex, as was
suggested In the model for spinning detonation [23, 90]. Let 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 tne products of
detonation there is no continuous ignition, characteristic for

a one-dimensional detonation complex. Consequently, the pressure
Jump ("the chemical peak"), created by the continuous ignition

behind the sh,,ck front in this region, is also absent. 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 junp on the interface of the detonation

products and the shock-compressed explosive, the formation of
transverse perturbatlons according to the theory given in work [90]

cannot take place.

The emergence of new configurations should take place as a
result of the adiabatic thermal explosion in the vicinity of the
interface of the shock-compressed explosive and detonation products.

Hence the transverse size cf the "inhomogeneities," which Is

datermlned by the products of the rate of distribution of the
ionfiguratlons for the time of delay c.f the adiabatic flash has
no definite connection with the width, corresponoing to the model
of the one-dimensional zone of chemical reaction.
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The transfer of the vodel of triple conflgurations to the

Jetoation front requires certain aMitional considerations. The

reo-,rd.n; of the pulsatinm front In the form of a gril of clearly

illuminated lines (see Fig. VI) testifies to the fact that self-

ignition in the zone of chemical reaction of a stationary detonation

wave dces not occur on the entire surface of the detonation front.

:!.4 regions between the illuminated lines thore is no continuous

ini'la.maton behind the leading shock front. This substance is

burned cy the transverse triple configurations, the overcompressed

segments of which also produce luinescence in the form of a bright

line.

The sizes of the inhomogeneities on the front of the stationary
wavv, which can be observed In the experimnts (Fig. 27), are not

iarx;e. However, in individual photo scans one can observe, among

the clear line; narrow bands with weaker luminescence corresponding

to a transverse wave. This gives us the basis for assuming that

the configurations on the detonation front correspond to a model
wtth a reaotion transverse wave. Conversely (with a transverse

wave without reaction), one is at a loss to explain in what manner

on the pulsating detonation front total heat liberation can exist.

Fig. 27. Deperdnce of the size
of the inhomogeneltl s on the
front on the volumetri . con-
coentration of acetone n in a
mixture with nitromwthane.
Condi ions of conducting the
experiments: width of the steel
shells was 3 mm, d w 62 i=,* 8°C'

Th. construction of a model or tht front using configurations

of the firt type leads to a structure of the chemical reaction

zone, nlh*h qualitatively satisfies the ezperimntal observations of
gaseous detonation [91, 93]. However, the question of how the

kinetic. 31' heat liberation in Section 1 (see Fig. 26) of triple

confFi-ra' lon, which we will call "weak," determines the tasic

proper" t he detonation wave, remains open.
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The self-sustaining -egime of propagation of detonation ,:Ith
configurations of the first type mayt be accomplished in several

ways. The simplest model of the detonation mechanism, which differs

most from the one-dimnsiunal theory, consist in the assumption of

a total analogy of the phenomena 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

delay in ignition in the "weak" segments is dotermined by the

pressure in the adjoining detonation products and, in turn, assigns

the characteristic size of the triple configurations.

We can assume that on the fronL of the stationary detonation

wave there occurs a continuous shtock initiation of triple

configurations because of the series of adiabatic flashes in the

weak segments on the wave front. In this case we cannot avoid the

assertion that the triple configurations are not stationary. After

formation they must attenuate during the course of the travel time

between collisions. A different assumption on the mechanism of

the pulsating method of propagation of detonation is the fact that

the configurations, formed during the transfer of the wave to a

stationary regime, are maintained during collision at a result of

their peoetratl...n through one another.

The characteristic size of the configurations unequivocally

is determined by the delay of the adiabatic flash in the weak

segments. The "regulation" of the size takes place in the following

way. If because of some random reasons the distance beta.een the

configurations is increaseu greater than Zhe normal dimension,

the "lifetime" of the substance in the weak segments will exceed

the delay in self-ignition in this region, which will also uccur,

having formed a new configuration. It is obvious that in

"instantaneous" photo of the front structure does not allow us to

establish just which mechanism insures a self-sustaining pulsating

detonation, since the structure of the front In both instances

should have an identical form.
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A greater degree of deteysinaoy may be Introduced to this

rprc lem by observation of the pulsating detonation wave under

nor-oulona -y conditions, which will be examined below. For the

iresei. we can be limited by the assumtion that the mechanism

cf maint'enance of a pulsating zon. Is a combination mechanism.

Znce we are resting on the analogy of the process of

crLahgaticn of detonation with phenomena during shock initiation,

*,.e .ian assume that in the weak segpmnts of the configurations under

nonstationary regimes of detonation the phonomenon of ignition

separation can be observed. In this case the above examined

mechanism of the formation of new configurations will be "turnsd

off." As was already noted, a separation in a region of an over-

c, mpressed oblique detonation wave occurs according to a scmewhat

special scheme: by the dissociation of the double discontinuity.

The reason for It is the expansion of the detonation products, which

have a limited volume, behind the transvera Wave. In the region

of weak segments of configurations 1 (see Fig. 26), if tr.e charge

were of infinite dimensionn, separation phenomena would be

impossible, since the coatinuous replenishment of configurations

which disappear for some reasons would be insured,

§ 3. Separation Phenomena in Overeompressed
and Spht, rcal Detonation

Separation phenomena in weak sections of a pulsating front

of detonation should be observed, if the rarefaction wave, entering

Into ter fri the side of the detonation products, compensates

for th-? -hemical self-heating of the medium. The rate of fall of

the paramn-ers behind the front of the shock wave In the "weak"

sectionr, if configurations for nonstat-onary regimes should be

determined by the time of dissipation of the detonation products,

whicn .s ,Jtermined by the dimensions of the charge.
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Intense razeefaction in the weak sections my be created during
excitation of detonation in a loan mixture by a short powerful

charge. In this case the wave quickly passes from overoompression,
ond the rate of fall of the paraxetern in the weak sections on the
front is especially large. 7igure XI shows a photo scan of the

process of initiation of detonation in a mixture of nitroathane
with acetone in a ratio of 65:35 by a short powerful charge made
from hexogene (a charge diameter of 100 m, a height of 20 um)
according to the scheme shown In Fig. 26. It wes discovered that
in proportion to the transfer from overcompression of dotonation
the size of the Inbopogneities in Its front quickly Increase.
Therefore almost simultaneously along the entire cross section of
the charge detonation Ignition disappears, and detonation ceases.
The increase in the size of the inhomogeneities during the passage
of the wave from overcompression testifies to the fact that the
pulsating zone Is capable of quickly restructuring Itself according
to the change in the parameters of the wave.

The enlargement of the !.nbomogeneities is possible only If
the "excess" inhomogenaltie disappear in proportion to the pressure
drop in the detonation products. They can disappear for various
reasons. Fcr example, during collision or by the merging of
neighboring configurations, propagated to one side, because ;f
a random difference in speeds. They can also attenuate right up
to collision.

Thus, the triple-shock configurations on the front are

incapable of' independent existence for a prolonged time period.
Hence it follows on the front of pulsating detonation continuous

replenianment of the configurations as a result of adiabatic
flashes has to play an important role. In proportion to the
transfer from overcompression at a certain moment In tine in the
weak sections conditions of ignition separation are achieved.
New configurations are n6t formed, and the "old" continue to burn
the substance for a while.- Their quantity quickly diminishec and,
finally, they attenuate completely. Detonation ceases.
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Fig. 28. Fig. 29.

Pig. 28. Diagram of the experiment for
observing the phenomenon of separation
of detonation durlng the rapid passage
of the wave from overcompression.
1 - explosi-re "lens" 2 - active charge
made up oi hexogene (density of 1.78

g/cm3 ); 3 - container with liquid
explosive; 4 - mirror.

Fig. 29. Diagram of the experiments for
exciting sphericl 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 is observed during the perturbation of

detonation by a semispherical charge (Fig 29). With spherical

detonation even in a quasi-stationary regime of its propagation

separation conditions in weak sectior of the front can be achieved

because of the divergence of the flow behind the front of the

convex shock wave. Figure XII presents a photo scan of the process

of propagation of semispherical detonation, in which the phenomenon

of separation of Ignition on the front with the subsequent

dissociation of detonation is also observable. In this experimint

the initiating charg;e 1s also sufficiently powerful, and the detona-

tion on the initial segments Is overcompressed. With a small radius
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of curvature of the front of the wave the conditions for aeparatlon,
with a fixed pressure in the detonation products, are especially
favorable. 9.Therefore, it Is U~osslble to create spherical
detonation, which, not being ovrpwjretsed at the Initial smoent,
would be eapable of then under.going aeparation.

The parameters which dteg'ainv the schievemant of separation
effect in spherical dotonttioai for a liquid explosive with fixed
kinetic properties an': the power of the active charge, Its
diam~ter and the heat content of the investigated mixture. With
variations in these parameters we succeedad In observing the
following Interesting yhenomenon. With fixed parernters, or the
active charge, In proportion to the enrichment of the mixture, the
moment of the onset of separation of detonation of the Pixture
moves~ further and further away from the start of shock loading.
Correspondingly, the r~dius of the detonation wavs In the sixture,
at which separation proceeds, Increases mort snd inore. Finally,
in a mixture of a certain concentration spherical detonation
disperses with a constant size of the inbosopeities onl the front.
A significant peculiarity of the transistion process consist In the
sudden tratnformation of the spherical detonation, propagating In
a normal rsgime, Nherein the se of the iZnoogneties In the
:tationary wave are 1085 than It wa inmediately before the formation
of the stationary regise, I.e., the size of t~he ir*homogeneities
pastes through a maximum (Fig. XIII). These facts are fully
explainable on the basis of the assumd model of the front.

The constancy of the size of the Inhowonelties on the front
of a spherical detonation, propagating In a norval regime, despite
the continuously growing surface of' the detonation front, in
explainable very simply. The pressure in the steak sections of the
front is determined by the pressure In the adjoining detonation
products, which Is constant In a stationary wave. This pressure
wwabiiguously determine# the dvl;y In the adiabatic ignition In
the weax sections and, consequently$ the distance between the
neighboring configurations. With an increase In the distance
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betweer. the configurations on the front of a spherical detonation

greater than the site thub assigned there takes place between them

an additional adiab'tic flash, which forms a new conriguration.

This mechanism also maintains the average size of the Izdiomogeneities

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

chargd the degree of overcopression in them is less, and the

process of transfer from overcopression is smoother.

The observable fact of the sudden formation of a normal

spherical detonation can be explained In the following way. In

proportion to the transition of spherical detonaticn from over-

conpression at some moment in time in the weak sections of the

frcnt separation took place. however, the detonation conversion

or. the front was continued for some time by the maintained

configurations, which gradually brought out of order, while those

remaining as a result of the Increase in the *leni;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 wave continue to grow. The divergence In the flow

in heak sections of the front continued to reduce, since at a

certain moment the separation conditions for the adiabatic ignition

in them are overcome. Prom this moment the mechanism of the

formation of new configurations "is switched on" and detonation

disperses with a constant size of the inhomogeneities on the front.

Naturally, this size is less than the size of the pulsations on

the front of the detonation wave attenuating before this. Thus,

experimental observation of the nonstationary restructuring of

the wave is well described by the proposed model of the pulsating

front and, in turn, gives additional information for its perfection.

As foliows from the classical proof of the selection rule,

in an overcompreased regime the rarefaction wave from the side of

the detonation products penetrates the sone of chemical reaction
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-d cauS an attftuation of the S1tude of the front of "aa

m8tMA.n wave. Ua a z'eultq the Varameters of the 'Istonstion
igiaftM40valuma which sorwsupomd to the Claaan-ioupaet
$UI~W~'I.. 3tthi2zg can W so" about the Poosl'llity of tho

B&PAYOUPc9 Ootc durina Ssh a trwitlii and of the Oj~uaP of
006C , 01ain th"MOu Q DOrMs regime' !ilt up to total attenuation.

MhID U~ R'Mtawe0 Sip. In 010 olasulaa theory the detonation front
is l1a6 tltl4 with tos eSOPatlon surface of the initial explosive
and of tht dfot~t# Prwt.

Pig. 30. Mglaining tbv affect of over-
omresslon on the parameters of the

shook~ wav an tho detonation front in a
one-dL"Iaesnal model Wn in a pausatlng
model. 1 - shook adiabatic ouz'vo of a
liquid explouive; 2 - dtonation adiabatic
our"s; P2- pressure in the products of
nOMIu datonation; A?2 - prssr J"' in

the weak sect~ons during overoWresslon;
PI-pressure on, the shook front of one-

01mrasioal G~tonation In a vnrial regime

it is obvious thtb model of the Weonation wave with a

period occupies tewnt~n,, ls also capablo of separation
phenoen. Hwvr n hudaon htteifuneo h

i'arsfactlon ware &= bhin oo the plaigcv utb
significantly stronpi than on & on*-dizanuionl zone. Qualitatively
these aonsiderationa can be illustrated vith Mppb (Pig. 30).
Wuring the transition from ovemspreasson for a one-dimonsional
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abaO trai~t wIl i11 s* to 01/7 10 In a pulsating detonatIcn
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corresponding to the detonation adiabatic 'urve. The effect oi the

transition from overcompression on the weak segments of the

pulsating zone will be an incomparably stronger AP2/P2 than on

the rront of one-dimensional detonation.

1 4. Comparison of Pulsating and
One-Dimenslonal Models of a
Detonation Front

In conformance with the one-dimensional theory of Zel'dovich

a smooth shock front of a detonetion wave has a speed equal to that

of the detonation. The heat liberation taking place behind this

wave leads to an inci.'&..e in the flow velocity behind the front,

and also to a reduction In the pressure and density in the medium.

The depenuence 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 velocity, 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

detonat!Dri front, i.e., discovering the region of increased

pressures [94]. The clarification of the region of increased

density was also carried out by the method of absorption of soft

X-rays '95]. The discovery of the "chemical peak" in detonation

of condensed explosives is based on the measurement of the increased

speed of the substance )n the front of the wave by an electromagnetic

method nr of the increased pressure by the split-off method [71, 96].

It should be noted that ',he pressure, density and spebd of the

substance in the chemical rer.ction zone, which has a nonunivariate

stm cture, are Interrelated oy simple relationships only if th-

characteristic dimensions o'; the transverse perturbations are

si.gnif-antly less than the total width of the chemical reaction
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sowl. In this cae avsrag.ng of te parametera or the flow is
possible In the planes pamallel to the detonat ion front. Heat

liberation in thin case occurs In the first apVroxIsiton along

Mikhel'son's stmla t line, and the sasurements of on* flow

parameter behind the front, at a kwn detonation rate, determines

the two rwalinlg onQs. If the nonhommpneous zone In not reduced

to a TIra." structw-a of the one-dinsional model ofr the wave

front, the int rdpndence of the flow paraneters becows

indetermInant, and Information on the mdi 's pressure, density

and speed formally avernged in the planes pnrllel to the front

ahould be obtained by Independent methods.

Returning to the problem of comparing a one-dimemsional and

a pulsating zone, we can foruis ' , this in the following rmnnjr.

The classical theory views the front of a detonation wave In 'he

first approximation as & surface of discontinuity of the Initial

explosive and of the d0tonation prodvots. The one-dienolonal

detonation complex of Zel'dovioh is the "second" approxzation.

Are the pulsations In the detonation front of liquid explosives

the "third" approximIton, a, sfor examle, Shehelkin suggests for

gaseous detonation [90)7

Information on the pressure in the chemical reaction zone in

liquid explosives in amt oonveniently obtained using electromagnetic

apparatus. The split-off nethod, in which metal grids are used,

can give unreliable data, since* w.th the reflection of weak segments

of the pulsating zone from the motal premature ignition ca. take

place in them. The application of electromaetle methods also

requires appropriate experimntal equipment, since a Mtal sensor

is used in it.

Before going on to a description of the experlental equipment,

let us consider whether there S hould exist a chemical peak in the

sub.sted model of pulsating detonation. In the weak sections of

the wave the pressure ir. the shock-compresaed explosive is close to

the pressure In the adjoining detonation products, but the speed of
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the shock wave in the sections is less than.the detonation rate

by a ceertain value. Therefore, the p"eaure and the density In

those regions of the front must be less than in the front of a

one-dirensional wave. In the "heads" of the configurations the

Zone of chemical reaction both In the overooxreseed regions, as

well as behind the transverse wave, Is very narrow and inexcessible

for recording by the electroaagnetie method. The region of detonation

products of precompressed substance behind the transverse wave must

have very high pressures, according to approimuate estimates more

than twice exceeding the pressure in the normAl detonation products.

Thus, within the limits of one three-shock ccnfiguration the pressure

varies by two times, while the level of chemical conversion varies

from total heat liberation in -he head of the configuration to

practically total absence of the reaction in the weak sections.

If we ror.nally average the pressure in the chemical reaction

zone, a regiLn or elevatvd pre,'3uras wE exilt on the pulsating

detonation front. This pressure peak is actually recorded

*Zpr ientally. The sersor mad of thin foil (0.03 ma), which does

not, Oaue iguition in the shock wave as a result of the very brief

time or interaction with it, is placed on the interface with the

inert medium, which has dynaMe properties close to the mixture,

for example, paraffin (Fig. 31). The osoillogri of such an

e9tr1ient bears witness to the presence of a region of elevated

pressures and velocities on the pulsating detonation front (Fig. 32).

The time of existence of the elevated pressures as a result of the

difference in the dynamic rigidities of the detonation produets of

the explosives and of the paraffin cannot be obtained from this

.oacillogram. This Is determinrd In other experiments, when a thin

eleotromanetie sensor is placed directly In the exploslve Itself.

In this case the oscillogram Is qualitatively iailar to that shown

in Fig. 32.
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Pig. 31. Diagram of
the experimnt for
observing the pressure
peak on the detonation
frot in a liquid
explosiw. 1 - Initiator;

_ 2 - explosive lens, 3 -
liquid expleive; I -
91*11; 5 - pmrffln block;
6 -lvetromagnetie sensor.

(0) 9 f (1) Tb the oscillography.

Fig. 32. Oeillom of the rate
of travvl of tho intirfate: amiture
of nltrowthaue and acetone uith a
ratio of 7M:25 - paraffin.

The tia of existence of the elevated speeds At for a vdxture

of nitromthae with aton* in a volumetric ratio of 75:25 In
0.4 ps. ne asasurad time At alloys us In turn to calculate the

width of the zone of elevated prssures At (D - ii), where D is the

detonation rate, and u is the average rate In the invest!gated

region. 1%,r a mixtur' of nit7omthane with acetone of 75:25 D In
equal to 5.75 W/l, is Is equal to 1.77 km/8, u in a Chapma-Jouguot

plane (the end of the region of elevated speeds) is equal to 1.51
Ws &n the pressum In this plant is 90,000 am. Hence for the

unkmown width we goet 1.6 ra.

9he trowveree dimns on of the inhomogeneities on the
detonation ntont in the acme Lixture, determined from end photo
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acanning, i 1.5 M, I.e., It tUrti& out that the uidth of the
zone of elevated pressures is epprosimtely eqal to the size of

the transverse pulsations an the front. Thia conclusion allows

us to continue the co, arnn of' on-dienaional and pulsating

zon es

In the proposed modal of a pulsating front the size of the

configurations or, in another way, the transverse dimnsion of

the inhomogeneities on the froat Is deterined by the Ignition

delay in the weak aectionz. Hnce it follor:s that the total

width of the pulsating' zon is dteorned by the heat liberation

conditions in the weak sections on the awe front. Since the

speed of the shook tav in the week aestiowj is less than the

rate of detonation, and oonnquently, the delay time of the

Ignition in the weak sectlos is Sater than behind the shock

wave, the one-dimensional reaction ames propagating at the

detonation rate, must be signimfcantly less than the pulsating

zone.

An experimental comparison of a one-dinsional and pulsating

zone can be made, using data, obtainod during shock Initiation,

on the delay times of the formstlen of detonation of a cowvressed

substance behind a flat shook wave. In measuring this dependence

(Fig. 33) special care was taken to eliminat, the effect of the

material of the boundary and of the quality of the finishing of

its surface ou the delay valu*.

The dependence of the delay times on the pressure can be used

as a suitable Indicator for dotermInIft the preasure in the weak

sections on the front. An estJute of the delay of the emrgence

of new configurations on the front ar be =ae, after equating it

to the average tine of travel of the oonfigu ations between

collialons. This time (0.2 us) corresponds to a ainnifloant portion

of the total tim of existooe of the elevated pressur e on the

front of a detonation wave (0.4 us). The difference in the nawd

values is conncted with the tiJ= of attenuation of the gas
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d namic pulsations In the detonation products. A pressure of

88,000 atm corresponds to a delay of 0.2 Us. The pressure behind

the shock waye, having a detonation rate for this mixture, Is

130,000 at. [62], while the pressure in the detonation products

is 90,000 atm. Thus, the developed model of the front of the
detonation wave re.ives goo confiruation.

The rate of fall of the parameters in time in the weak sections
due to their convexity can be soaevhat greater than in the Initiating
shock wave. Therefore8 the actual presure in the configurations
can be conewhat greater than the estimated.

(1)

Fig. 33. Dependence of
the delay of the forma ion
of detonation of a com-
pressed explosive behind
the shock wave (r) on the
pressure on its front (P)
where a mixture of nitro-
methane with acetone in a
ratio of 75:25.
BY: (1) T, us; (2) P,

(2) 000v thousands of atm.

If we extrapolate this san dependen3e to the pressure on the

front of one-dimensional detonation, having asumed that the
basic reaction time in the zone determines the induction period,

then this reaction time must be extremely small. Soloukhin (97)

also arrived it the conclusion that the pulsating zone Increases

abruptedly the time of the heat liberation on the detonation front
relative to a one-dimensiontl model, on the basis of experiments

in g4seous detonation.

The conclusion arrived at contradicts the concept that a
pulsating regime of chemical reaction occurrence on the detonation

front oomseu;onds to in!-easod Ostatility" (98) of this method or
propagation of ths detonation nave as a rcsult of the increose in
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efficiency of the ahock heatingIn a rough shock front. In works

[23, 90, 91] it to sustested that a gas, ooapesss by a flat
shock wve, reacts relatively slowly, and therefore the emrgence

on the front of the shock wavb or oblique fratures Pxcelerates

heat liberation in the detonation *Nt. Precisely for this reason

It Is assuad that the most clearly *presaied nonona-dimensional

detonation in Saseoue ixtur s - 3pin - It alwas observed on the

detonation liits and Is the lUwt poaeS.tl1ty" for Its propagation.

Let us examne the reaons for the emrgoe of pulsating

regimes. Ignition behind the shack wave at conaiderable values

of activation energy and correspondingly low initial rate of chemical

reaction has a particular tendiedy toward the separatien effect.

In the pulsating son* of detonatio foring* as a result of this

there occurs m if a separatiom of'the functions of igpition and

burning between the "weak" ections of-the frnt and the *heads"

of the triple confiparations.

The weak sections,, In vhsh thre Is no continuous slf-ignition

and which, as a result, poeuess. a speed less than the speed of

the detonation, deteraine the kneti properties of the wave and
"control" the distance beteen the nelghborlng confgurations.

The "heads" of the configu atione accomplIsh total heat liberation

on the pulsating detonation frot, buming the fr esher sbstance

in the oblique fraceures$ and in the trasverse detonation - the

substance behind the shook. front In the week seotions.

The oblique fractures in ths' had" of the configurations

shorten the tlse of the chiioal reeation behir the shock front

relative to the one-dIumnional mdel. In a oosplex of oblique

overcopressed and trwsverse detonation waves the rate of heat

liberation Vnerealy sa the m0nla possible. From thie,

particularly, it follows that oollisiona of conf guratios cannot

essentially inaewaso the reaction rate at the site of collisln, an

Is suggested In waft [903. MOPOO'Wr, tbe collisions an lead, on
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th* otbtr hand, to attenuation of the confi urations (Fig. Xb).

Thus, the kinetics of the reaction in the "head' of the con-

figurations in no way determines ths average "rate of heat liberation

on the detonation front, which is determined by the time of their

travel between collisions.

The discussion undertaken permits us to explain cercaln

experimental reaults in a gaseous detonation, which were observed

by many authord, but which did not find satisfactory explanation.

T, !ae experiments are described in detail in the book by Sokolik

[993, and are also cited in the article by Zel'dovich (39).

If ignition is observed behind a flat shock wave in mixtures

of hydrogen and oxygen, as well as in air-propane mixtures, one

can determine the wave parameters, at which the Ignition behind

the front proceeds with a disappearingly small delay, which is

characteriatic for detonation ignition, It happenb that the

speed of such a thock wave is significantly lebs than the speed

of normal detonation in this mixture. At the same time the preseure

in this shock wave in very cloce to that In the detonation products

of thia mixture. Within the framework of Zel'dovIoh's one-dimensional

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 "chemical peak* would not be an

unavoidable consequonae. In his opinion, thin is possible, if

the relaxation processes in the shock front have speeds close to

the speed of total heat liberation.

Another mechanism of total combining of the zones of dynamic

oopresuion and reaction and, oorrespondingly, of the absence of a

pressure and density peak on the front is Hirshfelder's model (100],

In which the transfer processes play a significant 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 co that In the detonation products,

determned the kinetics of the heat liberation on the front.

Therefore, the characteristic times of ignition on the pulsating

fro.nt must coincide approximately with the delay time of ignition

behind 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 experiments. 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

Tht analogy in the processes of propagation of detonation in

gaseous and condensed homogeneous systems becomes less apparent

with the consideration of pheonomwna on the limits of propagation

of a wave.

For gaseous systems the walls of a glass or metal tube do not

7-anage to get noticeably deformed in the process of detonation

propagaticn and in the theory of the limits can be viewed as

absolutely rigid. For the detonation of condensed explotives

absolutely rigid walls do not exist. Perhaps precisely because

of this the phenomenon of spinning detonation is not observed on

the boundary of detonation of liquid explosives. Moreover, under

propagation conditions close to the limit, the phenomena in the

wave posse.'s considerable similarity. In the transition to the

limit both in liquid explosives, as well as in pses, the detonation

rate remains practically unchanged, although the size of the

pulsations on the front increases noticeable here (Fig. 34). If,
'owever, in gaseous detonation in proportion to the approach to

the limit the size of the triple configuration may reach in
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succession a value of the tube dlamter (the case of one-head spin),

then in liquid explosives detonation will comletely attenuate,

when on the surface of the detonation front there are still hundreds
of triple configuratlons.

Fig. 34. Dependence of
the size of the inhomo-
geneities on the
detonation front in a
mixture of nitromethane
with acetone 75:25 on
the diameter of the

~" steel shell (To - 80c).

Fig. 35. Diagram of
the experitient for
by-passing detonation
from a rich mixture
to a leaner one.
1 - mirror; 2 - ,ixture
of nitromethane with
acetone in a ratio of
70:30; 3 - polyethylene
film; 4 - mixture of
nitromethane with ace-

tone in a ratio of
75:25; 5 - explosive
lens; 6 -metal shell.

The cessation of detonation Is 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-passing detcnation,

propagated under stationary conditions, into a leaner mixture,

for which the given diameter or the tube is less than limiting

(Fig. 35). Such a formulation of the experiment, for example, is

widely practiced In gaseous detonation when finding the concentration

limitS [23). During the transfer from the lower tube to th, upper

detonation attenuates for a certain time in the entire cross section

of the charge, across the upper tube passing through a distance,
-not exceeding its diameter (Fig. XIV).
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Overcompression during the transfer of detonation to a mixture

with a somewhat lesser heat content is small and must disappear

very rapidly right 4p to the attenuation of detonation. The

obser%'able effect )f the disappearance of the detonation Ignition,

apparently, also determines the limit 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

ct-oe undergoes periodic reductions under the effect of the rarefaction

waves, which enter the zone from the side or the deformed shell.

With 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. In a weak shell close to the limits of propagation

the dependence of the size of the Inhomogeneities on the front

on 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 mn, while the size of

.ne inhcmogeneities vary only with steel tube diameters of less than

,,0-7O mm. Therefore, only In a weak shell is the mechanism of the

propagation limits determined by the specific phenomenon of the

pulsations of the surface of the front, about which we will speak

In 'ore ,A -ill in the next chapter.

Let us turn to the appearance of attenuation of a wave in a
":!.rid" shell, in which the effects of the shortening of the surface

of the front of a lateral rarefaction wave is a rare exception and

can r-ccur only under the effect of iwndcri causes. Since for a

gaseous detonation 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 rigid shell

in Is>: explosives other concepts are necessary.
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First, attempts shoull be made to explain the limits on the

basis of the one-dimensional theory of propagation limits of

detonation in tubes of limited diameter (23], which in gaseous

detonation has found no application. I this theory an essential

role is played by the factor of losses due to thermal conductivity

and friction of the wave against the tube walls. Losses must lead

to a reduction in the speed of detonation and to a correspond-ng

increase in the time of the chemical reacticn on the front with

the reduction In the lameter of the tube. In particular, for

detonation on the limit in gaseous mixtures formula AD - tp D2 /d

is suggested [232, where D is the detonation rate, t is 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 presenteu formula let us try to make an

estimate of the reduction in the detonation rate on the limit in

a 21quid explosive. Let us take for an example a mixture of

nitromethane with acetone in a ratio of 75:25; tp for this mixture

is O,4 Vs, D equals 5.75 km/s and the limiting diameter of the tube

Is 30 mm. Hence one should anticipate a reduction In the detonation

rate at the limit of approximately 6-7%. Careful measurements of

the detonation rate at the limit with a change in the diameter

of the tabe right up to the limit did not permit us to discover

any noticeable chp.iges 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 tho limits of propagation of detonation in

liquid explosives.

Since the speed of heat transfer in a c:ndensed medium is

small, and the diameter if the tube increases the width of the

zone of heat liberation on the front by more than one order, it is

actually difficult to expect a drop In the parameters of the wave

an a result of the 4coling of the medium by the shell. However, In

the theory of one-dimensional limits [233 it is pointed out that the
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weakening of the flanks of the wave on the wall can quickly affect

the state of the medium in the central regionb or detonation as a

result of' the rarefaction waves. In condensed systems, if even the

factor of thermal and mechanical losses is insignificant, the effect

of compressability and expansion of the shell can replace them.

Hence qualitative conclusions of the one-dimensional theory should

be naintained. In this case a criterion of the approach to the

limits must, as Lefore, be a noticeable reduction in the detonation

rate relative to the rate in the same mixture with large charge

diameters. This i-duction 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 was already noted, the experiment does not confirm the

assumpticn of a noticeable drop in the rate of detonation on the

limit, although the size of the inhomogeneities on the front

increases here somewhat. The zone of heat liberation on the

detonation front with limiting conc.itions 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 detonation

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 size of the inhomogeneitles

is enlarged, the zone of heat liberation increases, the detonation

process spreads apart and, consequently, there is no total heat

liberation. The dispersion of the wave is accompanied by the

penetration of rarefaction 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.

All these processes are interconnected.
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Significantly more complex in the problem, due to what does

the transition to such a nonatationary regime occur. Turning again

to the mode) of a pulsating front, one may note that the criterion

of the Ptility of detonation to a self-sustaining regime of

propagation is the possibility of continuous adiabatic ignition

In the weak sections of the configurations, which fix the dimensions

of the heat liberation zone. If for any reason 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 rarefaction wave, which actually, as will be shown

in the next chapter, is observed during the propagation of detonation

in a weak shell or during the transition 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

disappecrance of the configurations in the lateral rarefaction wave,

which ir recorded in the form of a distinctive wave of th,

disappearance of luminescence of the detonation front, propagateO

into the central portions of the wave at a certain 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, is 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 come to uuch a

conclusion from examnation of the model of the configuration on

the front, presented in Fig. 26.

The pressure in the weak sections is close to the pressure in

the detonation products, and the total width of the zone of heat

liberation, in succession, is close to the dimensions of the triple

configurations. It follows from this that the detonation products
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play te role of a plngr ftr wak sectios of tt* onf i taIons.
Thersi , the week sections are OtruM arentO ftr a rarefaction

vave fton the detmltion products. It Is posnsible to show that this

conclusion does not contradict the fulflllmnt of the Chapuan-Jouguet

condition and Is a consequence of the pecularities of rarefaction

waves in a turbulent flow.

Let us postulate that the rarefaction wave from the detonation

products always enters the front through the weak sections of the

configurations. The profile of the rareftaotion waves is determined

by the volume of the expanding detonation products. It follows

from this that in a given mixture the stepneaas of the presure

drop in the zone of rarefaction vill be detormined by the length

of the traveled detonation path, if the diamter of the charge is

large. If the diameter is small, after eatablishIng detonation

the steepness of the rarefaction wave will be detrained by the

charge diameter, the detonation products of whieh expand in a radial

direction.

With a sufficiently small diameter of the charge the rarefaction

wave, entering the turbulent zone, nay cause separation of ignition

in the weak sections and bring the wave to a nonstationary attenuation

regime. With a diameter somewhat greater than limiting, the rare-

faction wave causes additional attenuation of the weak sections,

as a result of which delays in the ignition in them exceed the

values which correspond to a large charge diamettr. This also leads

to a certain enlargement of the inhomoeneities close to .he

propagation limits. Since, however, Ignition separation In the

weak s ctiorn close to the limit is overeoe, dtonatlon propagates

in a statlonari regime with total heat liberation and wth practically

the same detonation rate, which must exist in a wide tube.

Thus, the detonation propagation criterion in a mts.l tube

may be determined a the condition of overcosdng the eeparation of

ignition in the zone as a result of the areafaction wavat froi a

limited volum of detonation products. It roain to give this
criterion quantitative charecteristics.
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The concept of the threshold of ignition initiation behind a

flat shock wave was described above in detail. It was shown that

this concept is relative, 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 igiiticn, is

reduced with the Increase in the size of the active charge. The

dependence of the limiting dimensions of the active charge on the

limiting amplitude of the shock wave is very strong, since 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 achieved only

with a very strong Inc:tease in the active charge dimensions.

In our analysis of the processes of heat liberation in the

pulsating zone an analogy of the phenomenon with shock initiation

is assumed, since the products of normal detonation 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 is only the linear dimensions

of the charge. If these dimensions are sufficiently large, the

possibility of ignition separation in the weak sections is overcome,

and detonation has the possibility of steadily propagating.

In particular, the tube diameter found in the experiments on shock

initiation determines the limiting diameter of propagation of

detonation of the select ;d -1.xture.

Taking into consideration the similiarity of the phenomenon

with shock initiation, one should expect a sharp increase in the

limiting diameter with the leaning of the mixture, when the pressure

in the detonation products is reduced. If in a mixture of nit.'o-

iwthane with acetone in a ratio of 75:25 detonation is propagated
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With tube diaMtars 2eceeding 30 a, then for a mixture of 70:30

in tube dismters actually existing In the experirsnt (up to 200 mm)

steady-state detonation cannot be offected. These regularities,

natai-ally, becoe possible cniy because the reaction-klnetIc

properties of the mixture change little tith the variation in the

heat content. Considering the analog of the phenomena of the

propagation limit and the initiation threshold, one should expect

that, since in both instanaem the diameters of the charges vary

insignificantly, then the initiation threshold should coincide

approximtely with the pressure In the detonation products of the

mixture, which is still capable of steady-state propagation under

the3e conditions. In our experiments such a aixtur3 was one with

nitromebhane rand acetone in a ratio of 72:28. The pressure in its

detonation products Is about 85,000 atm. The initiation threshold,

practically speaking, Is about GOvO0 ats for all mixtures.

From the described analogy it follows that the limits of

stable propagation of detonations in any mixture can be found from

experiments on shock initiation. For this, it In essential to

select the amplitude of the shock "ave, equal tc t1he calculated

pressure in the detonation products of the selected mixture, and,

by varying the dlmnulona of the acrive charge, achieve ignition

behind the initiating shock wave. The discovered active charge

size is approximstoly equal to the limiting diameter of the tube,

in which detonation in the selected mixture will propagate

steadily. Using a spherical active charge during shock initiation,

in a similar way one can find the limiting diameter for spherical

detonation also.

If the diamter of the active charge is very large, the

steepness of the rarefaction wave in the products will be determined

by the length of the char'e. Therxfore, limits of propagation with

respect to the change lmgth sut exist. Such an asumption makes

soebwhat indeteninant the treatment of separation phenomena during

the transition or a detonation wave from overcompresslon during

initiation by a thort poerful charge. This phenomenon was oxplalned
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above as the result of a drop 1n the paramters on the wave front

during transition from overompression. However, one can also

allow that up to the mowent of separation detonation was already

leaving the overcomression mode, but the length of the region of

detonation products behind It was less than the critical dimensions,

and therefore the attenuation of detonation occurred. It is

apparent that the nature of the separation of Ignition in the zone

remains the sae in both instances.

1 6. Detonation Waves with a Smooth Front

As was already noted, with the enrichment of mixturt3 of

nitromethane with acetone, of nitroglycerln with methanol and others

the size of the pulsations on the detonation front is sharply

reduced. The resolvent power of head-on photo scsmning is rather

low and does not permit recording inhomogeneities of the front of

le5 than 1 m. Therefore, in undiluted iiqulJo explosives using

head-on photo scanning one eannct manage to establish whether or

not the front remains pulsating. Significantly better resolution

(510- 3 xa) is obtained by the method of light reflection, suggested

by Zeltdovich, Kormer at al. (68]. This method permits one to

detect the presence of small pulsations on the front and to answer

the question as to whether liquid explosives exist with a smooth

detonation front.

The assumption of the existence of triple configurations with

a size less than 5.10- 3  , to which "lifetimes' of configurations

on the order of 10 - 9 s mmst correspond, in not realistic. This

ronclusion follows from consideration of the detail structure of

the pulzatine front and is discussed in detail below. It contradicts

to a certain dgree the conclusions of work (103), in which the

presence of extremely small triple configurations is allowed in
contrast to the first work c? tnfe same authors (68). The reflection

of light from a detaration ,wve is connected with the pre-nete of
a significant 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 "hi2liness" of

this surface complicate the formulation of the experiment for light

reflection from a pulsating wave. One of the difficulties consist

in the fact that the light reflection from such a rough surface is

irregular, and consequently, the intensity of the reflected light

may be significantly less than for a smooth wave. Another

difficulty consist in the impossibility of quantitative estimates

of the density of the shock-compressed substance on the front

ancordlng to -.he coefficient of light reflection. In particular,

there ir no basis for assuming that the integral coefficient of
light reflection from the pulsating front must coincide with the

coeffic.ent of reflection of a smooth wave, having the same

velocit,, as is suggested in work (103].

In recor-ding the light reflection of an extraneous source from

tre front it is essential that the reflected signal in order of

magnitude be close to the intensity of the detonation luminescence

itself. However, the most powerful (explosive) light sources have

limited Intensity of illumination in the visible range in corrention

with "saturation" of the radiative power of the heated body (in the

present case of a shock wave in argon) at very high temperatures

(-40,000K) in confor*mance with Planck's formula. Another

limitation of the intensity of the source is the effect of screening

of radiation of the chock wave as a result of heating by this

radiation of the gas before the front [80].

I', is possible to achieve 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 is slightly hilly, then the diagram of irregular

reflection of light from it must be relatively narrow, i.e., such
a surface is essentially different from a surface which inotropically

scatters light, and satisfies Lambert's law. Therefore, in the

experiment one can obtain a maximum reflected signal with a given

source brightness, if the angular dimensions of this source exceed

the opening of the reflection diagram of the rough surface. In
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this eae one can, in principle, also determine directly the

lntegral- coefficient of reflection, about which we spoke above.

Fig. 36. LaYout of the
experiment for oserving
the form of the tu* Pae
of a detonation front
fren the illumination
of the clearance.
1 - mirror; 2 - ar gap
between liquid explosive
and glafs 0.1 mo; 3 -
steel tube; 4 - lean
mixture of nitromethane
with acetone; 5 - explo-
sive lens; 6 - initiatingcharge.

It is possible, using the scheme depicted in Pti. 36, to

experimentally estimate the degree of roughnisa of the pulsating

surface in mixtures, where the pulsations are observed directly

on the photoregiter. With such a formulation one can observe the

subsequent illumination of the thin air gap above the surface of

the mixture of the nitromethane with acetone in proportion to the

removal of the hilly surface of the detonation wave In it. 7he

aperture photo scan shown in Fig. XV corresponds as if to a three-

dimensional "impression" of the surface of the detonation front,

allowing us to observe its shape. The clarity of the flash of the

air gap is m'.ch stronger than the luminescence of the %ave itself,

and it is not :.- interference for the observations. In exarining

the photograph one should consider that the relationship of the

time scan and of the c-efficient or reduction of the image is such

that the true concavity or the front Is two times less than the

unevenness of the lines of this chronogram. This explicit

experiment allows us to be convincid that the surface of the

pulsating feont is slightly hilly with a small relationship of the

height of the pulsations to their transverse dimnsion (-0,1).

101



ADI.t4i7 - 120

On* can assamw that the shape of the eoniuratioas TM little with

the change In their linear dImnslons. A similar ooelucion is

also drawn for the case of gseous detonation (90, 911.

Experlments were conducted [69] according to the scheme,

presented In FIg. 37. For the obse~rtion of the light reflection

from a clearly lmirror" shock wave water was used. Figure 3F

presents a photo scan of the experImnts with glyceride alcohol

nitrate (D - 6.7 kWns), bearing witness to the roughness of the

front of normal detonation in It, since the Image edges of the

source diaphragm in the form of a alit are blurred. A similar

picture is observed in nitromethene.

fts. 37. Layout of the
experiment for obseration
of the reflection of light
from detonation waves in
liquid explosives.
1 - explosive lena; 2 -
charge of hexogene; 3 -
transparent box with argorn;
S- diaphragm In the form

' : of a slit with a width of
20 me; 5 -water; 6 - lquid

a explcs.ve; 7 - Initiating
charge; 8 - plexliglas baffle;
9 aexploulve long; 10 -
detonation front.

Similar experiments were also conducted for detonation waves

in a regime of overcompression (693. It wu discovered that with

a sufficient delpee of overco~ression the detcation Wave Is
smooth (nitrosethan., a stoiehiostwio mixture or nitric &cid with

dichloroethan@). In proportion to the transltin froi overcoprssion

the detonation front bccoMa MO. In slmilar o sriznta with

a mixture of nitromethane an acetone the snoothness of the front

iaB not achieved, apparently, as a result of the inadequany of

overcompresison. In experiments with a stolohlometrio mixture of

nitric acid and dichloroethane the front, on the other hand, becomes
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smooth with rlatively low overcompssion. During overcompression,

simultaneously With the mirror reflection the dispersion of light
is also observed. It can be asumd 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

overcomprssin the surface of the detonation front is divided into
separate sections with a smooth and a pulsating front. Such a
phenomenon is completely possible on the boundary of instability

on the smooth front.

-Pig. h. Thoto sean of ligt reflection in
glaroide alcohol nitrate. 1, 2 - image of an
illuinated diaphra on the surfaces of
separation: water - glass baffle, liquid
explosive - glass bottom; 3 - flash of the ali
gap between the active charge and the bottom
of the box; 4 - lumineecence of the detonation
front; 5 - photo scan during "depiction" of
the diaphrap on the surface of the detonation
wave; 6 - image of the diaphragm on the surface
of the shook wave in water; 7 - luminescence
of the detonation products of the active
charge through a transparent bottom; 8 -
luminescence of air during dispersion of the
detonation products of a liquid explosive with
a free surface.

In subsequent experiments liquid explosives were discovered,

in which the front of normal detonation is smooth: nitroglycerin,

dinitroglycerin, tetranitrowithane (D - 6.4 km/s) and a mixture of
nitromethane with benzene in a ratio of 87:13 (D a 7.0 km/s).
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Fl'-re 39 snows a photo scan of the experiment with light reflection

from detonation with the smooth front. One should note that the

mirror relection of light from the front of normal detonation Is

not acompanied by the simultaneous scattering of l.ght, as takes

placp during the overcompression of nitromethane and of a

stoiciometric mixture of nitric icid with dichloroethane. All

systems which detonate with a smooth front are characterized by

the fact that with their dilution with a solution which reduces

their heat content, the front in them becomes unstable. For

example, in a mixture of nitroglycerin with methanol in a ratio of

36:-4 the triple configurations on the front are directly observable

on the photoregister. With the dilution of tetranltromethane with

benzene up to a ratio of 4O:60 (D a 5.35 km/s) the light reflection

fron the front also becomes irregular.

In this way, it can be concluded that thare e.ist a class of

homogeneous condenscd Byszems, in which detonation as propagated

according to a mechanism, corresponding to the one-dimensional

theory of Zel'dovich. It is Interesting to discover a zone of

increased pressures on the front of one-dimensional detonation in

a liquid explosive. However, in the majority of the observed

=mooth detonation waves the reaction time on the front is low

and is not recorded by an electromagnetic procedure, the resolving

power of which is -10-7 3. An exception is tetranitromethane.

A mi velocity profile recording obtained for it (Fig. 4O) showed

that on the front of a smooth wave there exist a pressure peak,

corresponding to the "chemical peak," predicted by Zel'dovich's

one-dinensional theory. It is characteristic, however, that the
"chemical peak" does not have a clearly expressed induction period

(the width of thr zone of the chemical reaction is approximately

e4ual to 2 mm, to which the time of existence of the substance in

it corre3ponds, -0.5 4s).
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Fig. 39. Photo scan of light reflection
in a mixture of tetranitromethane and
benzene in a ratio of 87:13. 1 - ,rror
reflection on the detonation front;
2 - mirror imaga of a diaphragm in a
shock wave in water; 3 - illumination
of the detonation of the mixture.

Fig. 40. Oscillogram of the mass
velocity behind the front of one-
dimensional detonation in tetranitro-
methane.

For other systems with a smooth front ine width of the zone of

heat liberation cannot be directly registered; it can be estimated
only obliquely. It is known that in mwtal tubes the detonation of

nitroglycerin does not propagate, if the diameter of this tube is
less than 1 m. Por dinitroglyeerin the corresponding critical

diameter is 4 mm. Not one of the existing theories of the critical
diameter postulates that the zone of heat liberation on the front

of detonation of these explosives is less than 0.1 ram, while the
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characteristic time of tho heat liberation i, Correspondingly less
-8

than L, s. If the detonation front in these explosives sere

pulsating, the eize of the pulsations would be of the order of

dimensions of this zone, .e., 0.1 m, which is mignificantly

greater than the mini3s1 di1eiions or the Inhomogneities on the

front, resolved b7 the wthad of light reflection. From this

follows th-' validity of the conclusion of the smoothness of these

detonation wases from the obuervance of the mirror reflection of

J.ght 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 cla3s

of homogeneous explosives, the detonation of which has a one-

dimens,!onal zone, and systems, in which the pulsating character of

the detonation front is clearly expressed, there can exist systems

with Intermediate properties, in which nonstationary processes

corresponding to unstable self-ignition can be manifesteu. It is
obvious, however, that if these prooeases are not accompanied by

a complex of separation effects, loading to the hydrodynamic

restructuring of the front of the detonation wave, such detonation

will in its properties approach the detonation with a smooth front.

In this case the nonstationary processer in the zone can actually

be classifted as a "fine structure" of a one-dimensional front.

A 7. The Limit of Stability of a Smooth
Detonation Front and the Nechanism of
Formation of a Pulsating Zone

The theoretical consideration of the Instability of a model

of a one-dimsnsional stationary complex, having the same detonation

rate [40, 41, 43, 44], becam traditional in evaluating the

conditions for the existence of a 3oth or pulsating detonation

wave in gases. As follows from work [45], in which such an

investigation was conducted in the most general form, an analogous

approach i;-, in principle, applicable also to liquid explosives.
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However, in the latter case It is practically impossible to solve

the given problem to the end, since for this exhaustive data are

necessary on the chemical kinetics under conditions or detonation

and on the equation of state of not only the initial explosive and

of the final products, but also of all the inteLiediate substances.

We dn not have such data available to uz a; present.

In principle, the problem of instability of a smooth complex

can be simplified using certain additional initial assumptlons.

For example, in works [40, 41] this complex is examined In the

form of a double separation (the shock front and the front of

combustion are situated a certain distance from one another).

However, for practical application of these works it is first of

all necessary to be convinced of the fact that the induction od

is actually the greater part of the total reaction time. Conversely,

the criteria of instability, introduced in these works, turn out to

be basical)y inapplicable.

A simple example shows how far such apprehensions are justified

for the detonation of hoeogeneous condensed explosives. Let us

assume that we are atteepting to evaluate the stability of a

detonation front of a shock-eomp-essed explosive with shock

initiation of the detonation in nitromethane or of a mixture of it

with acetone. It is impossible, for example , to evaluate the

stability of a transverse detonation wave i the pulsating zone.

Even if as a result of laborious calculations Shchelkin's criterion

is determined, its application will be incorrect for the following

reasons. Since the initial density of the medium as a result of

the precoxpresslon by the shock wave is great, the basic part of

the liberated chemical energy can transfer to the elastic part

of the energy of the detonation products [24). It is precisely

because of this that the luminescence of the detonation of the

compressed substance is significantly weaker than the luminescence

of ordinary detonation. Hence it follows that the tenperature on

the shock front of this detonation and the teoerature of its

prodtwts are close to one another. As a result, the heat liberation
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In the reaction son* proceeds almost under Isotheoic eonditions,

and the reacticn is not self-accelerated. The pressure profile in

this zone must be triangular.

It should ba noted that the achievement of a triangular profile

for the pressure in the zone 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 th-

effect of burnout of thr substance in the initial stages of the

.'.ocess of heat liberat-*on, as a result of which self-acceleration

cf the process must attenuate, as follows from the theory of

a degenerated adiabatic thermal explosion [75]. The clear

illustration of such a possibility is the calculation of the

pressure profile in the zone of a one-dimensional detonation wave

in a gas, introduced in the book of Zel'dovich and Kompaneyets

[23]. The pressure profile with pressures, temperatures and

activation energy usual for detonation in gases proves to be

tri'angular. The profile approaches the rectilinear with a

significanL increase in the activation energy.

The cited examples show that empirically based data must lie

at the basis of the assumptions, which simplify the theoretical

problem of the stability of a detonation front. The experimental

discovery of a smooth and pulsating front in liquid explosives

along with other results indicated above, apparently, can give us

a bass for formulating appropriate assumptions. Moreover, we hope

that further accumulations of experimental data will allow us to

strictly Justify the below-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,

Attention is first directed to the fact that the pressure

profile in the detonation front is in all instances, when it lends

itself to observation, triangular. Can we not conclude from this

that the detonation front with a triangular profile is basioally

unstable? Apparently, we can.
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Actually, we will, as usual, assume that the reaction behind

the shook front proceeds according to the law of an adiabatic

thermal explosion. According to the corresponding theory [75]3,

the character of the heat liberation in the reaction zone is

determined by two parameters;

To- Wanfd P-5to

where E is the activation e*"rgy; c Is the specific heat; Q is the

specific heat liberation; TO Is the initial temperature of the

shock heating. The first of these parameters with a reduction

leds to a rise in the acceleration of the reaction as a result of

the chemical self-heating of the medlum, while a decrease on the

second parameter Increases the dependency of the reaction rate on

the temperature.

Under conditions of detonation parameters 8 and y are not

independent, this Is connected with tae fact that with a given

equation of state of the radium the temperature o -ho shock heating

T0 Is determined by the detonation rate, which is In turn fixed by

the value of the heat content. Simple estimates show that all other

conditions being equal an Increase in Q leds to an increase In

0 and Y. Overcompreasion of the detonation wave leds to an analogous

increase in the parameters.

It follows from the theov,.. that a rectangular pressure profile

of a smooth detonation front should be observed only when y << 1

and 8 << 1. Conversely, there is no clearly expressed induction

period behind Phe shock front, and the pressure profile is triangular.

However, in accordance with the physical concepts of the parameters

0 and y, the imposed condition denotes a strong dependence of the

reaction i'ate and it* self-accoleration 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

difficult to see that with sufficiently small values of 0 and y

such an Interdependence of the parameters of the flow and of the
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Mastion led to Instability of"at,*% th 4stonation front.
Conveiely, with larg values of 0 nd y, when the pressure profile
at the detonation front In triangular, (L smooth front should be
stable. Thus, the supposition of instability of the detonation

front with a rectangular pressure profile is cosletely natural,

and apoarmntly, my be Justified by developing the expounded

qualitative considerations.

To determine the conditions for the existence of a smooth

and pulsating detonation one ma proceed from the other side.

Newly, in contrast to the classical formulation of the problem
40-45], oe may study thn problem of the stable existence of a

pulsating detonation front. The limit of the existence of a

pulsating zone will also correspond to the possibility of the

existence of a one-dimensional detonation wave. Actually, if we
succeed in showing that In a system with fixed properties a

pulsating zone cannot exist, then in this system a one-dimensional

detonation model will ie stable.

In, order to determine under what conditions pulsating detonatior.

should transfer to cne-dimensional, let us turn to Fig. 26. It is

obvious that a liait of the gulsating zone will begin, if in the

weak sections of '4he triple configurations the conditions of heat

liberation approach the "degenerated." More precisely, if behind
the shcck wave, whioh has a speed equal to the speed of the front

of the weak section, which is lower than the detonation speed,

lnitton occurs immediately behind the front without an induction

period. Actilly, the separation effect in the head of the

@MffiguzatIons appears an a result of the fact that, In proportion

to tha dlstance anay from the triple point behind the shook front,

autual couensatlon of the self-heatiM of the suntance and of

the adiabatic cooling sets in. This led* to an infinite rise in

the induction period and to the disaociation of Mt e double separation:

the frent of the shook wave - the iitii surface. With degenerated

kineties such a dissociation is irpoesible since an intensive

maotion begins iundiately behud the shook front. Consequontly,
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in this case the conditions for a transverse detonation wave are

absent, it simply has nothing to burn. Hence it is clear that with

degenerated kinetics the detonation front must be one-dimensional.

Returning once again to the proof of the cL.'rectness of the

method of light reflection, one may note that the achievement of

conditions of depneration will occur earlier than the dimension

of the configurations becoiea equal to 5.10- 3 mm, while their

lifetime is 10- 9 a. Actually, as follows from Fig. 26, the triple

configuration is a complex three-stage set. The characteristic

dimensions of the chemical reaction zone in the region of the

overcompressed section are one or two orders less than the dimensions

of the entire configuration. Apparently, the conditions of heat

liberation in the overcompressad section even in relatively lean

mixtures are close to degeneration, and it is smooth. With the

total "lifetime" of the entire configuration of 10- 9 s the time

of the heat liberation in the overcompressed section should be

I0"I0-10- II s. It is further necessary to postulate that at a

certain distance from the triple point with such times their appears

an induction period, %.hioh occupies the greater part of the total

time of heat liberation and forms a double nonstationary separation.

There is no doubt that the predence of a clearly expressed induction

period and heat liberation for 1 -10 a for a complex organic

substance is a totally Improbable supposition. With such reaction

times it is difficult generally to speak of the temperature o, the

medium and it is inadmissible to assume the presence of an induction

period with a strong dependence of its value on the Initial

temperature.

In light of what has been said it is easy to explain all the

experimental facts. Actually, parameters 0 and y grow with the

decrease in the activation energy and with the rise in the heat

content, since T0 Increases sharply together with Q. Therefore,

smooth detonation waves are more probable for liquid explosives

with large Q. They should also take place with sufficient over-

compression relative to weak mixtures (due to the rise in TO).
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A redustion in the value of the activation energy sbould also led

to s3OOthness of the front. The last Instance, camspnda, for

ezenle, to aditives to a liquid explosive of substances which

accelerates reactIon.

It was shown above that a detonation wave in liquid explosives

during initiation by a shook wave Is always forged in an over-

compreased reglm, from which it Quickly transfers in proportion

to the dissipation of the detonation products behind the "second"

wave. Overoopression at the initial moment is very great, the

pressure of the detonation products reaches almost a doubled value

relative to the pressure of the normal detonation products. One

can a&sume that an overcompressed detonatinn wave is smooth in all

liquid explosives at the initial moent.

If in the given substance normal detonation Is smooth, with a

degenerated character of the heat liberaion in the zone, then

the overcompressed detonation wave will transfer to normal without

any kind of separation effects. But if normal detonation is

pulsating in the given explosive, then at a certain stage of its

transition from overconpression in the reaction zone of an initially
smooth detonation front an induction period will appear. Sin.e the

transition from owvrcompression occurs rapidly, behind the shock

front separation must begin. Following this separation in the

ideal case wne Pdiht imagine such detonation propagation conditions.

under which only longitudinal pulsations take place, that is, a

detonation front is initiated, transfers from overcmspression, is

separated, is apain initiated etc. Separation finally takes place

not simultaneously along the entire front, and as a result of this

the usual regime of pulsating detonations Is established.

It should be noted that the problem of the boundaries of

existence of a smooth or rough detonation front may prove to be

significantly more complex, if the given explosive hiu not one,

but two stable detonation regimes - pulsating and smooth. In this

case the actually existing regime is determird by the mechanism
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of detonation initiation and in conformance with what was said

above in an ordinary shock initiation a pulsating regime exist.

In conclusion let us note that the described qualitative

concepts art not as intimately related with the thermal nature of

the development of the reaction, as appears from first glance.

Actually, if we supoS& that the reaction develops according to

some other mechanism (for example, a chain mechanism), but the

dependence of its speed and self-acceleration on the flow parameters

has an analogous character, then presented qualitative picture of
the formation of the inhoogeneities is essentially unchanged.
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CHAPTER IV

THE NECHAu1SH OF PROPAGATION OF DETONATION
IN SOLID EXPLOSIVES

The pcsibility of the Lransference of the stationary one-

dimensional Zel'dovich complex to detonation of solid porous

explosives is not obvious. In the first place, it is unclear

whether in every case a s1ock heating of the explosive is adequate

to ensure rapid occurrence of the chemical rtaction. Secondly,

on the strength of the physical inhonogenelty of porous explosives

the detonation wave front in them is not one-dimensional. Doubts

on the posaabilities of the shock mechanism have forced investigators

to advance other ideas on the mechanism of the detonation conversion

of solid explosives. The most popular conceptions are those

concerning *explosive combustion," according to which the particles

of an explosive in a detonation wave at first ignite along the

surface and then burn up [5, 104-i08).

At the start of his investigations Apin [106) expressed the

assumption that the products of the explosion lead to detonation,

i.e., that the speed of the stream of explosion products is also

the detonation propagation rate. In essence , this Is another

model of a detonation wave, different froa the hydrodynamic modl.

At the time when the cited ideas were advanced, direct

exoprimental data were lacking. Therefore, an explanation of

the Individual experimntal facts on the basis of these or othbr
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concepts were viewed as proof of their validity. For example,

from the position of explosion combustion It is easy to explain the

increase in the critical diazeter with the rise in the initial

site of the particle of the explosive. According to the model

of explosive combustion the reaction time r 6/ur , where 4 Is

the Initial particle sixe and u. Is the coMbustion rate under

detonation pressure. Using the relaLionship of the reaction time

with the critical diameter according to Khariton's formula

d K% 2cr [72], where c is the speed of sound in the reaction

zone, the alherence of the theory of explosive combustion asserted

that an increase in the critical diameter with a rise in 6 was

connected with an increase in the reaction.

Within the past ten years experimental methods were developed,

which have alowed us to directly determine both the detonation

parameters (mais velocity, pressure), as well as the chemical

reaction time. The study of the effect of various factors

(porosity of the exploal,'e, size of the grain, diai eter of the

charge, etc.) on the reaction time gives us a basis for a more

detailed analysis of the mechanism of detonation conversion of

solid explosives.

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

Measurement of the mass velocity u(t) behind tne front of a

detonation wave allows us to draw a number o:' conrlusions concern-

Ing the mechanism of the detonation conversion of the explosive.

The chemical peak in the detonation wave of a condensed explosive

(cast composition "Ba: trotyl - 36%, hexogen - 63%, wax - io)

was first experimentally discovered by Daff and Houston [96].

Latte:, for trotyl the dependence of the width of the chemical

peak on t.a, charge dentity was investigated (109]. In these

vurks to determine the profile u(t) behind the detonation wave

front the so-called "split-off method" was used [71]. The
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essence of this cosimlts in experimentally determining the
profile of the shock ave In an inert medium (as a rule, a setal),

wnioh lt In contact with the detonating charge of the explosive.
The profile of the shock wave in the metal is revealed by means

of tho determination of the dependence of the rate of travel of
the free surface W on the thickness of the plate Z (Fig. 41).
Here it is assumed that the dependence at W(M) qualitatively
reproduces the profile u(t) (or the pressure profile) of the

detonation wave falling on the plate.

If on the detonation wave front there exists a region of
elevated pressure (chemical peak), for example sections AB

(Fig. 42), then also on the dependence of W(4) in the region of
zufticlently thin plates there should be a section of elevated
velocities, for examle section AtB' (Fig. i3). From the value

of 11,hich corresponids to the point of breakoff of the
dependence W(M) and to the parameters of the'ahock wave in the

metal, we calculate the width of the zone a and the time of the

chemical reaction Y, as well as the pressure P1 and the mas
velocity u1 of the detonation producto at the Chapman-Jouguet

point.

* a

Fig. 41. Fig. 42. Pig. 43.

Fig. 41. Assemblage of the charge for experiment3 on determining
the rate of travel of the free surface of metal plates W. 1 -
explosive; 2 - plane detonation front; 3 - metal plate.

Fig. 42. overall view of the prehsure profile in a detonation wave
according to the modern theory of detonation. OA - shock front;
AB - chemical reaction none (chemical peak); BC - region of Isen-
tropic escape of the detonation products; B - Chapaan-Jouguet point.

Fig. 43. Assumed dependence of the rate of travel of the free
surface of metal plates on t"ir thickness, AMBe - region of
influence of the cheical pofAc; B'C' - regim of lnfluence of the
isentropic rarefaction wave.
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Later, the che2ical peak In a detonation wave of condensed

exploelvea was successfully recorded by the electromagnetic method

(110]. This method, suggested by Zavoyskiy, allows us to track

directly the velocity of the mas flow behind the front of a

shock or detonation wave. The concept of this is depicted in

brief In work [713. Methods of the experimental determination

of the parameters of detonation are viewed in more detail -n work

[1111. Figure 44 shows typical examples of oscillogrms of u(t)

on an explosive-paraffin Interface and in paraffin at a significant
distance from the Interface of the exp.osive. In an Inert medium

one observes a sharp rise In u In the front of the shock wave,

in then a smooth drop. But if the sensor of the mass velocity

is placed on the explosive-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 is 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 velocity is characteristic for normal detonation regimes

of cast, pressed and compact charges of solid explosives,

significantly differing bath in the heat of explosion, as well as

in the pressures of detonation (pentrite, tetryl, hixogen, treotyl,

amonium nitrate and so forth). As an example Fig. 45 shows

oscillograms of the recordings of u(t) behila.- a detonation wave

front for several explosives.

Fig. 4. Typical recordings of u(t) by the
electromagnetic method behind the front of

S = a detonation and of a shock wave. The sensor
Is placed on the trotyl-paraffin interface
a) and In paraffin at a distance of 10 mm

a) b) from the interface b); time markers follow
every 2 Ua s charged density of the trotyl
Is 0.8 g/sm .
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Fig. 45. Typical oscillograms
of the mass velocity for detona-
tion waves in charges of explo-

a) b) sives of various initial density
PO. a) trotyl, po0 - 1.59 g/cmJ;b) trotyl, 0.7; a) tetryl, 1.67;

~d) tetrl, 0.9 9/cmJ.

c) d)

With nigh densities in pressed charges of powerful explosives

(pentrite, htAogen, tetryl, trotyl) the mass velocity peak is

not resolved by the electromagnetic method, since the time of its

existence is less than the oscillograph's resolution time. We

use an oscillograph with a resolution tim or MO.I Pa. Besides

this, tne tine of the steep slope of the leading edge of the

oscillogram depends 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 from various materials and with various thicknesses have

zhow,,. The dependence of the time of the steep slope on the

width of an aluminum sensor, obtained during measurement of u(t)

behid a flat shock wave in paraffin, is characterized by the

following data:

width 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 can 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

or stnsors with a lesser thickness is not always advisable, since
they oft.en tear and do not produce satisfactory recordings.
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In accordance with the conclusions of tne contemporary

hydrodynamic theory the deflection on the u(t) dependence should

be viewed as the Chapman-Jouguet point. At this 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 in the overwhelming

majority of cases.

A check for the fulfillment of the Chapman-Jouguet selection

principle can be made experimentally, if an overcompressed

detonation wave is created and if Its propagation is tracked.

If the detcnatlcn wave in a uelf-sustaining regime would be

inadequate, then at a certain stage of its formation from an

overcompessed wave the formation of a two-wave flow configuration

would have to be observed (see Fig. 8b). T,.. recording of the

profile of the mass velocity using the electromagnetic method

with such a formulation of the experiment in nitromethane and

trotyl (initial density of 0.75 g/cm 3) does not detect the

suggested two-wave configuration in the entire region of the

transition to normal mode. In experiments of this type over-

compression was accomplished by the derpration of a trotyl

charge with an initial density of 1.59 g/cm 3 of the same

dtameter as in the main charge (60 mm).

Other evidence for the presence of a supersonic flow of the

products behind the fror.t of detonation waves, the propagation

of which would occur in an insufficiently compressed regime,

should have been the region of constant dynamic parameters. This

-,egion would be directly behind the detonation front and would

be inaccessible for rarefaction waves. Such a region with the

use of a flow profile by the electromagnetic method behind the

front of Belf-propagated detonation wave in a wide class of

explosives was also not detected.
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For ideal detonation (L >> a, d >> a, where a, * and d

correspond to the width of the zone of chemical reaction, the

length and the diameter of the charge. The profile of the mass

velocity within the limits of the chemical peaks is determined

Ly the kinetics of the chemical reactions, and also by the kinetics

of the dissipative processes of attenuation of the pulsation.

Conversely, in a rarefaction wave a drop in the mass velocity

must first be nonstationary 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 is one-dimensional

at first, eventually becomes basically three-dimensional. For

an example, Figs.46 and 47 show the dependences of u(t), obtained

by the electromagnetic method in charges of tetryl and trotyl

of various dimensions. In these experiments the width of the

reaction zone was not resolved. From the graphs it is clear that,

beginning with L > (2.5-3) d, 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" T I 0.32 us, while according to

the split-off method i K a 0.027 us. An analysis of the possible

errors of both methods led to the conclusion that the deviation

in the dependence of W(M) when Z U 1 mm, obtained in cast

composition "B," does not correspond to the actual position of

the Chapman-Jouguet point. The second deviation when I a 4-5 mm
corresponds to it. Daff and Houston did not detect a second

breakoff due to the insufficient width of the plates used by them,

which can be seen from a comkparison of their data with th- Jepen-

donce W(l), obtained on thicker plates by Deal [112] (Fig. 48).

The dimensiorns 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 pO - 1.67 g/cm 3 , were recalculated for the
density of o0 = 1.71 g/cm 3, at which the measurements in work
[112] were conducted.

(a)

I Pig. 46. Dependence of theI mass velocity on the time

behind the detonation wave
front in tetryl with various
values of L/d. Straight line -
L/d 2; 1 - L/d 3; 2 -
L/d : 4; 3 - L/d 6. KEY:
(a) u, kin/s; b) L, ps.

(b)

(a)

Fig. 47. Dependence of the
=Gas vel.cty on the time
behind the detonation wave

t 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);

, , W 3 - L/d - 2.5 (40 mm). KEY:

(a) u, ki/s; (b) t, ps.(bk)

(a)

Fig. 48. Dependence of the
speed of the free surface of
the plate on Its width accord-

". ing to the data of Daff and
MHouaton (squa-e points) anof Deal (round points).
* KEY: (a) W, km/s; (b) Z, mm.

(b)
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The calculation of the mass velocity u and the width of

the zone of chemical reaction a from the point of the second

deviation gives values (u a 1.9B km/s, a = 1.2 mm), which

coincide within the limits of accuracy of experiment with the

data of the electromagnetic method (u = 1.94 km/s, a 1 3.75 mm)
[110].

IFig. 49. Assembly scheme of the experiment
with artificial split off. I - Explosive;
2 - paraffin substrate with a thickness of
10 mm; 3 - aluminum unit; W - weight of
travel of the free surface.

For the bend in the W(Z) depenlunce experimenters recently

obtained p. m 1.63 g/cm 3 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 Z I 1 mm, 2) the dissipation zone - from
the first up to the second deflection and 3) the zone of the

slow pressure drop, following the second 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 V(Z) dependence, obtained on the cast composition "B" and
pressed trotyl, lead to the conclusion that the deflection when

I P- I mm is a consequence of the phenomenon of split off.

The distortion of the W(M) dependence as a result of the
phenomenon of split off is clearly visible from the following

data. On the final basis (1-2 mm) the rate of t.avel of the free

surface W of the aluminum unit having a thickness of 8 mm was

measured. The shock wave was created by the detonation of a
charge of trotyl o 0O 1.44 g/cm3 . Between the charge and the
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aluminum 4nit a plate made from paraffin 10 mm thick was placed

(Fig. 49). The pressure peak, corresponding to the zone of

chemical reaction, completely attenuates in the paraffin, and in

the aluminum & shock wave of approximately triangular profile

15 propagated. If the aluminum unit is assembled from two parts

11 and 6Z of different widths, preserving, however, a mutual

thickness Z - V + 6Z a 8 m,'then it turns out that W depends vn

GL. From the results of the experiment (Fig. 50) it is clear

that with an increaue In 61 right up to a certain value 6Z0 - 1 mm

W changes and only when 61 > 610 remains constant ani equal to

the corresponding value for a continuous plate I - 8 mm.

W. Pig. 50. Speed of the free
surilace W as a function of

"- 61 (artificial split cff).
t .[KM/COK ,km/s)

Fig. 51. D ependene of W(U),
obtained during detonation of
charges of trotyl (I and 2) and
of alloy TG 50/50 (3).

[k /caK a kin/sl
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Me only possible explanation of the detected dependence

consists in the fact that during the passage of the shock wave to

the free surfaae of the unit a plate with thickness 6" 1 mm

is split off. This thickness depends on the pressure profile
in the shock save and the dynamic tensile strength of the material

of the plate. In the examined experiments the plates with

thickness aZ e 610 fly off completely, and the dependence W(SZ)
is a consequence of averaging of the impulse of pirt of the shock

wave on the plate of given thickness. When 6Z > 6Z0 the split-off

plate flies off, and therefore W is constant. Analogous experiments

were oonducted with continuous plates (U - 8 mm), In which the
split-off plates were collected in water. Their thickness turned

out to be close to 1 mm.

The examined phenomenon, apparently, takes place for the
split off method and in determining the pressure profile behind
the front of a detonation wave. We conducted a number of measure-

menta using the method of artificial split off, when to determine
the dependence W(L) two plates were employed. The thickness 61

waz constant here and certainly less than the thickness of the

n.tural split off plate. The results of such experiments with

charges of trotyl (p0 a 1.59 g/cm 3) with a diameter of 40 mm
are shown in Fig. 51 (curve 1). In these experiments plates made
from aluminum with 6Z * 0,3 mm were employed. For comparison
there (curve 2) the results of the experiments with the continuous
blades are shown. It is clear that on curve W(M), ohtained from
the experiment on plates without official split off, there is no

deflection when 1 6 1 m. One split off when I I 4 mm Is observed
.also on curve W(l), obtained in cast charges of trytol-hexoge

50/50 (Po - 1.68 g/cd3 ) with a diameter of 60 mm (curve 3).
When this dependence was obtained, plates made from magnesium
with 8Z - 0.5 ma were used. Calculation of the parameters and of
the width of the chemical reaction zone frem the I 4nt of deflection
on curve W(1), obtained for samples with artif:-ia, split off,
produce values which coli,cide with he limits of atcuracy of

experimant with the data of the electromagnetic zbthod.
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It should be noted that, besides the examined effect in

determining T rrct: the method of split off even with artificially
calculate4 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 relationship of the dynamic

rigidities of the explosive and the material of the plate, and
also of the character of dependence T(P). The coincidence of
the values of time of chemical reaction, mass velocity and

pressure, determined by 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 a 1.59 g/cm3), bears witnesv to the fact that in the
given case the effect of the reflected waves is small. Evidently,
the effect of a reflected shock wave on measurements by the split

off method will be significant in experiments with charges of

CL.E.pact density [114].

The ratio of the mass velocity on the shock front to its
value at the Chapman-Jouguet point uP/u I 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,/ul 2: 1.5 [115, 116], which

is significantly less than the theoretical value for gases

u/u I W 2.0 (evidently, this is related with the difference in
the equations of state of the initial explosive and of the

detonation products).

The presence of a chemical peak is characteristic for a

detonation wave and distinguishes It from the transient processes,

arising during initiation of detonation by the shock wave or
during its attenuation in charges of small diameter (d < d p).

As waa shown 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 first the profile u(t)
does not have a clearly expressed peak. The latter is manifested
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only in those stages of development of a process, when the speed

of the front and the other parameters approach detonation values.

A similar picture of the transformation of the profile u(t), but

in reverse order, Is observed In the case of attenuation of

detonation in charges when d < d Kp Figure 52 shows, by way of

example, oscillograms of u(t) in a detonation wave with v3riGus

charged diameters. Simultaneous measurement of the mass velocity

and the velocity of the front shows that the profile 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 diameters is identical.

Fig. 52. Emples of oncillograms
of the recording of u(t) behind a
detonation wave front In charges

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

r1.63 g/cm 3)- d (in mm): 1 - 4Io;
2 - 20; 3 - 16; 4 - 16. Lower row -

troty; (pO = 1.0 g/cm3 ); d (in mm):
5 - 40; 6 - 30; 7 - 22.5; 8 - 22.5.

The presence of a peak for the mass velocity (for pressure)

on the front of the detonation wsve In cast, pressed and compact

charges testifies to the fact that the Gubstance at first is

compressed by the shock front, and then reacts. The explosive's

aoyression time turns out to be slgniricantly les than the

reaction time. Consequently, In the propagation of detonation

in solid explosives a leading role is played by the shock wave,

i.e., formerly the detonation process in accomplished according

to Zel'dovich's scheme. This gives us the basis for thinking

unjustified the criticism of the dynamic theory in Cook's view-

point, which denies the existence of a chemiial peak In the

detonation wave [21].
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The presence of & cleprly expressed chemical peak in tte

detonation wave front of Lo!id explosives also points out tne

untenability of the Jet mechanism as a model of detonation

propagation. If this model existed, the front of the letonation

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 remains 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.

5 2. The Effect of the Gas-Permeability
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/cm 3) has

been studied. The experiments were distinguished 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 -

31.3 g/cm . The charges of the first type consisted of a flatly
packed powder rod of NB, placed along the axis of the charge. The

diameters of tne rods in the rod in the various series of experi-

nents were 2 mm and 5 mm, which is less than the critical diameter
for a compact powder NB (8-10 mm [118)). Charges of this type

were perforated in their entire length by longitudinal passages,

into which the detonation products -ould penetrate. Charges of

the second type were a set of plates made of NB powder, placed

normal to the axis of the charge and separated by air gaps. With

a 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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3same average charging den31ty of 1.3 g/cmn. In such charges the

detonation products of the individual layers make an impact cn

the explosive layer lying in front of them. Here the ccntact

surface of the detonation products with the substance is harply

reducel. And, finally, as the third type ordinary charges were

used 41th random placement of the powder particles of NB with a

transverse size of ? m.

Experiments with charges of the first type produced the

following results. With the initiation of the explosive lens,

separated from the charge by a plate made of Plexiglas 2 rm thick
(the plate prevents t..a penetration of PD of the initiator into

the passages), the explosion occurred on the interface. High-speed

photography 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

front of a second process, accompanied by the dispersion of the
substance to the sides, propagates. An electromagnetic sensor

also records the two mass flows, which are noticeably separated
in time (Fig. 53). The setup of this experiment Is given in

Pig. 54. It is evident that the intensive luminescence 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

of u(t) refer to a process, which is also properly detonatlon.

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 eapanding, 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 speeds are equal) during the

detonation of the charges of the second type enabled us to

calculate the pressures developed during deceleration of the

products on the interface with the plate of the powder and in

the plate itself. They proved to be close (,v,90,000 atm).

It is apparent also during detonation of actual charges of

copact density with random distribution of particles the products

at the sites of deceleration create pressures which are practically

no different from those average prestures determined in the

experiment.

JFig, 53. Oscillogram of the mass velocity
in a charge of powder NB with longitudinal
passages at a distance of 50 mm from the
initlation site. 1 - Weak signal from the
flow of products In the channels; 2 - second
signal from the detonation front.

.. ' Fig. 54. Layout of the experiment to
determine the mass velocity in charges
with longitudinal passages. 1 - Explosive
booster tablet; 2 - explosive lens; 3 -
plate made from Plexiglas with a thickness
of 3 mm; 1 - charge made from rods of NB
powder; 5 - tablet made from compact NB
powder; 6 - sensor for recording the mass
velocity.

Fig. 55. Oscillogram of the mass velocity
in charges made from rods of NB powder
with passages plotted with paraffin.
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The role of the preasure in the initiation of the reaction

is even more clearly visible from experiments with the same

charges of the first and second types, but without air gaps.

If the passages in the charges of the first type are filled with

paraffin, detonatlon in them propagates stably and the u(t) profile

has the usual form (Fig. 55). The detonation rate in this case

coindide8 with the detonation rate of compact charges of NB powder

(D - 7.6 km/s), In similar experiments with charges of the second

type the detonation rate increased up to 7.2 km/s (instead of

D * 5.7 kr/s In experiments with air gaps), but remained less than

the detonation rate of compact charges, The transmission of

detonation from layer to laer is accomplished here by the shock

wave, contact of the explosive with the grou,cts is eliminated,

and the detonation process proceeds more intensively.

Thus, from the cited data it follows that the products of

the explosion are primu:ily an instrument for the creation

of a ahock 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 their

expansion. Under certain conditions in charges with axial passages,

which are periodically covered by layers of explosives, it i

possible to have an average propagation rate of the front greater

than for a compact charge of the given explosive [119]. Initiation

of the reaction is acc mplished here basically ac a result of

the shock activity of the products. In actual charges of porous

explosives the surface of contact of the products and of the heated

air witn the substance in tne reaction zone may turn out to be

much greater and conductive heat exchange will become significant.

For further analysls of these problems it is essential to clarify

the influence of various factors directly on the time of the

chemical reaction In the detonation wave.
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6 3. Effect of the Structure &a of the
Charged Diameter on the Detonation
Parameter

Influence of the charge density

In the experients regular explosives of the following

grain sizes were used: trotyl ,0.12 mm, hexogen %,0.1 r,

tetryl %0.25 am, stabilixed pentrito -%,0.45 mm, dina 'UO.7 m.

The grain size in the pressed charges of the same explosives were

not checked. Cast chauges of trotyl and of trotyl with hexogen

(TO) were obtained from melting with careful stirring. The

pour off had a fine-crystal structure. The diameter of the

cast charges was 60 m, that of the -thers - 40 m. Initiation

was done using a booster tablet made of TO"50/50 with a weight

of 10 g and an explosive lens, forming a flat front. Experiments

with charges of various leniths (L) showed that with a ratio of

L/d > 2-2.5 the paraaeters of the detonated wave and the reaction

time on its front do not depend on the length of the charge.

Therefore, in the maority of the experiments the charge length

was not less than 2.5 times greater than its d.ameter.

The mass velocity u 1 a..d the chemical reaction time I ere

determined from the point of break off of the u(t) profile. From

the values of D, u1 and T the other parameters at the Chapman-

Jouguet point were calculated: the pressure P1 . P0 UlD, the

density of the products p Il PoD/(D-U1 ), the polytropy factor

of the explosion products n u D/u1-1, the width of the zone of

cheical reaction a - (D a ) 1. The polytropy factor r'iates

thi pressure P and the density of the dvtonation products

(PD) in the environment of the Charinan-Jouguet point: P a Ap".

The average value of the mass velocity in the zone of reaction

was taken as equal to u - (1.25-1.3) ul, since for thc majority

of volid oxplosives the value of the mass velocity on the shock

front is (1.5-1.6) u1 . The accuracy of determining Au/u is

approximately equal to 3%, while M 1/11 A- 10-15%. Experimental
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data are shown In Table 1. For charges of trotyl with an initial

density of P0 a 1.59 g/cm2 u1 and a were obtained by the split-off

method with artificial split off.

From the presented data it follows that for all the investi-

gated explosives Lrne Getonation parameters (D, ul, PI' Pl)

increase with a rise in initial density. The pressure in the

detonation products grows with the increase in p0 as a result of
the rise in both D, as well as in uI and reaches %300,000 et.: 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 a

diffarence In the composition cV the PD. For all explosives an
increase in p0 the polytropy index at first rises, and then

becomes 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 is drawn to the signIficant influence of the
initial structure of the explosive on the reaction time. In

cast TNT explosives in comparison with pressed the reaction timea

In the detonation 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 particies) influences the parameters

of detonation (D, P and Fo forth).
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Table 1. Dependence of the detonation
par-anters and the chemical reaction time on
the density of the charge of solid explosives.

(1) Troi
tt am 1.15 MA .9 ej Ow
t.46 . 1 II =A 1 u ej III
9.01 6.3 1.34 I . i* Ully3 IX .
1.0 5.0 1.2 W A 1.2 LOD .47S~ 1.IE
0.50 4A2 * I. 1. 3.13 A-92 IA

(2) anvom TmT

1.0 I ON 1. 2 1 0132 2., I 0.X I I.v
(3 ) r"Res""

1,7 8,4 , 2,12 26 SA 3.9 <.1 -CO.?

1.4 7.68 I5 2N,0 1.11 3." 02 <1.0
t,44 7,53 10. M6.2 ml 3*. 0, t,0

1,01 13 IX7 MA3 1.51 so @AA IA

0.0 S.O 1.73 96.6 1.3 2* 0.4 MS4

0." 4.04,1 I 1,1 8' .15 tX3 0.75 i.1

(14) 11peccealunuH TT MA
1 1.16 83 :,X j ,t 21,21 3,0 10,, .6
I ,.. , M tI'..0 i 1 ,4 1 3 I1 U, 1.4
.- I 1.40 I I I 17.0 1.17 12.91 0A O ,IS

(5) :1I,.,A IT 4A
1 1 S.0 IA11 * 2M. 2.3 12.11 0.32 1.-.

(6) .AT.i Tr WAS
I.0 1 7.8 1,03 ! 21,0 2.5 !:,n1 0.21 I 1.3

(7) Te.ipa
1.0s 7.50 155 2, 2.24 3O j(1 '0.

9,1 8.6S I M. 1M. 1 3 l i
11. 095 3$! W. i r. i' m IeI<"I '

, 1. 4 l 20 I.0 0.41 U S,4u

1.06 1.1 !.1 2M 15 2.14 1 3.41 * J 0 .1 ,
. 7.42 .r, 157 1." i3.Ai 0,15 I o.
.5s. 1.3S 4, I'M 3.1 0.3 53

(9) 1 1 1

1.1Z 7: 2. IA l. ,.7s 1 3 ."
0.2 $^u I. 151.1 j . 3.0i 0. 3 t.9

KEY: (1) Trotyli (2) Cast TNT; (3) Hexogen;
(4) Pressed TO 36/64; (5) Cast TG 36/64;
(6) Cast TO 50/50; (7) Tetryl; (8) Stabilized
pentrite; (9) Dina.

Er/cM - g/cm 3 ; K,/cIK - km/s; TUC.aTM =

thous "ds of atm; niKCV - 51
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Ef fect of the diameter of the charge
and of the size of the initial
particles on the parawetera
and reaction time in the
detonation wave

The majority of experiments were conducted with cha.-ges of

caat trotyl of two types of castings and with charges of trotyl,

NB powder, hexogen and compact-density ammonium nitrate. The

trotyl castings of the first type were obtained 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
3water, amounted to 1.62 g/cm . Castings of the second type were

manufactured similarly, but the melt was cooled without stirring.

As a result castings were obtained with large crystals, extending

from the periphery to the center, and their density was 1.6 g/cm
3

on the average. Charges of NB powder were manufactured from
3particles of spherical form with a specific weight of 1.63 g/cm .

The particle size of the coqpact-denaity charges was determined by

sifting through analytic sieves and a composition close to

monodispersed was selected.

In all the experiments a powerful initiator was used, and the

parameters were determined under steady-state detonation conditions.

The length of the charges under conditions close to critical was

(10-12)d. Values of u1 $ T1 and other parameters were calculated

from the point of deflection of the profile u * u(t), just as in

the case of ideal detonation regimes. The calculation of other

parameters was made 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

apparently insignificant, since T are small, an6 measurements

are made on the axis of the charge. Table 2 shows experimental

values of the parameters of detonation of a number of explosives

in charges of various diameters and with various initial structures.
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Table 2. The dependence of the parameters
of detonation on the diameter of the charge
asnd the grain size.

.J. JbfmI~.u i.rWJi~ J• j ? aSa ,i

t2) t p*7ua utp-msrO Visa OVaUOS. ,.s.U*" J
.a , .21 5 65 1 2,11 ,2 0.28 -IOatt' IP .7V ar r tan* 410,010K. :l oo * P

s 6.3&A 1.6 u 1 0. .,21 t.W
4.3 -.1 WI.S 2.%1 3A. 0.30 1.0

3 0. VA .3$ 13.7 Vs 4.90.2 *A i~
6 .75 t,23 143: 2.%1 1,1S 4,3 IM3

a5 8.U1.4 M34.2 L"2 4A4 0,32 t.96

(2) S lus ttua averpor ,a eloss Jamses. h-I OF
0 C.2 IA0 17S.6 2.0 2.5 6.38 to4
& 4 ,74 j ts I 3.1' I3:.5 3s.52 o.335 1.56

6 .1 4.4 IA W.0 2.4 ,3 m o.S I
.5 U# 1.3 0 1.1 4,o I lg 6, t.A

(3l) Tps? , ,e llw pei a I~g;..t4m. Im,1 AMtJ
I  

-uO,. -

i~i .3 , 6.6T, 1,42 .34 *,* sin
Z .., 1,3 .$ 2.1 14 07 t,0

(54) ?pTz . eupau'a, , p.- .5,.c . -...1  , 1t% w-O.S
It, -.W Ix,1. 74.5 1,9 0 i ,li 0.,1 I 1.65
W S-i I.A 7t.4 l,*0 2. , ,I6 1484 .0.4, I 4.2 .41 2.31 0.1 0 ,,71

k' j47' 1.37 4.I~ 572 13 2.70 0.47 I'

) .t' .t~.,, J , v 3 ., ,,v0s.,3 &m. A ..

( 0 S) 1:60 ',4.23 2 x 0,1 1,, .,
W S4t'.' 14 72. IA 7 2.65 0,63I.E

C41 4.'4 1,20 63 . 4 .1 0,7" 2,5O
31 4.u) 1112 1,1,'%z.2A 0.7 t.%
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~~~~~ q .8I ~ I ' .1 I* I ' I 
0 4. 1 1.0 j46.6 10 3.66 1.23 I16

- .44 t,fm 0,7 1.4 2.23 1.0 SAD.
1.1*~ 19.42 72.4 1Il .42 2.20 34

3* 4."1 ills 43.1 1.3 3.93 t,41 30

20 14A2 lt.z f45.a1.4 1.3 .31 t I 3.17
(9)11O 10,1 ** 35.ff.1'.

4.1 1.15 3. O iE it4.* 1.,612
4.m I' Ws0 iti a 231I11.2S 1A1 1.1

41 - - -- I - - 6

(1) e,11140.17 34 so tS 42.0 110

6 0 ills 16,0 1,3 1 I'l O.G 3,

U 1,b 1.40 1 t.W S 1.4 1,31 10 1 3,W

(13) tesccrew. ,1'ei..osa

6.D I S' *.0 1:',33 3.41 06'5 3 .v

to 3 .03 "*' v.3 1,21 4,9 ** 2,7

40 i 40 1A~. 130, ; 1,36 :2.0 0.6 J3.24

(16) rfKCeretA ~u~c. 6 e(1.4fA~# As 92g
a 1 6.015 i* V7,0 1 1.31 0,6.

(18) Procojsi *W 6a.(l
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Ttble 2 (Contlnued).

, 2. . I. X 2. 41316.0 I1P~ A?".A0 1.18 3 23 4.12
P 23~ 0.5 5* 1.2 La 8*

3A 0.41 f 0 M.$ 3 23 5.4
* 44 0.6 ?.9 ow 2k 4A1 1.40 0 $A3 W, Ox 4.4 &A5 7.

KEY: (1) Cast trotyl - first type of pour off, p0 a 1.6z g/cm
3;

(2) Cast trotyl - second type of pour off, p0 a 1.60 g/cm 3; (3)
around trotyl, pO a 1.00 g/cm3, 8 a 0.1 am; (4) "Scaled" trotyl,
.01O - 1.00 g/,O3 , 6 0.5 ma; (5) frotyl 84%, p0 - 0.95 S/cd3 $
6 - 0.5 and 16$, 6 - 0.1 na, (6) Critical diameter of the charges1

(7) NB powder, po a 1.oo g/cM3 , d a 0.26 m; (8) MB powder, 0 "
- 1.00 g/cm 3, A 0 0.%3 us; (9) WBpowder, A.'s 1.00 8/cm 3, 8 
2.0 m; (10) NB/H 21 powdte, 76/24, po0  1.31 g/cm 3, 6 a 0,43 m;

(11) NB powder, p0 * 1.00 g/cm3, 6 a 0.43 m%*66; (12) Hexogen,

P0 a 1.00 g/cM 3, 6 a 1.8 wo; (13) Hexogen, p 0  1.00 g/cr 3 ; a
a 0.15 m; (14) Hexogen, p0  0 1.00 g/om3 , 0,45 mm; (15)
Hexogen/H 20, 72/28, 00 w 1.35 g/am3, 4 - 0.45 w; (16) Microporous

hexogen, p 0 W 1.00 g/cm
3 , 8 R 1.3 m; (17) Detonation attenuates;

(18) Air was pumped out, P0 I 1 mm Hg.; (19) ZhV Saltpeter,

PC " 0.90 g/CR 3, 8 < 0.2 =s.

[N/c, - km/s; T"C.MST M thousands of atm; r/cm 3 - g/om,
raNCOKa P53)
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Let us examine first of all the dependence of the parameters

and the width of the chemical reactiow zone on ;he charged

diameter. For all the investiSated explosives D, Ul, P,. and p,

decrease with a decrease in the diameter of the charge. The

index of polytropy of the explosion products increases noticeably

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 products. Here two cases can be realized. It is

poesible for the explosive to decompose right up to the composition

determined by the conditions of equilibrium stith given P and T.

The other variant consists in the fact that part of the explosive

will not manage to appreciably react to 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

tenperature during dispersion.

Along with the reduction in pressure the time and the width

of the chemical reaction zone increase with a reduction in the

charge diameter. Such a dependence of the detonation parameters

and of the width of the chemical reaction zone on the charge

diameter is direct experimental confirmation of the basic concept

of harlton's principle of detonation capability (723;, according

to which the possibility of detonation propagation in charges

of finite diameter depends on the ratio of the speeds of the

energy liberation as a result of chemical reaction and energy

losses due to lateral 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 -r1 . As can be seen from

the data of Table 2, the quantitative relationship of Khariton

R H d Kp /2 a cT a au p is not fulfilled (c is the speed of sound

in PD, ap is the width of the chemical reaction zone under critical

detonation conditions). Detonation ceases with charge diametera,

which significantly exceed the reaction zone size. The critical

reaction zone for the investigated explosives is equal to

approximately (0.1-0.2) RHp.
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Let us turn to the dependence of P. and a on the diameter for

charges of cast trotyl of the first and second types of pour offs

(see Tble 2). Identical values of P1 (consequently ) and a are

achievtd wiith different diameters. Dtispite the fact that d P of

the charges of both types of pour offs differ by 1.7 times, T p

and a. are equal within the litits of accuracy of experiment.

Consequently, the relative estimate of T with respect to the

critical diameters I12 a dlip/dp are also not confirmed. The

critical diameter is determined, 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 3aw explosive of

different physical structure different initIal impulses are

required. Thus, according to the data of o108l with the initiation

of detonation in normally cooled cast trotyl a portion of tetryl

of 15 grams Js required, in slowly cooled - 26 grams, and for very

slowly cooled - 144 grame. In our condition's trotyl of the first

type of pour offs detonated from a tablet made from TO with

a weight of 10 gram , while trotyl of the second type of pour offs

from such an Initiater did not detonate.

f Fig. 56. Scheme of the experiment for
photographing the front of a detonation

low wave during its passage from the charge
in a steel shell Into a volume. 1 -
mirror; 2 - basic explosive charge; 3 -
cardboard shell, 4 - rteel shell; 5 -
Initiating charge.

To clarify the nature of the critical diameter of solid

explosives It may be interesting to note the results of experiments

on ths passage of detonation of trotyl charges in a steel shell

into the trotyl volume. The layout of these experiments In shown

in Fig. 56. The charges had identical density (-10 g/cm 3) and
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Identical detonation parametef, but differed in gmin size (0.7 and

2.3 mm). With tho aid of a high speed photorecorder a shortening

of the unperturbed region of the front of the wave under the

effect of lateral rar*faction wavea at various distances from the

site of transition of detonation fro* the tube into the volume

was observed. It turned out that the front of the wave is

shortened more quickly, where the Initial size of the explosive

particles is greater. In the case of the NB powder, as can be

seen from Table 2, a change in the initial grain size affects

not only the value d, but also the critical parameters (D, u1 ,

P1), which are no much the lower, the greater is 6. The reaction

time close to d are also different. It follows from this that

it is impossible to determine 1  unambiguously only from value

dup-

(1)

Fig. 57. Dependence of the chemical
reaotion time on the pressure, obtained
in trotyl charges with various grain
sizes (6, in w) with one and the same
density. 1 6 - 0.1-0.5; 2 - 0.1;

"3 - 2.3; - 0.5. KEY: (1) r, is;
(2) P, thousands of atm.

(2)

Prom the viewpolnt of the mechanism of the detonatlon conver-

sion of the oubstanoe it is important to analyze the dependence

of T on the initial size of the particles in charges of compact

density. If on the detonation wave front particles of explosives

are burned from the surface by detonation products or by the

gas heated during shock oopression In the pores and burn in

parallel layers, then the re~ation time must be directly

proportional to the initial partlale sle with identical pressures.

However, a great difference in the initial dimensions of the

particles (of 5-10 times) doeb not lead to such e difference in T

with Identical pressures. The reaction times 4o not depend on the

initial partical size of t' explosives (NB powder, hexogen) or
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they difer slightly (trotyl). Figure 57 shows the dependence

of T,(P I) for trotyl, obtained in charges with various initial

particle sizes.

The independence of 1 from 6 under identical pressures, shown

in the example for NB powder, hexogen and trotyl, contradicts the

concepts of the mechanism 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 else as a result of the heating of the

explosive itself at the sites of initial contact of the particles.

These concepts may in some me'sure be consistant with the

experiment, if we assume that the particles of the explosive

in the front of the wave are crumbled to extremely small sizes,

which with an identical amplitude of the shock wave are, practi-

cally speaking, independent of the initial size of the particles.

However, then it is completely clear that it is not valid to

connect TI with the initial size of the particles. Consequently,

the basic argument in favor of the mechanism of explosive

combustion - the dependence of d on the initial particletip

size - also loses its force.

Crumbling of the particles
in the shock 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 initial substance

into the product lasts only fractions of a microsecond. Therefore,

if only to obtain qualitative data it is important to find a

study method, preserving, if possible, the specific conditions,

which take place !n actual detonation. With this purpose in mind,

a procedure was developed to maintain samples of porous explosives

after the shock loading up to 1500-2000 atm [120). The

layout of the experiment can be seen in Fig. 58. The presence
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of a paraffin plate between a steel dis and the studied sample
facilitated t*m deteraination of ten parameter5 of the shock wave,

enter ng into the sale, and exeluded 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 container with
vater, which enAurod favonle 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 so that there was no contact of the studied sample with

the PD.

Pig. 58. Layout of the experiment for
preserving the substance. 1 - Explosive

* tbuz'ge; 2 - steel boundary; 3 - paraffin
plate; 4 - studied skmple; 5 - container;
* -water.

Different variants of setting up the experiments were
developed and used, in which with an identical wave amplitude
the duration of its effect was measured and in which the air

was pumped from the samples up to PO 1 1 mm Hg. In the majority
of the experiments, except for those indicated specially, the

time of actJon of the shock wave was 15-30 us. The amp.litude of
the shock wave was not directly measured in the studied samples.

It's measurements in paraffin produced 1700 atm.

Small difference,4 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 tamples preserved after coopression of the shock wave were

studied under the microscope in order to clarify the destruction
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of the initial structure of the particles and a granulometric

analysis of them wis made. The particles were, as a rule, large

canglmemratsn, easily destroyed under a load of %I kgf/cm2 . The

breakdown of such conglomerates into particles was made u.ing an

ultrasonic disperser UZDV-I in water. A similar treatment using

ultrasonics of the Initial substance, not subjected to shook

action, for a significantly greater time period does not destroy

the particles. After drying and separation the relrA;le quantity

n/n Iand the weight percent P/PZ of particles of given size sere

determined (a and F are the total number of particles at the

weight of the analyzed sagple, rtspectively).

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 substance at pollyt~prene (the nutural ddnrzlty of polystyrene
is 1.1 g/CX3). In the initial state the polystyrene particles

are completely transparent, and it is easy to observe in them

the emergence of defects and crumbling tfter shock action. in

individual granule of polystyrene with an initial cross-secticnal

diameter S - 3-5 m is converted into a crumbled and caked

conglomerate, flattened across the direction of propagation of

the shock wave. A porous sample of compact density (0,7 g/ca 3 )

of these same particles crumbles even more intensively. But if

the cavities in this sample are filled with wator, the particles

keep their initial shape, 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 HB, ammonium nitrate.

Porous samples of trotyl (a density of ul.0 g/cm3 ) were prepared

from particles of "scaled" substance with a diameter of 6 = 0.4 to

1.0 m. During prolonged activity of the shock wave (%15-20 P5)

the particles crumble, are pressed and form a single conglomerate.

At individual sites of the conglomerate scorched dark spots are

visible. They are disseminated into the mass of the substance
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which was not touched by t" coVpositIon. A reduction in the time

of the effect of the shock wave of up to 3-5 Vs does not change

the granulonetric composition of the crumbled substance, but has

a significant effect on the doegm of scorching of the conglomerate.

In this case in a crumbed and caked 3ample there can be seen

on.y a nuclei center of the reaction with a size of N,0.01 r'

with a concentration of 5-10 per 1 c 3 ,

Sexples of hexogen (density of 1.0 g/cm ,, composed from

monocrystalline particles (8 - 0.4-1.0 mm), were managed to be

preserved only in the experimento with air removal up to PO - 1

= Hg. The sszples with air burst, which was recorded from the

destruction of the shell. It is difficult to jedge the character

of the explosion from these experiments. Preserved samples were

conglomerates of crumbled and caked particles without noticeable

traces of decomposition.

Samples of balliatite powder NO had an initial density of

1,1.0 g/cm 3 and were canufactured from spherical particles

6 - 0.37-0.5 am. Atter the action or the shock wave the samples

did not crmble and did not cake, and a few particles only lost

their spherical shape,

In Investigating granulated ammonium nitrate with an Initial

density of ul.0 g/cd , 6 a 0.4-I.0 mm a steel cylinder was filled

not with water, but with batting, so as not to dissolve the

preserved *ample, For the same reason treatment of the latter by

ultrasonics was also made not in water, but in methyl alcohol.

The preserved samples were crumbed and caked conglomerates

without noticeable traces of decomposition.

Results of the granulomtric analysis of the perserved samples

for va.Aous substances are shown in Table 3 and In Figs. 59-61.

For heaogen d&ta, obtained during the action of shock waves op

various intensity on the sample, are presented. A different

Intensity of the shock wave was obtained by varying the thickness
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of the tal boundary. The parxaters of the Lhock uave were

not menaured. A noticeable reduction In its amplitude could be

qualitatively measured from the reduction in the deformation of

the boundary.

Fig. 59. Results of granulometric analysis
of the preserved samples of hexogen.
Quantitative (1) and gravimetric (3) distrl-
bution of particles when P * 1500-2000 atm
quantitative (2) and gravimetric (4) distri-

L bution of particle, when P < 1500 ate.

Pig . 60. Fesults of grinulometric analysis
of bhe preserved samples of amonium nitrate.
I - Quantitative distribution of particles;
2 - gravimetric.

EHR U3~J

Fig. 61. Results of granulometric analysis
of ae preserved samples of trotyl. 1 -
Quantitative distribution of particles;
2 - gravimetric.

ei  [MK

Fr= the prea nted data it is clear that even with a low

(in com4.arlson with the detonation) amplitude of the shock wave

there occurs a strong change in the initial structure of porous

samples of various substances, If in the caae of polystyrene

even round 60% (by weight) of the particles do not crumble,
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then tore than 90% of the viass of preserved particles of hexogen,

trotyl and ammonium nitrate comprise pArticleB, the size of which

is epproximately one order less than the initial size. A maximum

of the gravimetric distribution corresponds in these cases approxi-

mately to an identical final size of the particles (15-40 p).

The results of the quantitative and gravimetric distribution of

particles )f hexogen of the studied size, obtained with various

amplitudes of the shock wave, allow us to draw the q*.'litative

conclusion, that the degree of crumbling undr the investigation

conditions depends on the amplitude of the it'oek wave acting on

the sample. With an increase in the pressure the weight percentage

of fine particles increases and the distribution maximum shifts

to the side of a decrease in their fMnal size.

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

(lY'*' I (2) 

An, 0.13 0,13 0,03 0.01 0.0%
P:P. *.Q 0.44 1,O 0,2 1 0

(On-sa i .  '4-' M ' ° ' s I' °s
1. JIM 0* j 04-1 1.0-t.5 1.5-3.0 1 23.-.
11', .. 01 O.01 0.( 7 O.(0

KEY: (1) Parameters; (2) Results of te
analysis; (3) Polysty'ene, 60 . 1.1-3.5 mm;
(4) Polystyrene, 60 " 3.5-5.0 mi.

The discovered change In the initial 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 The subsequent action of the high

pressure in the rarefaction wave. It is 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

reaction time ('1 1.0 vs).

The obtained results permit us to assume that the crumbling

and pressing of the samples occurs basically in the front of the

shock wave. This is borne out by experiments with polystyrene

and trotyl. Thus, porous samples of polystyrene 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 the cavities with water

made the sample continuous 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 in 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 rormation of

conglomeratet :roceeds in the very front of the shock wave.

The fact that the pumping cf air from the trotyl and hexogen

samples to pressures of PO 1 1 mm 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 Is the

basic source of the initiation of combustion. A minimum estimate

of the heating of the air 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 1P 200Y0 atm such an estimate produces 1 .l000'K (551.
it,.; ap4arent that at -c. fl*;rr'vand with the du1 atirn . t

the a' t or. of the sh.'c o 'n. P- co. tne IOrt-,,-
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pr zence of air in the por,.-: ana > tne ,hnei

wave. Apparently , a n.'. .:.cr 2oappe,!-'-'- of

.nl'Llaticri of reaction '- tn-'e rlla ;-ir v'~: o thr, exrl'. .'

durln , pac~~tng Int the front of th -c'n: Ave. zmfoci wierf

(t;e..2 y Z-ukhikk. anid K!arlto!. :::amplE- .. - t trctyl cduriro

their .-ufficlentl1; raL1d cdefornal i in to.-. jin!u- a ,)ile urt .er

L,- It. Alt the prezen'. time it ~s wioely acko -d6- that, in

5, ic e:r2- 'v I*ct - C tater of' the exrplo-Av- wil.h mechanic,' I

actic,. rr-c'..iI. as i~ ri.-u,,t o,^ *,elastic deforr-itio, 112'1, bul

t .e effect o,' ai r in % ur ,as,' it, !1.3,- :. viou., . Thelefcre

prculen arises, tu w:.at uegrt-e can~ Lhe otL-alned (Ittta on tli"

.zr':bnb g of' the sutstance and the. initiat'. -- ,I
L,.; al r td dun" rig co'ppression r 1, o of pla; tI c

*~ frLa :. trainsfcr-ed cT -'~I trnion~?

"i.ce In the fronm.c-.i. the pres.9ur- i: on.e

oriet' or more higher th.aa ihal tiwoxic ex:e c-uir'h"n;

de7gr.,. respect tc- the Iznil i. ' tTh zr ()r of the

i -c'. a~ acfinite conclusio'n ':-Wr. ;.- '*: facl is that

un- the examined CLrndit -. ; tixle -thi. *,.,v r o1' the air

aria t-Ie -de~oripos: Ilon cf a noticeabli lo; I. P'tL xplosive

b. vns o.^ Lurning oec-r f.~r t. mt- --L~.!ii -:! *xc ?Pd by one

or twc ord-ors the tlmnAz ckaracte:'I r t.Pt.nr*-.Ion (sc' Table
On tz.e other n~and, tr.Ie: LiI.. dynarc prPe;.31,tr 1-.e ratc (,
combustion ma, Incre'ise sir,nifirantiv Ir Iep~nde, ' 1f ho'w it

arore (ti-e ignition ty de'tow.-,ton ;voduv't.:, by~ f-e2ted air, or
as j result of the warming of't expjcIk;v% '&i at individual

cent ers,, 
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Effect of flalng with water on the
reaction time In a detonation wave

The possibility of Ignition of the explosive by heated

air or by reaction products In the front of a detonation wave

can be established from the following experiments. If the

Initiation of the reaction in a detonation wave is caused by

the igniting ef,'ect of heated gases or streams of reaction

products, then filling the pores In the 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

Initial particles of explosives all the experimental points

lie on one curve i a T(P). On this same curve also lie the

points obtained in water-filled charges (Fig. 62).

a). ,., 1Fg. 62. Dependence of the
- reaction tire on the pressure In

the detcnation wave of charges of

NB powder a) and hexogen b)

b) of different structures.
a) 1 - 6 - 0.26; 2 - 0.43; 3 -
2.00; 4 - with water; 5 - vacuum

• up to P0 = 1 mm Hg; b) 1 - 8
* 0.15; 2 - 0.45; 3 - 1.80;

5) 'S 4 - micro-porous; 5 - with water.

[[MKCK - PS; TWC.eTM - 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-treated charges of NB powder. The parameters

and time of reaction also did not change (see Fig. 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 is absent.
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The totality or the experimental material presented permits

us to assert that during detonation of both compact as well as

porous solid explosives the chemical reaction is initiated as

a result of tne-heating of the explosive itself under the action

of the shock wave. This cdnclusion is confirmed by estimates

of the temperature of che shock compression, obtained by the

basis of a study of shock compressibility of explosives in

compact and porous states.

1 4. Shock Compressibility and Heating
of Solid Explosives

Various experimental data [71, 80, 122, 123) are currently

in wide usage, along with the concepts of the theory of a solid

body, to describe the thermal dynamic properties of condensed

subztances under high dynamic pressures.

Zel'dovich [80] suggested the use of curves of dynamic

compressibility of a substance with various initial densities to

obtain information on the thermodynamic parameters under h'h

pressures. The collection of such data for t-olid explosives Is

impeded by the fact that they quickly decompose under the action

of even relatively weak shock waves. The existing experimental

data on shock compressibility of FcIc explosives are limited only

to aeveral substances with a density close to a monocrystal [115,

116). Definite successes have been achieved in works [124, 125-,

where formulas were suggested for calculating the shock adiabatic

curves of various substances, including liquid and compact solid

explosives, from the known values of the speed of sound in the

normal state.

With respect to porous explosives only the first attempts

hive been made [126, 127]. In the process of compression of

a porous explosive in the front or the shock wave there may occur

the partial chemical decomposition or phase transformation and the

state obtained after compression 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 eiperimental technology

and treatment of the obtained results.

For high accuracy and the avoidance of possible errors the

experimental determination of the shock compressibility of porous

explosives is most conveniently made by the simultaneous measurement

of the mass velocity (u0 ) on the interface of the iiert boundary -

studied explosive and of the velocity of the Zront (D, on a finite

measurement base under conditions of action of the shock wave or

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 selected 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
an explosive by the electromagnetic method.
1 - Detector; 2 - studied sample; 3 -

* -- paraffin boundary; 4 - air gap; 5 - ring;
6 - charge; S - shock wave velocity
measurement base.

A study was made of the shock compressibility of porous

samples of NB powder (pO * 1.0 g/cm 3), manufactured from spherical

particles of two sizes - 0.43 and 2.0 mm, and of hexcgen of the

same de..3ity from monocrystalline particle3 0.5-1.0 mm, and the

shock adiabatic curve of compact powder Nb war also obtained.

For an example, Fig. 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 (1i0,000 atm) recordings of

u(t) do not basically differ. This means that the explosive

behaves i.iertly, and there is no noticeable decomposition of it

during the experiment.
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J Fig. 64. Recordings of u(t) on the
interface of paraffin with NaCl and

a) NB powder, a - NaCI, P ", 10,000 atm;
b - NaCl, P 'u 50,000 atm; c - NB
powder, P N TO,O00 atm; d - NB powder,
P 4 50,00"atm. The time scale -
1 ' s. Second sharp rise in the record-
ings of u(t) corresponds to the moment

) d) of passage of the measurement base
by tho wave front.

Under higher pressures (for NB powder 1,50,000 Ltm) the

decomposition of the explosive leads to a sharp drop in u

immediately behind the front of the shock wave. In connection

with this the question arises, what value is u to take on the

cscillogram for the value of the mass velocity on the interface

cf u0 .

Values of u0 were always obtained by the extrapolation

of the recording of u(t) to t n 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. at least

during the passage of the base of measurement (S, Fig. U3) such

an extrapolation does not introduce additional error, and the

obtained values of D and u0 correspond to one and t =e same date.

But in cases where in the recordings of u(t) a peak appears,

the extrapolation to t = 0 makes it possible to avoid errors

connected with the effect of decomposition of the explosive.

The point with maximx u value, strictly speaking, should not
be considered 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 reacted. 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) to 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 uO Is possible, but the difference from the maximum

registered value of the PAas velocity will not exceed, as the rule,

10%. In the case where compact samples are used, such an

extrapolation 1s more justified, since the steep slope of the

leading edge of the oscillogras ia determined 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 those cases, when there arises In the

explosive a noticeable exothermic reaction. Possible errors

as a result of this may be eliminated by two means. One of these

consiats in measuring D at various distances from the interface

of the inert boundary wid explosive and in the extrapolation of

the obtained dependence to the zero distan-e. Measurements of

D on various bases under our conditions showed that, in practice,

on S a 3 = D does not differ within the limIts of accuracy of the

experiment (%5%) from the values of D0 on the Interface, obtained

by the mentioned 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 measurement on a base of 3 mm. Moreover, the

calculation or D0 was conducted by the method of reflection

(71) according to the known value of u0 on the interface of the

paraffin and explosive. The accuracy of determining D0 In this

manner is significantly lower than with direct measurement.

Within the limits of this accuracy (%10%) the calculated and

measured values of D coincide in the entire Investigated range

of pressures.

Values of D and u were obtained by averaging the results of

3-5 measurements. The deviation of values of individual measure-

ments from the average value d d not exceed 5%. The greatest values

of D and u correspond to the parameters of the shock front of
ideal detonation. At coordirates D - u experimental data for
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(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

adiabatic curve of compact powder NB has the form: D - (1.70 4

+ 1.85 u) km/s. This is close to the shock adiabatic curve of

powder N, shown in work (17] D - (1.76 + 1.86 u) km/3. The shock

adiabatic curve of porous hexogen is described at cuordinates D - u

by the formula D - (0.4 + 2.04 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 o..cur [129). Using analytic expressions of the

shock adiabatic curve at coordinates (D - u), it is easy to

construct them at coordinates (P - V) (Figs. 67 and 68). At these

coordinates Lhe 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

properties (the coefficient of thermal expansion a > 0, the

GrUneisen coefficient r > 0) with equilibri a-ind

the shcee wave front. On the other hand, in experiments on the

Isotheric _n:'prcssibility of NE pcw~cr [130J it was found that

a < 0. A negative coeffic ent of t*-er:nal expansion is also
obtained from a comparison of the ,urve of shock and isothermic

(T - 180C) compression of compact powder (curves 2 and 3 in

Fig. 67). since with identical pressures shock compression proves

to be greater than isothermic. 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

2. The cause of such a contradiction is apparently cut out in the

course cf the isotherms. In work [130) there was expressed the

assumption of the possible change in the ther-modynamic properties

of the studied system as a result of the Phange in the interaction

of its components. Possibly, during static isothermic compression

higher than certain values of P there occurs a separation of
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phases 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, Fig. 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

metastable state, !N fixed.

Fig. 65. Shock adiabatic curves
of porous (1) and compact (2)
powder NB. Grain size: 0- 0.43 ;
and + - 2.0 am.

[$mci - ki/s)

A,

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

Cxm/cek km/]
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4 :Fig. 67. Shock adiabatic curves of
porous (1) and compact (2) samples of
NB powder and isotherms of compact NB
powder at a temperature of 180C (3)
and 920C (4) [130].

CTUC.aTM - thous. of atm.; cM3/r -
* u cm3/g]

Fig. 68. Shock adiabatic curves of
porous (1) and compact (2) hexogen.
[Tuc-aTM x thous. of atm.; cm3/r -

13

Fig. 69. Shock adiabatic curves of
porous (1) and compact (2) substances.
Shaded area - conversion of energy in
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 tho cumpact during compression up to an identical

volume is explained by the rise in the heat components of the

pressure and energy (rig. 69) [80). On the strength of this,

the Orflneisen coefficient is found

r,-

Table 4 presents the values of the specific volumes, pressures,

specific Internal energy E and the coefficient r for compact

and porous samples of powder and hexogen.

With the use of a value of the Grfneisen coefficient of 1.5

obtained for NB powder a calculation was made for the temperature

of the shock heating according to the scheme, suggested in work

[63J and perfected later in (131]. Calculation of the temperature

on the shock front of a detonation wave with an amplitude of

150,000 atm for porous NB powder gives 15000K, and for compact

powder (P - 350,000 atm) - 20P 0 K. In the calculations the

Increase 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 1000-20000 K range by approximately 2.5 times (132).

Table 4. Values of the GrUnelsen coefficient
for hB powder and hexogen.

(2)*" ... .13 3" t.9 III
*5 fA X i.s 1,2 tAl

9A *. 2 4 0. 0,7 IA( 3 *" ' i" e ' .,, 0 1.,

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

[CM/r a cm3/g; TUIC.BTM 0 thous. of atm.;
,Air aJ/g]
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For porou# samples of hexogon we limited ourselves to

the minlum extinate of the heating, taking the difference

between the total Increment of apecific Internal energy of

porous and compact substance for the increments of the heat

fraction of internal Pnergy of the porous sample. It Is obvious

that such an estimate Is understated, since it does not take into

account the increment 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 - 11000 K) (an increase in tne specific heat

with a rise at the tetmperature was calculated and the average

specific heat was taken as equal to 0.6 cal/g-deg [132J). Thus,

solid explosives (Just as liquid) during shock compression up

pressures of 100,000 atm and higher, undergo significant heating.

S 5. On The Mechanism of Detonation
Of Solid Explosives

As was pointed out above, a normal detonation regime for all

the investigated solid explosives (cast, pressed, : , ,

characterized by the presence of the chemical peak. T:,e width of

the shock front of a detonation wave ib significantly less than

the overall time of the chemical reaction, i.e., in the process

of compression the explosive is almost not decomposed. The

detonation process is managed by the shock wave. In the mecnanrism

of initiation of the reaction in the front of the detonation waqe

the ignition of the explosive by the hot products and by the gases

ineated in the pores plays ro noticeable role. The shock wave

irushes, and heats the explosi-e itself to high temperatures.

For typical porous explosives under the pressures 3f detonation

of N1O0,O00 atm average temperatures of the shock compression of

1OO-15000K are totally attainable.

Are such tenperaturea 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 detonition 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 adiabatic explosion for such a

calculation. However, the experimental data contradict buch a

representation of the de,%oupoeition of solid explosives in

detonation waves. As was pointed out above, a noticeable induction

period behind the front of the detonation wave of solid explosives

is not observed. Nonetheless, the ideas of a normal adiabatic

thermal explosion can be employed, if we assume that the chemical

decomposition of the solid explosives in the detonation wave

exists in the form of successive norwal adiabatic explosions at

the center,. They arise in the shock front of a detonation wave

as the result of heterogeneous heating during compression.

The successive flashes of the hot centers easily explain in

approximation the triangular pressure profile in the zone of

chemical reaction of the detonation wave. It follows from these

considerations that the total time of reaction is determined by

the time of delay in the normal *diabatic explosion of the coldest

centers.

For the majority of powerful solid explosives (see Tables

1 and 2) the chemical reaction time for detonation vae*ies from

tenths of a microsecond up to one microsecond. Calculation using

kinetic constants for x I 0.2 and r a 10 - zs, for example, in

RB powder produce temperature values of 1160 and 12700K,

respectively (120, 1333. Close temperatures are also required for

other powerful explosives. Temperatures of such an order, as can

be seen from the above cited data, are achieved in the front of

a detonation wave of both compact and of porous explosives.
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The Introduced calculations show that the temperatures

achieved during compression of -,lid explosives by shock wave:i

with an amplitude close to th. pressures on the shock front of

the detonatiun wave are sufficiently high, so as to explain the

tctal time of the chemlcal decomposition of the explosive as a

result .. a normal adiabatic theimal explosion. Therefore, there

is no Dasis in the solution of the problem on the mechanism of

the detonation conversion of :olid explosives (of toth compact and

of porous) of disregarding the shock heating of the sub-stance

I tself.

The actual process of decomposition of porous explosives In

a detonation wave has not been clar4 fled to the end, and It is
nct reducible tc a simple model of fo-al, normal the7rmal explosions.

A:tually, in the latter case the dependence T1(P) should also be
.trong, which i not observed In the expeiiment. This concept
is eontrzdlcted als. by the equality of the -reaction in porous
and In water-satirated explosives. Obviously, the temperature
of the :x:lozlve on the shock front of the detonation wav of'

Ln ci.a.-Zgs is different (tPis follows from tho -':;, t
d'..ta ,i t - compress Ability of compact and of porous NB powder),

while thu r-.lc"oi. tipez; with Identcal p-esz',.re turn out to be
equal. 3ne. cxperimental fN.Ats hav, :'l :. received an
urambiga-.t. explanation.

however, we have no. ex2luded the fact thNt melting occurs

ir, the front of tne detonation waves )f certain porous explosives.
in :.i. :a~se decomposition of the exrlos~ve pxo-:eeds in the
fjrm of & degenerated explosion of an almost homogeneous medium
and the dependerce T(P) will also be weqk. Finally, the
degencracy may be caused b the lcw rates of occurrence of the

final stagec of the decomposition process, which also leads to a
weak r(P) dependence.
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iWatever the reasons might be for the weak dependence of

r(P) In solid explosives, apparently, connected with this Is the

possibility of the existence in them of stable detonation regimes

with parameters considerably lower than ideal in a certain range

of measurement of the charge diameters. Because of the 4eak

dependence of r(P) a noticeable decrease In the amplitude of the

detonation wave with certain charge diameters leads to a slight

rise in T, and the breakdown of the reaction does not proceed.

Together with the decrease in the wave amrlitude the intensity

of the expansion also falls, and the process is propagated stabily

as before.

In conclusion, lot us note that in principle detonation

waves in solid explosives without a sharply defined chemical

peak are possible. This may be during detonation of sufficiently

sensitive porous explosives, If the decomposition, having, egun

at the centers, terminates during compression. Such a case is

possible for an explosive, the critical temperature of the centers

of which is close to or less than the melting temperature [121].

The Lhemical 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 V

LIMITS OF THE PROPAGATION OF
DETONATION IN CONDENSED EXPLOSIVES

The smalle3t diameter of the charge of an explosive, witti

which the propagation of self-sustaining detonation Is still

poz.ILie, called the critical diameter d KP. The existence of such

a dar--ter .- innot he explained within the framework of the cla,.,...a

dettcratiori tIeory, since a finite width of the reaction zone In

this thecx'y Is not taken Into consideration, and tte. processeos

which ccur hohind Its limits cannot transmit per'ur'biI' i

cvei'tae tne detonation front in the case of

I* 1.1p. - -erefore, concepts of th- lIr!:3 ts propagation ,if

12' ..itiw it devL1kptid only i' t!(, appearance of a detoniation

the !V -4: ~'takes into cons! erzt (, - a nI~teo time of thp ciherdcal

oct.n ii, the rront (-,I tr.e t"' n-,on wave.

nr±r ( 72, 334 was the f~lrst to mark out the proper path

f-)r ro'i uid .-. aidlng o-L the natur-e of d K. Accorinrg to hi5

li.-, 4.th 3 rcductl'n In the charge diameter th-t- Is an Inr'ease

In th- di~persio- of tne reacting expior'ivp !-, tht, sides an' a

corr,.,Lf'ndiz.g lo.! o f ener~'y, qhic-i, In tlie oppcslte case, woild

go f-,r Lhe 7rintenance of the detonationi front. At a certain

finite dir..pi which is also the critical diameter, the coui-

11brium between4 the heat receipt and the energy losses J3 first

destroyed, I.e., detona.ttor, cannot propagate.
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According to Khariton, any substance capable of an exothermic

reaoion with constants P and V can detonate, If we take a

sufficiently large diameter. In other words, the difference

between the explosive and the remaining exothermically reacting

sbstances is not basic. It consists in the fact that the critical

diameter of the first lies within the limits of the charge sizes

used in practice, while in the second, on the other hand, it 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 determined

chiefly by the speed of sound c, Khariton gave a formula for

estimating daD.

d,p -2cT,

where Y is the reaction time, characteristic for the detonation.

These ideas, which received propagation under the name of

"Khariton's principle," were the first to enable us to connect the

reaction time di'ing detonation with the external characteristic

of the given process. This, to a significant degree, stimulated

the development of experimental works to determine the reaction

time under conditions of detonation and, in general, on the study

of detonation 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 dHp, 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] rests on the extremely simplified
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schemes of f'ow5 and in essence have introduced nothing new in

eomparison with Kharlton's princip]e. Up to the present 'Ame

strict theory of detonation limits for condensed explosives has

still not been created.

In the cited theoretical works it is assumed that c and t in

Khariton's formula are the average speed of sound and the reaction

time within the limits of the detonation front, respectively.

Moreover, Khariton, and following him also the authcrs of ot.e-

of tie above-mentioned theoretical investigations tacitly :sunp

that only a stationary detonation front can be self-sustaining.

This sapposition, correct for solid (nonhomogeneous) cxplo-

. ez, is not fulfilled in many instances of detonation of liquid

Expozives. It turned out that a detonation front may be separate

f'.2 th'l boundarles of the charge and again returned to them. Such

a "nonstaErionary" detonation front may propagate as long as It
wants, and it: critical diametir is connected not with the time o!

reaction at the front, but with the processes leading to Its

reztnration of the area along the entire cross -*

ci~r'e. T" the future, for %he sake of brevity, any theory resting

'n t.e as.umutton cf a stationary fr.t we shall call stationary

I., contrast to the ensuing nonstationary Lheory of a detonation

front wth a pulsating area.

Exanined below are the fundamentals of the formulation of the

prbicen, from which, in our opinion, there must follow the ensuing
t-i,.t stationary theory of d,P, and a13o on the basis of the

experimental data fundamental physical principles, which henceforth

must be set up as the basis of the nonstationary theory of d

-ire -1ai fied. Here we will be speaking mainly of d in charges

of explosives without a shell (or in a very weak shell).
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5 1. 1he Propagation of Detonation

in Charges of F1nite Diameter

The Motion Equation

The flow of a continuous medium during the detonation of a

charge of finite diameter is described by three-dimensional equa-

,ions of motion;

'V (36)

a as

(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

is the vectorial operator:

(i, J, 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 caEe to

obtain the appropriate averaged 3quations of motion (36)-(38) it
is suffieient 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 shr.ll make no distinction between a laminar

and an isotropic-turbulent reaction zone.

The supposition of isotropic turbulence for the case of liquid

explosives with a rough front is not carried out on account of the

165



regular character of the inhomogeneitles. On the other hand, in
the case of solid explosives on account of the chaotic character

of the initial inhomogeneities of 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 liquid explosives with a smooth detonation

front.

Let us apply equations (36)-(38) to an analysis of detonation

close to the limit. In a system of coordinates, counected with

a stationary detonation front, from the equations of motion the

derivatives with respect to time fall out, which enable us to

Amplify significantly the given equation. Let us introduce int,

tite consideration f'ow tubes, i.e., imaginary tubes of any cross-

sectional shape, the limits of which at each point coincide with

"hu- directioi of the velocity. Through these limits there are no

fliws of ma:,; for energy. Consequently, if the cross sectional

area of a flow tube is equal to a, then the total flow of mass to

its cross section is equal to pua. Therefore, equation (36)

transfers to equation

j_1'3 - 0, (39)

where ! is the length, measured along the tube of flow.

Having nbtained prelseo) t.he same expression for the energy

f'lux ard uslnp the latter e lvality for the mass flux, one can

tr::,;Pfer to the equality

For the transformation of equation (37) the term in the

middle of Its ]eft side is transferred to another form:

(rem) a" u(Tpa) : a1s
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By introducing the unit vector e, in the direction of the velocity

irom the preceding expreyssion we obtain the following:

1W - J + PO'

Multiplying equation (37) scalarly by vector ej and taking into

account that e#(Vt4f). 0. we obtain

If we consider the absence of heat exchange (dE a -PdV), then

as a result of differentiation of (40) we obtain equation (41).

Multipljng scalarly equation (37) by vector er, directed along the

surface P a const, and taking into account erVP K 0, we find

0. (42)

A Prandtl-Meyer Flow

Let us examine the structure of a flow, which arises at the

limit of a detonating charge. We will assume that in front of the

zone of reaction a shock front is propagated, the width of which

can be disregarded. This &ssumption can be assumed to be valid

for the majority of practically important cases of detonation of

solid explosives; in the case of liquid explosives with a smooth

detonation front it is so much the more valid. The shock front

inter3ects the free boundary of the charge along a certain line,

which is special for the equations of motion. For example, a

whole sheaf of surfaces of constant pressure converges to this

line, ;,Ince any particle of the reacting medium, no matter how

closely it passes by the special line, must pass through all the

pressures from the shock front to the pressure of the medium,

surrounding the charge. The flow region, corre-ponding to the

fan of surfaces of constant pressure diverging from the special
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line, in the infinitely close vicinity of the cited line is called

a Prandtl-Meyer flow (4]. It is necessary to study under what

conditions this flow will be statior.ary.

Let us select the natural coordinate surfaces (Fig. 70).

First, 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 a, counted off around the axis of thr! charge. The

rotation of the line or flow around the sxis of the charge gives

another system of coordinate surfaces. Finally, as athird system

of coordinate surfaces let us select the 6urfaces of constant

pressure, determined in the region of the Prandtl-Meyer flow by

the angle 0, which is counted off around the special line from a

certain arbitrary surface.

Fig. 70. Selecting a system of
; natural eirvillnear coordinates

on the free boundary of the
charge. I - constant-prest're
lines; 2 - lines of fl....
boundary or the explosive
charge; 3 - shock front.

The increment of the radius-vector dr is in the following

manner connected with the change in the curvilinear coordinates

dr- ed -S fe.- -H , q,. (43)

where ea is the unit vector perpendicular to the coordinate plane,

and er and e are the above-determined vectors, directed along the

line of flow and along the surfaces of constant pressure, resepct

respectively, Ahere

taj_# and a.je,.
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Coefficients HG, Hr and H are assused to be known functions of

r and #. They do not depend on a on account of the axial syametry

of the problem.

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

a-H d. (414)

Hence equations (39), (41) and (J12) can be rewritten in the

following form:

(45)
OR

(46)

Let us introduce the component velocities: u 4 - directed along the

normal to the surface of constant pressure and u r - lying on this

surface. The unit vector, normal to the surface of constant

pressure, we will designate by en.

Por the conversion of the first equation (45) one can use the

expression ensuing from (43):

In fact, - let us take a tube of flow of rectangular cruss section,

determined by the increments of coordinates Aa and Ar. Then the

area or the rectangle, which is cut by the tube of flow an the

constant pressure surface, is equal to the product of the length

of Its sides H, .Ac and Hr. Ar. Since the surface of constant

pressure i not orthogonal to lines of flow, in obtaining expres-

sion (48) one should introduce the multiplier (en e ). Thus, for

o the expression H H r(e ne )AoAr is found. ?Fow, taking into

consideration the fact that ta and Ar do not depend on 4, they can

be thrown out, as a result of which expression (48) is also obtained.
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Since It Is suggested that we subsequently examine the flow

in the Infinitely small vici.ity of the special line, the value

h can also be discarded, since in this vicinity MJh -0. The
latter follows 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 substitu'ion of expression (48) into the equation

it is advisable to determine the derivative of allIly. 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

RdO/u¢ is the time, for which the point would describe the angle
from 0 to + do. During this time R would increase by the value
dR - ur(Rdo/u €). Hence it follows that

.- R - R

lifferentiatini this expresr'ion with respect to r, with considera-

tion of the fait that R&r -H., and discarding tenns which fall out

when R 4 0 we find

. (49)

Te -'t,stIttion or 4R) mrd (49) into eq'iatiois '45) with con-

"Ii.i .ittor, of equality ,e. - u leads to expression

(50)

Equat!,)n (4C), by the simple substitution of u2 - 2 + U2  3
* r'reduced to the form
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Equation (47) is transformed using equality r,I4 e., which

Is valid .n the Infinitely small vicinity of the special line,

when the surfaces of constant pressure can be assumed to be flat.

With consideration of equalities (wJ - ** and (w,- a, we find the

equation

W -.-,-O. (52)

In the examined infinitely small vicfnity any particle passes

an infinitely small time. Therefore, its composition and entropy,

obtained as a result or the shock compression, can be assumed to

be constant and the following relationship can be written:

d's'c 4, (53)

where c3 is the frozen speed of sobnd.

The multiplication of equation (50) by u. and its subtraction

from equation (51) using (52) for the introduction of similar

terms lead to expression

4. +--0.

from which after the substitution of relationship (53) the follow-

ing equality is obtained:

-0. (54)

Hence it follows that In the zone of the Prandtl-Meyer flow, where

3, -r,. (55)

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

Taking into consideration the fact that in ordi'.ary substances

and tha. in the region of the examined flow expansion of the

medium takes place, i.e. Ni4 /O-q. it is not difficult to see that

U,-0. (56)

Because of such a sign of ur perturbations from the special line

can propagate across the entire region of the Prandtl-Meyer flow,

and to the special line - only from the flow, running into the

region of this flow.

It follow, from equality (55) that the boundary of the Prandtl-

Meyer flow coincides with thi, Mach Pine, i.e., the line in the flow,

with respect • which the iorial oomponent of the velocity Is equal

to the -,pe,! of soand. Hence it follows that the oncoming flow to

tr_' biundary of the Prandtl-Meyer flow shouli not be supersonic,

and p1,'-turbations from the special line do not penetrate into the

creion of it:: flow.

a The study of the Prandtl-Meyer flow was conducted on the

assumpt' n of stationarity of the flow. However, it can be

Jenonstratel that this assumption Is not essential, and it is

sufficlent to make the less rigorous supposition of a ftnte

valve of the derivatives with respect to time in equations (36)-

(38'. In t'*ict, in the vicinity of the special line, and more
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precisely in the region oi" the Prandtl-Meyer flow all the deriva-

tives with respect to tne spatial coordinate tend toward an

infinite value. For this reason, it makes no difference whether

we discard 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 Fig. 71. So that nonstationary rarefaction

waves might not penetrate inside the detonation front, from point

A the supersonic I'iow must exit, i.e., on the boundary of the

charge behind the shock wave:

-- .,. (57)

As was pointed out above, onl, in auch a flow can the forward

boundary of a stationary rarefaction wave and a Prandtl-Meyer

flow exist, On the other hand, on the axis of the charge directly

behind the shock front there must exist

<€,.(58)

Consequently, the sound surface, on which

1 U S. (59)

intersects the shock front. Thus, the region 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 said that the flow behind the shock front always

exits from i with a subsonic speed, it is understood to mean 'he

components of the flow velocity normal t. the shock front. But if
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Fig. 71. Simplified
scheme of the flows
during stationary

. , . detonation in a charge
'.. *, - of finite diameter.

I - 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 is not difficult to see that the

tangential component of the velocity does not vary with the

transition of the medium through Jump P. It is always possible to

select such a value of the tangential component, with which the

total velocity behind the shock front is supersonic. Therefore,

to fulfill condition (57) the shock front close to the boundary

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

of the initial medium. Hence it follows, In-turn, that the ampli-

tud? of the shock front on the axis of the charge is greater than

on the b'oandary due to the corresponding difference in normal

compoients of the oncoming flow of the explosive. As i result,

the shcck -front becomes convex in the direction of propagation of

detonation, a5 is also shown in Fig. 71.

.n the transition through the convex 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 rzass (pu - Pouo) is reduced during the

transition through the shock fr'nc, while the tangential component

remains unchanged.

Hence it is possible to suppose that behind the shock front

the flow den-ity J falls downward with respect to the flow:

1(60



From the fact of the divergence of the lines of flow follows only

the reduction of the average flow density throughout the entire

cross section and the validity of the inequality (60) on the axis

of the charge. Therefore, In the rtrict thecry inequality (60)

must be Justified.

Let us make two more assumptions for later. We will assume

that, first, the derivative djhV increases in absolute value 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, i.e., MP11<I.

Let us determine the relationship between the pressure and

the volume in the reacting medium. With thl absence of transfer

phenomena the following aquality is correct

dc d
w--P-;ro(61)

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

following form:

Using the thermodynamic relationships

we transform (61) into

" ~ -" F.-'- ,' )P,. a .Irk.,, (63)

With the aid of expression (62) it is not difficult to be

convinced that the second term in the right hand side of equaliiy
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(63) represents the rate of increase of the pressure during the

occurrence of the chemical reaction under conditions of constancy

of E and V. FoPr this value let us introduce a special designation:

(64)

In this expresoion the numerator is none other than the rate of

heat liberation or the chemical reaction with constants P and V.

Since W?&.>O, from equality (64) it follows that the sign

coincides with 'he sign of the heat liberation with constants P

and V. In the case of an exothermic reaction it must be positive.

Using the expression for the density of the sound flow j
39

' after the replacement of the differentiatlon of udt * dl

£rcm (63) and (64) with a variable we obtain

A -L- + (65)

By the substitution of u m JV into equation (1,I) we t'ini

ir + V IF(66)

The exclusion of the last two equations of the derivative aIM

2eads to the following basic expression:

(4-4 -(67)

The value of P can be assumed to be the characterizing heat

income. Then term c46jI/) 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.,

%hen dydl 0, the right side of expression (67) is negative. If,

as was assumed above, OPAN<O, then in the entire region of the flow
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J0>' (69)

(Hence it is possible in another way to arrive at a justification

for the Chapman-Jouguet selection principle.)

Let us show that in the case of jI&J-O the rate of detonation

on the axis of the charge is less than the rate of ideal detonation.

For this, with the aid of equation (66) we will write the connection

between the pressure and the specific volume in the detonation wave:

d? 69)

From 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 a

certain more smoothly sloting trajeitory (Fig. 72), since dj/dV < 0.
If the shock front were to propagate with the speed of ideal

detonation, then Mikhel'son's straight linE OA would touch the

equilibrium detonation adiabatic curve OCB at point C. In this

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

the detonation adiabatic curve at a certain point B.

Fig. 72. On the proof ofthe impossibility of an

ideal detonation rate in a
charge .)f finite diameter.

;\\-

Assuming for the sake of simplicity that P0 * 0, we will
determine the specific internal energy of the reacting medium in

the state B. In conformance with the equation of the shock adia-

batic curve of the initial explosive:
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The specific Internal energy at point A after the deduction of the

constant E0 is equal to area S1 or triangle OAD. With the

transition to point B the specific internal energy is reduced by

the value of the work done by the reacting substance, which is

equal to area S2 on the curvilinear trajectory ABED.

Thus, the specific internal energy of the reacting medium in

the state B is equal to

62- E + .5 5-5. (71)

On the other hand, the specf Ic internal energy of the final

reaction products with the same values of P and V in conformance

with the equation of the detonation adiabatic curve Is equal to

" +- (72)

where S is the area of the triangle OBE.3

Irresp-.ctive of whether the reaction succeeded in going to

coniol-tion up to the moment of achievemernt of state B or not, for

an excthermlc reaction the followin, must be observed

E(73)

The;e fore,

E. -f Ea .- - 5, -% >0. (:

must exist. However, from Fig. 72 it is immediately clear that

the opposite InequAlity is fulfilled. Consequently, the t.ajectory

of tue point of state should not intersect the equilibrium detona-

tion adiabatic curve, and thIs is possib]e only in the case where
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Nikhlson's straight linv OA will have a smaller slope than that,

rhich corresponds to ideal detonation6.

In the same way it is possible to prove the more rigorous

assertion, namely that the actual detonation rate cannot exceed the

rate of ideal detonation, which corresponds to the intermediate

detonation adiabatic curve of the chemical cQmpositlon, 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 equatLons of motion for this region does not

change, if we assume that the reaction behind its limits is cut

short. In such a case It is possible with accuracy to repeat the

preceding discusiions, having substituted the equilibrium detonation

adiabatic curve for the intermediate detonation adiabatic curve of

the composition, achievable on the boundary of this region. Hence

follows the qualitative conclusion that the rate of the stationary

detonation front D must be reduced with the decrease in the charge

diameter d.

The majority of work on nonideal detonation is dedicated

precisely to attempts using various simlifying assumptions to

obtain a quantitative denendence of D a D(d). From tne fundamental

expression (67) it follows that on the entire sound surface the

essential condition of a stationary detonation propagation is

fulfilled:

=-4 ,(75)

which, being applicable to the line of intersection of the sound

surface with the shock front, will play an important role in

further disussions.
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On the Limit of Propagation of
Stationary Detonation in Solid
Explosives

Let us cesignate the smallest diameter of stationary propaga-

tion of detona':ion by d . This diameter does not necessarily
CT*

coincid, with d A. The only thing that can be confirmed is

(76)

Let as first examine, expressing ourselves figuratively, the

classical region, leading to the existence of a finite diameter

d CT' which in one form or another figures in all the works on

ideal detonation. This reason is connected with the fact that the

rate of the chemical reaction decreases together with the amplitude

of the shock front initiating it. Moreover, aA va pointed out

above, the zeaction 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 kinetics of

heat liberation, answering the law of a normal the.-mal explosion).

Figure 73 represents with continuous lines the Z.,t: rel dependences
of the react~on time T on the speed of the detonation front, whicn

in some manner i fixed by an exterior source and does not depend

on T. This dependence of T on D, generally speaking, must vary

with the change in the charge diameter, which determines toe

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 T, when, conversely, T is fixed

by the external source. When r w 0 detonation, apparently, must

be Idpal within a charge diameter. Therefore, all the dotted

curves, each of which correpondt to one value or d, begin at point

DH, corresponding to the rate of ideal detonation. And in precisely
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Fig. 73. Qualitative

kinetic curves of t(D)
(continuous lines) and
D(T) (dotted lines) with
lifferent charge diameters.

o.

the same way when d - - detonation will be Ideal at any r, and

therefore tor av Infinite diameter the curve will run vertically.

With any finit* eiameter of the charge the corresponding dotted

curve mus t , with an !norease In T, gradually depart from the ideal

velocity DH and asymptoticallyf approach the speed of sound c. In

the initial explosive. The smaller the charge diameter, the lower

the value of T, at which such a transfer should be accoplisied.

In contrast to the first series of RInetic curves the .ines of

tho second series are situated one behind te other in order of

increasing charge diameters.

The points of Intersection of the continuous and dotted kinetic

curves for one and the same charge diameter must, obviously,

correspond to a self-sustaining detonation regime. From these

points one can plot the dependence of D(d) (Fig. 74). Thee

exists a certain (minimal) diameter d, ,t which the continuous

and dotted kinetic curves (see Fig. 73) touch one another. With

lower d the kinetic curves, in genural, do not intersect, and

therefore stationary propagation of detonation is impossible.

pig. 74. Dependenlces of
D(d), plotted from points
of intersection of the
kinetic curves for cases
1 - or a strongly degener-
ated thermal explosion; 2 -
of an almost normal thermal
explosion.
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. e curves shown In Fig. 74 correspond to two different laws

of variants of heat liberation in the reaction 2one. Curve I

corresponds to the law of a t-.ngly egenerated thermal explosion,

in wh'ich the s. ntic curves of the first series for various

diam,!ters almost 2oincide with one another, while the kinetic of

the second series jebcen,! rather mildly slopiniy frum lint to

ire c0. 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 the heat libe-ation in the faction zone co the

..aw of the normal thermal explo -in the kinetic curvcs of the firs

serii'- diverge -ore and mo - *L.--m o'ie another, and the transition

of the .netic c rves of che zecond &erlps from D to co is

accomplished more ab-urt!" (-pproacig a Jump), since slight

spatial movemt%'! of tie ol..:d su'facF on the rear section of the

reaction zone lead I.. great displaceimarz of the given surface

rdlative to the ches.,cl composition. It ts not difficult to see

that as a result of this chau~ in form of tie cou'se of the

kiretir curves the dependence D(d) far from dmi n is more mildly

eu,. Ang than In the first case, and in return in the vicinity of

dmin it runs, on the other hand, much more cronk,1' .. .,,h a

variation tn D(d) (curve 2) must correspond to liquid explosives.

Let us note that the analysis of the dependen!es ofD - D(d)

with variois laws of heat liberation, In the reaction zone permit

us to approach from a somewhat different viewpoint the chemical

reaction separation ,nechanism, which determines the limit of
propagatlon of detonation of liquid explosives in rivid tubes,

According to Fig. 74, two rates of stationary detonation
correspond tu each charge diameter d > d The lower branches

of the represented curves correspond to a rise in D with a decrease

in d. The corresponding regimes, apparently, are unstable, since

the individual branches of the detonation front may move out
forward. With a cha.ge diameter less than dmin the stationary

front cannot propagate independently due to the Insufficient heat
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liberation in the subsonic reaction gone. Therefom, with these

diamters self-sustaining nonstationary detonation regimes ae
also Impossible. In othar words, the value of d n is that

absolute threshold, lower than which valUe of d p cannot lie, i.e.,

4)u.,)dm. (77)

If we follow the theoretical works, In which the conditions

of stationary propagation of detonation on the axis of the charge

were discussed, both inequalities in (77) should be placed with

equalities. Let us show that In the general case this is untrue.

Let us examine the conditionr for detonation propagation on the
periphery of the charge, namely on te Zt,;z of intersection of the
shock front with the sound surface. On this line equality (75)

should De fulfilled. The value P, entering into this equality,

characterizes the initial rate of the reaction behind the shock

front on the line of its interaection with tfie sound surface. This

value has a very far-removed relationship to the total time of

reaction on the axis of the charge, and therefore the destruction
of equality (75) may destroy dependence D(d) with values of d,

which far exceed d min* Let us ,xare two extreme cases, corre-

aponding to equal laws of heat liberation behind the shock front.

Let us first assume that the chemical reaction on the line of
intersection or the shock front vith the sound surface has an
Induction period. Here the value of P is disregardably small, and
the divergence of the flow 010 has, apparently, a finite value with
any finite charge diameter. Consequently, equality (75) can be
unfulfilled even with InfNnlte charge diameters. In this case
stationary detonation would be totally impossible. But if the
value P has an albeit small, nevertheless a finite value, ^hen
with a rise in the diameter in with corresponding decreases in

apM equality (75) can be satisfied when d >> dmi n . Thus, if the
character of the heat liberation in the reaction zone approaches

the law of a normal thermal explosion (as in -he case of wany
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liquid explosives), then depending on tt;. specific circumstances
the diameter of the stationary propagation of detonation dCT must

have a very great or even an infinite value. The critical detona-

tion diameter here must be found from the nonstationary theory.

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 degenerated thermal explosion. Apparently,

all the porous solid explosives satisfy this assumption. In this

case doT Is close to dmin' which is indicated by tne strong

dependence of D(d), determined experimentally at the limits of

detonation propagation. In fact, from Fig. 74 it is clear that

when d - dmin the cited curve has a vertical tangent. The critical

detonation diameter of solid explosives, apparently, may be

debcribed by the stationary theory. It is unclear, however, which

factors 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 rfsion of
the flow strives to encompass as great an area as possitle of tLk

cross section of the charge, then the mentioned ", , !..-.- r-t
up at a distance from the charge limit, comparable with its

initial inhomoreneities.

5 2. Critical Conditions of
Detonation Propagation In Liquid
Explosives With a Rough Front

Ncnstatlonary Propagation of a
Detonation Front in Charges
Without a Shall

A typical representative of liquid explosives with a rough

detonation front is nitromethane and its mixtures with an inert

solvent (acetone), miztures of nitroglycerine with a sufficiently

large quantity of methyl alcohol, mixtures of nit"ic acid with

dichloroethane and so forth. As was pointed out above, the

roughness of the detonation front in liquid explosives testifies
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to the fact that behind the shock front, which has a detonation

velocity, the kinetics of the heat liberati.on are close to the

law of a normal thermal explosion. t Is precisely this circum-

stance that leads to the isposslbllty of the propagation of a

one-diertsional detonation process. And this leads to inst iblity

of the detonation front on the free boundary of the charge.

Experiment shous that during the propagation of detonation

in a charge without a shell (more precisely, In a weak shell) from

the bound&ry of the charge every now and then Owaves of reaction

cessation" prr'D&2ate, whi-h replace the detonaticn front with a

shock front, and each time the detonation front is reestablished

anew along the entire cross section of the charge as a result of

the adiabatic flashes of the explosive behind this shock front
(Fig. 75). Thus, a rough detonation front is not only micronon-

stationary due to the existence of the inhomogeneities, but also

micrononstationary dua to the waves of reaction cessation. Lateral

rarefactioh " arising in the reaction zone, lead to the

separation of the adiabatic flash on the level of pressures,

existing in the Inhoogeneties. New inhomogenelties are therefore

not formed, the old ones end their existence on the boundary,

and there arises a wave of reaction cessation, which subsequently

destroys the oncoming Inhomogeneitles in Its path.

Fli. '.5. Head-on scan of the luminescence
of the detonation front In nitromethane.
A plexiglhas shell, charge diameter of 30
m, length of 100 a.
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But why In the case of a rough detonation front In liquid

explosIves is a quasi-stati nary regime of propagation of the

process not established. Apparently, this is connected %ith the

very strong dependence of the reaction rate on the temperature and

as a result of this on the pressure in the shock-compressed

explosive. As a result of this dependence the size of the Inhomo-

genelties is a strongly diminishing function of the detonation

rate. Therefore, in the oblique detonation front, which should

have been established on the charge boundary in the case of a

quasi-tationary regime, the size of the Inhomogeneities woitd

reach ,,gantic values, due to which the concept of an oblique

detonation froit would lose all meaning.

Liquid explosives with a rough detonation front do not have

ia r!ters of stationary detonation propagation, i.e., with any

.aar..ter 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 constant velocity, which

coincides within the limits of accuracy with t' - ._" Ideal

detcation. Nonctationarity of the detonation front is manifested

In tne fact t,.t the distribution of the parameters on its edges

•;ari'es all the time. Thus, the theory of a critical diameter in

the examined liquid explosives t!.tst be nonstationary. For clarl-

ficatior. of the basic principles, which should be laid down on the

basis of It, let us turn to the experiment on the investigation of

the ripclhanlsm of attenuation and restoration of the detonation

front.

The Transfer of detonstion From a
Tube to a Volume

The named Mechanism appears in its purest form during the

transfer of detonation from a tube with rigid walls into a wide

volume, occupied 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

illuminated region is constant and corresponds to the tube diameter

d. At moment t0 of the emergence of the detonat!on front into the

volure its boundaries begin to constrict with constant velocity

toward the axis of the cri-rge. This velocity may be determined by

measuring th angle f. It turned out that its value v close to the

rate of propagation of the inhomogeneities along the surface of the

detonation front. At a certain moment tI to tne side of the axis

of the chiarge there arises a diverging detonation front (points A

and A' In Fig. 76), the boundaries of which diverge both in the

direction toward the -harge axis, as well as to the opposite

sides. At a certain moment t2 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.

a b)

Fig. 76. Head-on scanning of the luminescence
of the detonation front in nitromethane during
the passage of detonation from the tube into
the volume (a) and a diagram of it (b). Tube
diameter is 19 mm.

With the reduction in the tube diameter we discover its

critical value, below which the transfer of detonation into the

volume does not cocur. In this case the diverging detonation

front is not formed, and the boundaries of the detonation front

exiting from the t~be with the same constant velocity are confined

in the direction to the axis of the charge right up to the total

attenuation of detonation. A corresponding head-on scan Is

represented in Fig. 77.
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Pig. 7. , -on sean of 9uminescence
of the detonation front in a mixture of
nitromethane with acetone (75:25) during tle
passage of the detonation from the tube into
the volume (diameter of the tube is 37 mm).

The critical diameter of the transfer of the detonation from
the tube into the volume, as was pointed out, depends neither on

the material, nor on the width of the walls of the tube, if only

tne detonat!. , in the latter propagates stably. It is interesting

to note that the cited diameter coincides with good accuracy with
the critical diameter of the same explosive, which is determined

in the charges, placed into the thin cellopl.ane sh'ell. Such a
coincidence points out the generality of the "r- .r., '.hlch

ieads to the attenuation of detonation in this and in the other

case.

L et us examine the gas dynamic problem cf the transfer of

detonation from a cylindrical tube Into a voiume. According to

head-on scaring, a diverging detonation wave Is formed at a
considerable distance froe the axis of the charge, wb.ciC permits

ui to simpl!fy the problem by the vubstltution of a cylindrical

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 tte axis of tihe charge, however in calculating the

induction time bphind the shock wave between a cylindrical and a

flat diagram significant distortion may result. Therefore, in an

analysis of the processes connected with the kinetics of the heat
liberation, we will keep in mind that the examined problem is

cylindrical. Figure 78 represents a cro-s section of a charge
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along the plane, drairn through the axis of symmetry. Let us

stipulate that the leadoff time runs from the moment of the passage

of detonation from the uube into the volume.

4, Fig. 78. Diagram of the
El passage of the decona-

tion front from the tube
Into tha volum.

As experiment shows, the aurface of the detonation front in

the tube, as well as after its passage into the volume is slat

(in the macroscopic sense). This tact, apparently, is explained

by the inte:'sction of the inbc-,ogeneities with the wall as with an

absolutely rigid barrier, as a z.sult of which valid initiation of

the reaction is ensured on the .-dges of the charge as well. In

future discussions this circumstance will be used to a significant

degree.

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 the front there occurs a separation

of the chemical reaction in precisely the same way, as 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 sections, which lie close to

the axis of the charge, to a certain 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 wave of reaction cessation will be propogated with a
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nonstant velocity. Itz velocity will be determid.ed by the velocity

of 1he shift of the leading edge of the rarefaction wave along the

surface of the front. This value, naturally, is connected with

the sound spueds in the shock-compressed explosive and in the

products.

Let us examine the flow scheme in the vicinity of the boundary

of the attenuating detonation front in approximation, when this

Vront can be assumed to be a separation surface. It is conrete,

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 for the movement of the detonation front both in the

tube, as well as in the volume. In particular, the products of

the explosion leave the detonation front with the speed ,f sound.

Let us connect the co.rdinate system, with point A (Fig. 79),

which is situated on the boindary of the attenuating detonation

front. In this coordinate system the oncoming flow of the initial

explosive has a velocity D*. It Is parallel to trajectory ' on

the top of the right angle 1-1' (in the giver i..,-. system

this angle moves). The velocity of the flow of products uI is

the vectorl:al stun of the velocity of the wave of reaction cessation

along the front v and the velocity of the outflow of products from

the front, which in confur:.anor- with the assumption that d >> a is

none other than the speea of sound c1 (Cbapman-Jouguet principle).

Shock 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 of the products to the sides the pressure in them must

fall. Therefore, in the flow of the products a rarefaction wave

6-6' Is established. The flow of products, having avoided 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 regions (0 (1), (2), (3), (41) (Pig. 95) will be

designated by letters d1th the corresponding subscripts 0, 1, 2, 3,
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Fig. 79. Structure
of the flows in the

vIcinity of the
boundary of the atte -

front.
S uating 

detonation

The flows In region (0) and (1) are determined by the fulfill-
ment of the conditions of the problem, since the r e of detona-
tion D, the rate of movement of the wave of the re ation cessation
V and the velocity of the product outflow from th front c are
determined by the properties of the selected expl sive. All the
re.uining p,.rameters of the flow may be calculated, if we know
the equation of state of the initial explosive or at least its
shock adiabatic curve, and also the isentrope of the explosion
products. Henceforth we shall assume that all the elements of the
cited scheme of flows are known; the specific calculation for
nitromethane and cast trotyl is shown in work 1451.

It is possible to show that u2 and u3 are greater than the
corresponding speeds of sound c2 and a3. Actually, the normal
component of the flow, Intersecting the boundary of the Prandtl-
Meyer flow, Is equal to the speed of sound at the given point in
space. Consequently, the total velocity u2 > c2.

The second Inequality u3 > c3 is proven, otn the atrength of
the physical concept of the speed of the wave of reaction cessation

v. Let us submit for the moment that the shock front 4 does not
diverge with respect to the detonation front 2. In this case
velocity u' would have a lower value than it does in fact have.

3
On the other hand, it would be equal to the speed of sound cl
corresponding to a pressure not lower thin the pressure of the

weak sections of the detonation front. In turn, the weak sections
have a pressure of not less than that obtained behind the shock
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front as a result of the disappearance of the reaction over the

entire area, i.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 a case

u > U, a C > C
3 3 3 3'

From the demonstrated inequalities

(7P)

(79)

it follows that the examined scheme of flows is correct not only

in the small vicinlty of point A, but also In a certain finite
rerion of space around this point. The boundary of this region

f:'om t;.e aspect of the shock-ccrpressed explosive and the rarefied

products is the leading edge of the second rarefaction wave 7-7'.

The latter forms because of the same rcason, that the products

and the compressed explosive must of necessity somewhere be dis-

charged to the pressure of the medium surround'- .. ,1 .)nation

charge. 7he point of intersection F of boundary 7-7' with the

separati n st'oface 5 is removed from point A with velocity up,

which is equal to the lesser of values u - c2 or u3 - c3. For

example, let us assurne tLat u - c2 < *3 - c . 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 F will shift with a velocity u2 - c2,

while the front of the rarefaction wave in the compressed explosive

will form such an angle to the line of separation 5, so as to

enabl It to interlock with the front of the rarefaction wave,

propagating 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 F shifts with the speed of
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the leading wave, and therefore 1p a U2 - c2 , i.e., this speed iR

actually equal to the lesser of the nited velocities.

T., Vachaansm of Detonation Cessation

The explosive shown in region 3 has the potertial of flaring

up after the lapse of the induction period T, which Is determined

by the conditions behind shovk front 4. Thus, r is that value,

to which the reaction time increases after the disappearance of

interaction of the detonation front with the wall of the tube.

It is necessary to point out the. the induction time T is
related not only wv ;h the pressure behind the shock front, but

even with the rate of fall of t -is pressure in each particle of

the explosive after its passage through the shock front. In the

case of a flat system of flows the fall in the parameters behind

shock front 4 right up to the rarefaction wav 7-7' does not

take place. However, actually the system of flows is cylindrical,
and therefore the flow of the explosive behind the shock front

is diverging from the mxis of the charge and the pressure in this

flow falls in proportion to the distance away from point A. Con-

se~uently, induotIon period i In this case Li greater than it

would be in the case of a shock front of the sa:'e amplitude, but

with constant paramwters behind it.

At first deflagration takes place only at that moment t,
when the portion of the explosive, which remained in region 3 not

less than the induction period, reaches point P. Toward moment
t 1 point F will move away from point A by the distance Up1t 1 , since

these points coincided Initially. The same path is traver3ed by
a section of the explosive with speed u3 for time T:

A w(80)
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TW flash or the compressed explosives at point F, just as in the

initiatJon of detonation by the shock wave, leads to the formation

of detonation in the compressed explosive. It is propagated to

all sides, IncludLng in the direction of the attenuating detonation

front. Overcoring shock front 4, the regenerated detonation leads

to the initiation of an ordinary ditonation front in the Initial

explosive, which by its boundaries is based on the detonation in

the copressed explosive. Points A and A' o., the head-on sc~n of

Fig. 76 also correspotids to this moment precisely.

Because of the fact that the regenerated detonation front

(Fig. 80) interlocks its 3dges with the dtonatlc- front, prcpagating

through the compressed explosf 'e, it is overcompressed on the

edges, since the pressure behind the detonation front in the

compressed explosive is higher than the pressure behind the normal

detonation front in the initial explosive. Consequently, the

detonation front in the initial exv!,sive on tne edges must be

even more stable than in the center. The stability of the e-ntire

regenerated configuration of the detonation fronts depends maeanly

on the possibility of stable propagation of de+ . . 1I-rough

the compressed explosives. In nitromethane, mixtures of it with

acet.ne and melted trotyl detonation irL the compressed explosive,

as experiment shows, 1. stably propaxated both to the axis of the

cna.oge. and in the counterdiroction, i.e., also in the region

encompassed by tne rarefucu;ion wave - below 7-7' (see Fig. 79).

Fig. 80. Diagram of
the propagation of a

b) diverging detonaticn
Ifront. a) detonation

front in the compreased
explosive; b) dJveg:.ng

I/ . detonation fron'.

1,94
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Let us determine time t2 , passed from the first derlagration

to the moment eubn detonation of the compressed explosive overtakes

the boundary of the attenuating detonation wave,, asuming as known

the rate of detonation In the eoapmssed explosive D2 and assuming

that this detonation is formulated practically at one point:

In the nuampeator we have the path, which has to pass the detonation

in rogiort (3), and In the denominator - the velocity, with which

the detonation overcomes this path. Thus, the attenuation of the

detonation front after its exit from the tube Into the volume will

cease after

After this time the opposite points, lying on the boundary of the

attenuating detonation front, will succeed In decreasing to value

k(83)

Experiment shows that the critical diameter on the transfer

of detonation from the tube to the volume coincides with d. It

was found that detonation cannot disperse even in the cas where

the deflagration of the explosive behind shock front 4 occurs,

but the arising detonation in the compressed explosive does not

succeed In reaching the ; undary or the attenuating detonation

front before its d11-nps*tnoe. In this case the flash which was

about to arise attenuates. The reason for the behavior of the

detonation, appmnvutly, lies in the forsation of a rarefaction

wave diverging from tne axis or the charge, which we shall call

the central rarefactlan wave. It is formed in moments of total

disappearance of the attenuating detonation front. Actually, the

latter nerved as the source, feeding shock rront 4 and austnining
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constant pressure in region 3. The disappearance of such a souret

is equivalent to the emergence of a new rarefaction wave on the

chargt axis.

The central rarefaction wave encounters detonation from the

compress.'d explosive (if the latter has arisen) and quickly trans-
fers the edge of the diverging detonation front from ovarcompressin.

With the rapid removal of overcompression there occurs a separation

of the reaction, ani the diverging detonation front attenuates.

The same thing occurs eth the other boundary of the diverging
detonation front. If the central rarefaction wave arises ear ler

than the deflagration of the explosive behind shock rront 4, then

it may, in general, detitroy the possibility of ignition, i.e.,

deflagratioiz will not occur at all.

It in s-nme manner the central rarefaction wave attenuates,

then deflagratiorn and divergence of detonation would have to be

observed also after the disappearance on the attenuating detonation

front. The central rarefaction wave can be weakened by the

replacement of the cylindrical tube by a flat , f-., having a

rectangular cruss section, one side of which is considerably

larer than th, other. In this case th: .entral rarefaction wave

will b'. weaker because the compresse:1 substance after the diaprear-

ance of tne attenuating detonation front will have to dischprge

not to all sides of the axis of the ,harge, but only into vwc sidcs

from the plane of symmetry. Experiments conducted with flat tubes

have shown that the deflagration and expansion of detonation in

the volume take place even much later after the dlaappearance of

the attenuating detonation front, where the def:.agration can also

take place on the plane of symmetry of the charge, i.e., clearly

in the region encompassed by the central rarefaction waie.

As was already pointed out, the critical diameter of the

transition of detonation from the tube into a volume, desi~nated

subsequently as dl, coincides approximately with the critical
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diameter of the given charge In a weak shell. Such a coincidence

Is rot accldental and Is connected with the Identical mechanism of

ftorMtion of the wave of reaction ceaeion and of the restotion
of the detonation wave.

Actually, detonation in the charg of the liquid explovive

In a weak shell is accompanied by periodic attenuation of the

detonation front after its boundaries have com In contact with

the free surface of the charge and after its subsequent restoration

as a result of the deflap-ation and detonation of the compressed

explosive (see Pig. 75). Pulsations of the surface of the detona-

tion front, p'%opagating throuh the charge in a weak cellophane

shall, have, however, mi Irregular character and occur asynchronously

fron vaious sdes from the axls of the charge.

The difference between d1 and d p can arise as a result of

the fact that in the first case the attenuating detonation front

Is macroplane, and In the second case it, as a result of several

pulsations, become convex. Because of this, shock front 4

comprises the smaller ongle with the axis of the charge, Increases

the dlvergenee of the fov from the axis behind this frort and

increases the induction peri-d. In oter words, for this reason

dtip di must exist. However. the above-cited irregularity of

the pulsations of the front may in the se-lond case lead to the

opposite result, snce the wave of reaction cessatlon, arlsing

only from one side of the charge, may penetrate further thmn the

axis, without leading to the emergence of a central rarefaclon

wave. Colcidence between d1 and d p shows that the given re:ons

p"actically balance one another.

Thus, expression (83) can be assumed for the approximate

formula for the critical dianater u detonation of the examined

liqad exPlosives. It folAwa from this formula that tho *ritical

diawter is determined nii by the reaction time In the deton.ation

wave, but by the greater induction time behind the shock frour.,

adjoint.4 the atenuating detonation front. Therefor
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4>e~ (841)

where a, as always, is the width of the reaction zone. Inequality
(84) shows that the rough detonation front on the axis of the

charge even in the 'icinity of its limit of propagation may be
rxasina4 from the ;Iewpoint of the theory of ideal detonation. In

particular, its speed in conformance with experlmentation must be

equal to the speed of ideal detonation.

From formula (83) a calculation was made of the r-tic dl/A
for nitromethane, mixtures of it with acetone and melted trotyl

[145, 146]. The calculation error, determined mainly by the
accuracy nf the initial data, is equal to 20%. It was found that
values of d./r, calculated and measured from head-on scanr. during
the transition of detonation from a tube to a volume, differ by

19% in the case o2 nitromethane and 3-8% in the remaining cases.
Such a result can be taken as good confirmation of the theory.

It is interesting to note the formal similarity of 'xpression

(83) with Khariton's formula, which is found, 41 ' . .'1 !lier
with T in (83) is designated by 2c'. The value of c' for nitro-

methane and mixtures of it with acetone is equal to 14 km/s, and
with a certain degree of stretching it can be taken as the speed

of iound. However, in contrast to Khariton's formula the value of
T in expression (83) represents the reaction time not In t',e
detonation front, but behind the shock front adjoining it.

S 3. The Nature of the Critical
Diameter of Detonation of Liquid
Explosives with r One-Dimensional
Reaction Zone

Comparison of Liquid Explosives
From the Viewpoint of the Structure
of the Detonation Front

In the oase of a smooth detonation front the process of heat
liberation in the reaction zone occurs according to the law of
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a degenerated thermal explosion. The highest degree of degeneration

from studied liquid explosives is observed in tetranitromethane.

Therefore, using it as an exaple, the most clearly expressed

difrerenoes are those in the behavior -f the detonation front from

V.e just examined case of liquid explosives without a one-dimensional

reaction zone. Figure 81 shows in-time scans o1V the lundnescence

of the detonation front during the passage of the latter from the

tube into the volum- for two different diameters of the tube. The

detonation attenuation observable with a smaller diameter after its

passage into the volume Is reminescent 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 consiant in time.

t

Fig. 81. Read-on scan of the luminescence
of the detonation front in tetranitro-
methane during its ptssage from the tube
into the volume. Tube diameter; a) 15
m; b) 35 a.

With a certain tube diameter (16-17 mm) after the transfer or
detonation Into the volume the area of a front Is not yet shortened,

but remains constant. Thus, detonation is propagated through the

volums, as if it were going through an extension of the tube.

Although In this cae detonation does not diverge through the

volume, it nevertheless doea not attenuate, and the corresponding

diameter should be assumed to be the crittcal diameter of the
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transfer of detonation fror the tube into the volume. In propor-

ticr to the further increase in the diameter the detonation front

becomes divergent, as if after leaving the tube it were continuing

its movement within the limits of a certain cone, whcse opening

angle increases together with the tube diameter.

The critical diameter of the transition of detonation from the

tube Into the volume, as experimentation has shown, coiicides with

the critical diameter of propagation of detonation in glass tubes.

This bears witness, Just a.* before, to the similarl.,y o" the

processes which determine the critical ciameters of the cited

forms.

Besides the above-expounded differences, tetranitromethane

...o possesses properties, which unite it into a single class with

i.:,,d exr/cks.ves with a rougti detonation front.

In the study of detonation of liquid explosives with suffi-
ciently large a p values an interesting phenomenon was discovered,

wlh1 ch is not axplalnable from the viewpoint of ": ,

menti:,r.r-1 in tre br-eginning of this chapter. It was found that tne
(ritizal ti.a' diameter decrease,.' rharply, If the internal

wall c¢ cne glaso or other employed nonmetallic shell was covered

witi. a thl.n metallic foil. If, as is tacitly assumed in the cited
.work:-, the ?r'.lical dia,-eter ooincided with dmin, then for a

.ignlfi.mnt Jecrease in this value a shell would be recuirca,
conparj'le ir width with d p, since a thin shell i. not capable
•%f s.;ni'tcantly affecting the divergence of the fLow. Since d

i- much greater thin the width of the foil, then

d,,>dwf 05)

Tetraniurcmethane, in comparison with liquid explosives

having a rough detonation front, has an additional peculiarity.

In iquid explosives with a rough detonation front the above-

cited width of the foil must be of the order of the size of the
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Intoogeneitien (and, consequently, simultaneously of the width of

the reaction zone), which has a sinple explanation. An extreme

inhouogeneity after its collision with the shell must rest for a

sufficient time on the wall, so that the adiabatic flash in it can

pass through before the arrival of the raretaction wave from the

outer boundary of the shell. In contrast to the cited liquid

explosive ti.a width of the shell made from foil, which substantially

reduces the crit:cal diameter of the tetranitromethane (from 16 to

6 m), is equal to 0.05 M, which is significantly less than the

width of the reaction zone of 2 m. A tentative explanation of

this fact is that the shell must in this case maintain the param-

eters of the shook 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 was 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 io established in the latter

a continuation of the tube from the thin metallic foil, then even

with a tube diameter ereater than critical detonation in the

volume Is propagated only within the limits of the cylinder,

limited by the foil. Let us recall that with the absence of the

latter the detonation front in tetranitromethane would diverge

within tl:e limits of a cone, while in liquid explosives with a

nonone-dimensional reaction zone a detonation wave diverging into

the entire volume would arise.

It is interesting to note that if the mentioned tube made

from foil is shortened and stops within the limits of the volwne,

then after leaving it the detonation front behaves precisely in

the same way as during passage from the rigid tube into the volume.

Let us now examine all these phenomena from theoretical positions.
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Peculiarities of the Flow Around
the Limit of an Attenuating
Detonation Front

In constructing the flow scheme for liquid explosives with a

norone-dimensional reaction zone two assumptions are used: tht

of the practically instantaneous separation of the reaction at

the forwardmost edge of the rarefaction wave and that of the
initlatlon of detonation in the compressed exploz=ves within the

limits of a very small volume, whiph, practically speaking, can

be assumed to be a point. These assumptions can be fulfilled only

for those explosives, in which the kinetics of the heat liberation

correspond to the law of a normal thermal explosive.

What will happen with a departure from this law? Obviously,

in p-iportion to its .eEeneration there will be a breakdown in the

-eometric rectIlinearity of the system of flQws, represented in

Fig. 80 foe the limiting case. Actually, although the forward

boundary of the lateral rarefaction wave must, as before, propagate

over the area cf the detonation front with a constant speed, the

line of Reparation of the chemical reaction wiX .,,.::. from

thl: ioanwt.ry by the value, determined by the deepness of the

rarefaction wa~e.

For the transfer from the tube into the volume the latter

designates that at the initial moment, i.e., when leaving the
tube, the separation line almost coincides with the forward boundary

of the rarefaction wave, then the distance between them grows

as the rarefaction become6 smoother. Finally, in the vicinity of

the axis of the charge as a result of the divergence of the flow

the steepness 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 observable

varlable speed of the boundary or the attenuating detonation front

and its dependence on the initial diameter of the tube can be

explained naturally. It is sufficient only to assume that this
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boundary coincides with the line of separation and to keep in mind

that with a rise in the tube diameter the divergence of the flow

to the sides of the charge axis decreases and, consequently, the

steepress of the rarefactlon wave, propagat. ng over the area of

the detonation front, also decreases.

Thus, with the deviation of the law of a thermal explosion

from normal first of all point A in Fig. 79 is blurred into the

region of separation of finite dimensions, depending on the initial

diameter of the detonation front (zone A-A' in Fig. 82), since In

this region 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 between shock front 4 and the axis of the char, ,

i.e., to a reduction in its amplitude and to an increase in the

flow divergence from the mentioned axis. Thus, as the region of

separation A-A expands, the conditions of Initiation of detonation

behind shock front 4 must deteriorate.

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 4. Apparently, tetranitromethane

conforms exactly to the latter inclusion. In this case the

critical diameter of the transfer of detonation from the tube

into the volume is determined not by the flash of the explosive

behind the shock front h, but 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 diameter and then becomes negative (i.e., directed

from the axis of the charge) this permits us to explain the

observed coincidence of critical diameters during the transfer of

detonation from the tube into the volume and during its propagation

in cylindrical charges. At a zero rate of attenuation of the

detonation front behind shook front 4 supersonic flow of the

cotnressed explosive takes place, In this case the flow within
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the 'Ifits of the detonation front would not change, If in the

cited flow a free charge boundary was found. From this e'so

follow3 the coincidence of the two forms of critical diameter for

tetranitromethane.

Fig. 82. Diagram of the
attenuation of detonation
with a one-dimensional
zone in a liquid explo-
sive during the passage
of the detonation fvo,,t
from a tube into a
volume.

r KEY: a) Axis of the tube.

Sa)

From waat ha.; been said it follows that.the critical diameter

of the charge of tetraniltromethane witholt a shell must bp described
by the stationary theory, i.e.,

It Is dlffticlt to confirm this conci.asiun with direct experimental
che-king, at least until the mecnan! c, :f the effect of a thin
shell ort the value of the critla diameter is completely clarified.

Act,.ally, chargea of tetranit-omethane, as with any liquid explo-

s.ive, must h.ve some kind of shell. However, in such a case the
reason f:,r stationary propagation of detonation in thece charges

can be attributed with certain care .;o the effect of the g~ven

shell.

The following experimental fact indirectly bears witness in

favor of equality (86). It was found that during the propagation

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 deteated, such as o cur in a samlar situation with liquid

explosives with a nono )-dimensional reaction zone. In this

respect the detonatiot of tetraitromethane is similar to the

detonation of solid klosives.

Let us examine/In mre detail the possible reasons for the

stro;g influence o the thin shell on the value of the critical

diamter of the 4 onation of tetranitromethane. As was already
mentlemdg the p /sence of such an eff ect testifies to the great

difference beten soli4 explosives and tetrantromethane and

places the lattr into a single category with other liquid explo-
sives.

The Effect of a Thin Shell

To clarity the role of the thin shell let us construct one of

the possible schemes of flow in the vicinity of the charge boundary

with the shell (Pig. 83). As is usual, the picture of the flows

is exawM ed In a system of coordinates, connected with the detona-
tion Pont. In order for this picture 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 stationary

rarefaction wave A'PE could not be established in this flow.

Pig. 83. Approximate
diagram of the flows in
a stationary detonation
wave when there is a
thin metal shell.

The flow behind the shook front of detonation AB In the

vicinity of point A may turn out to be both supersonic, as well as

subsonic. In the first case the structure of the flows In the
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reaction zone would bu.ically not differ from that examined Earlier

for a charge without a shell (see Fig. 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 reacting medium. For this reason the given

case probably has no relationship with the effect of the thin

shell.

In the aecond case, i.e., with a subsonic 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 thi&
case we may assume that the shell substitutes itself for the

imaginary section of the detonation front AC, which should have

maintained approximately the same conditions of stationary propa-
gation of detonation on boundary AD with no shell present.

The preceding assumpticn allow3 us to explain 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 I . :..I tim:es,

so that a stationary detbnation front can be propagated through

the latter. Under such conditions 1 tris possible?

Let us return to the fundamental expression (67). It follows

from it that in the region of subsonic flow In the reaction zone
the following inequality must exist

P(87)

However, the divergence of tne flow 011a) directly behind the shock

front, with the other conditions remaining constant, is apparently

a monotonically increasing function of the slope of the latter.

Consequently, depending on the kinetics of the heat liberation Ini

the reaction zone at the initial moment after the shock compression

Inequality (87) imposes greater or lesser limitations on the value
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of the slope of the shock front of the dstontion. In turn, the

slope of the shock front determines the distance from the line of

its intersection with the sonic surface up to the axis of the

charge, and it is this distance which Increases : Ith the decrease

in the slope.

Suimng up all the foregoing considerations, one can draw the

following conclusions. With strongly degenerated heat liberation

kinetics, when the value P lwadiately after shon.k c mpressinn as

a large value, the nonle suv'face and the shock front are quite

bent ard converge at a larpt angle toward one another (at the

limit of propagation of detonation). Thereiore, the sa.ze of the

imaginary section cf the detonation front AD rast be small. In

other words, the thin shell will not significantly affect the value

d P. On the other hand, in proportion to the approach of the heat

liberation kinetics to the normal ltw of a thermal explosion,

which primarily aoarsstL in the reduction in the initial value

P (if the total reaction tize in asbumed to be &.natant), the

slope of the shock front and of the sonic surface falls, the angle

of their intersection is reduced, and the size of the imaginary

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 frunt, Including

at the limit of its propagation (both in the charge with a shell

and in the ore without it), during the transition from zolid

eiplosivet to liquid. Thus, the conclusion about the reduction

of the slope of the front as the kinetice of the heat liberation

approaches the law of the normal thermal explosion is confirmed

experiuental by.

Thus, the effect of a thin shell for a smooth detonation

front must exist only in the case where the kinetics of the heat

liberation in the reaction zone correspond to the law of a weakly

degenerated thermal explosion. It should be emphasized once again
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that tnis contlusion is barzd esaentially on the assumption ' f

equivalency of the effect of the :hell on uhe subvnic reaction

zone and of the effect on the same %one of tle degenerated portion

of the d.t'tnat *n front (uhicii in the absence of the shell must he

replaced by a real section of the front). If this assutrption is

not justified with sufficient accuracy, then another explanation

of the effect of a thin metal sneLl should be found.

From the diagr&: of flows shown in Fig. 83 It is .Tar that

not every shell ma%erial coi lead to its noticeaule r'.fluence on

the value of d Hp. 'or the exqmined effect a definite rqlationship

between the dynamic r-operties of the materil of the shell and

of the studied explosives is necessary. In particular, the shell

density must be as large as possibie, :o that with on,, and the

.'ame shock comiression preisure the normal speed of the shock front
in the shell will he less than the same speed in the explosive.

Consequently, if the conulusions drawn here ire more rigorously

Justifieu, then one can give a strict experimental confirmation

to formula (86) by using the appropriate shell material.

The small slope of the shock front ,f detonation in the

charSe of a 'Jquld explosive with a tl-'n metal shell also allows

ut to easily expl ti the second of tn. earlier mentioned effects

of a thi.. Fhell. Actually, if the npa!-e around this charge is

filled with the same liquid explosive, then it has no significant

,:fect on tho detonation propagation within thz confines of fhe

shell, slnce in the determinant section AD (see Fig. 83) t.ae

*ffect of the thin shell with all other conditions being equal is

equivalent to the effect of an infinitely thick shell (information

on the thickness of the shell comes to the flow or the erplosive

only at point F). Thus, the deton&tion front within the limits

of the shell will be flat in contrast to its shape when there is

no shell.
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Plpft 84 gives a diagrm of the flows, arislng behind the

detonstlon front and in the surrounding explosive. It can be

obtained from th-v diagran of flows in the vicinity of the attenu-

ating detonation front, represented in Fig. 79, if we assume that

x he speed of the wave of reaction cessation is v = 0. In the

latter flow systes the flow bebind shock front 4 is essentially

divergent from the charge axis. Because of this each element of

the Initial explosive after shock compression Imediately appears

to be under conditions of rapid adiabatic expansion. Under such

conditions all Alquid ex.losive3 may undergo separation of the

possiblity of ignition, as a result of which the :nduction period

becomes ,i'flnlte (the surroundirng explosive does not detonate, in

spite of the Increase with time of the dlmendions of the region

of tht compreased explosive). Thus, the second effect of a thin

snell is related with the fact that it obstructs the bui~dup of

the edges of the detonation fr.-nt and does not enable It .o

propagae to the side.

Pig. 84. Diagram of the
flows during detonation
propagation within limits,
delimited by a thin metal
shell.

Let us note that in solid explosives such an effect in.

appare.,tly impossible because they begin to react imme!ateli on

the shoc? front.

Trnsfer From the Stationary
Theory of d to the 'Ionstationar

Of great intcrest is the investigation of thobe liquid

explosives, which are betwee-n tetranitromethane and nitromethane

vlth respect to the peculiarities of the kinetics of the heat

liberation in th reaction zone. As an example of such explosives
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we can point out the form of the transfer from the stationary

theory of d (tetranitromethane) to the nonstationary theory

(nitromethane).

Nitroglycerine and dinitroglycerine belong tc the cited

liquid explosives. These explosives are close to one another in

chemical structure and ate distinguished by thei- high power. The

strong effe-t of the thin metal shell on the d value can also be

observed for them.

Figurt, 85 shows time scannings of the luminescence of the

detonation fro .t ir nitroglycerine during Its tran8itior, from rigid

tubes of variou; diameters into a volume. To increase the image

on the film of tsie photo recorder In these experiments magnifying

lense,. nlaced In front of the clharge at a distance of less than

the focal length, were used. Such scannings for dinitroglycerine

do not differ qualitatively from those represented, if we do not

consider the approximately fourfold increase in the critical

diameter in the latter case.

Th- plotoscannings shown teztify to thc Gignificant difference

of the plcturt o:" the transfer d lqa, oa from a tube to a volume
both from ti, case of tecranitrometh'.oe (see Fig. (1)" as well as

fror the case of nitrcmeth-rie fsei. rIgs. 76 and 77). Attention is

irawn to t:i- fact .hat after the passage of detonatioi into the

volume the boundaries of the 'etonatioi froit reveal apecial

pulsations, which can be expliine(i in the fUl2owing way.

In nitroglycerine and dinitroglyceriae the detonation front

is ont!-dimensdonal. Therefore, the nature of the detonation

attenuation during itu passage into the volume and afte-, each

pulsation must be rnv save as in tei.ranitrorethane. At the same

time behind tn shOCk front, adjoining the boundary o: the attenu-

ating detonation front, the kinetics of the heat liberation

corresponds t0 the law of a normal thermal exjIosion. Therefore,

210



AD751417 - 229

Ulust as In nitromethane, In this case behind shock front 4 (see

Fig. 79) adiabatic flashes occur and detonation in the compressed

explosive Is formed.

Pig. 85. Head-on scanning of the 1Utines-
cence of the detonation front of nitroglyc-
e.ine during its passage from a tube Into a
volume. Tube diameter a)l.7 cm; b) 2.4

It would seem that the further development .)f detonation

shou'.d take place according to the system, *xiatl.3 in nitromethane.

however, instead of propagating to both sides from the site of its

emer6:!nce, detonation in a compressed explosive proceeds only

toward the axis of the charge, and trailing behin d it a wave of

reattlon cessation is propagated. Such detonation behavior,

however paradoxically, is related with the small value of the

induction period behind the shock front. It is precisely because

of this that a sufficiently larje layer of the coLressed explo-

sive fails to increase before the initiation of detonation behind

tt t shock front. As a result, th6 initial volume of the compressed

explosive, which is encompassed by detonition, turns out to be

to, 3mall to initiate and sustain a diverging detonation wave in

a noncompressed explosive. For the same reason the eton& ion of
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a coqressed explosive does not proceed in the least favorable

direction, i.e., against the peripheral rarefaction wave. In this

way the pulsation attenuates. However, in Its place in the same

way the following one arises ard so on.

It is interesting to note that in pure nitromethane and in

mixtures of it with acetone a picture siilar to that described

above is occasionally observed. This occurs when because of random

reasons (apparently, due to microbubbles of gas) the induction time

behind the shock front %roves *to be an order less than "ts rnormal

value.

Let us return to nitroglycerine and dinitrozlycerine. Depend-

ing on the tube diameter each subsequent flash behind the shock

front can take place either before the total attenuation of the

preceding one, or after it. This also apparently determines the

value of d of the transition of detonation from the tube IntoHp

the volume. Just as in the case of other liquid explosives, it

was found that this diameter coinclues with the critical detcnation

diameter of the same explosive in a glass snell On this Lasis

one can conclude that in the given explosives the crttical dtameter

m43t be dterrined by the nonstationaiy theor:, wherein he latter

will significantly differ from the case of liquid explosives with

a rough detonation front.

In conclusion let us make a few general rdmarks on the limits
of detonatin propagation with respect to the charge diameter in

all liquid explosives. On the basis of what has been said it can

be asserted that in all liquid explosives dp >> 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 diameter. This gives clarification to an

experimental fact: the weak dependence of the detonation rate on

the charge diameter in all liquid explosives. The second conclu-

sion consists in the fact that the width of the rection zone in
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all liquid explosives does not have a direct relationship to d

and is much less than its value.

In the literature one sometimes encounters the comparison

of the sensitivity of an explosive to a shock wave with the value

of d [137). Such a comparlson is not well-grounded for liquid
lip

explosives,

Actually, the sensitivity of an explosive during shock

initiation is determined by the laws of development of the adiabatic

thermal explosion during heating, which is fized using the active

charge. Consequently, the sensitivity of" an explosive primarily

depends on the activation energy and only secondly - on the heat

of the reaction. For example, In nitromethane and mixtures of it

with acetone at one and the same pressure of shock compression the

induction period is almost identical. On the other hand, the

critical diameter is determined either by the 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 determines the temerature 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 liquid explosives are similar to solid).
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Fig. I. Experiment with light reflection
In nitromethane. 1 - moment of entry or
the shock wave into the liquid; 2 - light
reflection from the shook wave; 3 - light
reflectlon from the front of normal
detonation; 4 - luminescence of normal
detonation; 5 - luminescence of the
second wa e.

F rng of the lumines-
cen e during the initiation of nitroglyc-
eftrie. 1 - moment of entry of the shock
wave Into the nitroglycerine; 2 - "halo";
3 - luminesoence of the second wave; 4 -
luninescenoe of nermal detonation.

217



AD751417 - 236

Fig. III. Experimentation with light reflection 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; 4 - "dark region," arising ab a result of the
cessation of light reflection from the. boundary; 5 -
.uminescence of the second wave; 6 - luminescence of
normal detonation.

Fig. IV. Experimentation 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 o' entry of the shock wave into the liquid
(reflection from the interface immediately disappears);
3 - light reflection from the shock wave front; 4 -
moment of formation of detonation in an undisturbed
liquid; 5 - luminescence of normal detonation in tetra-
nitromethae; 6 - light reflection Prom a normal
detonation front.
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Fig. V. Head-on Photososirning of the
procesa in nitromethane with a flat roil,
placed a certain diatance fromi the interface.
1 - mioment of passage of the isecond wave to
the foll.

Fig. VT. Photoneannfing or the
procesa of detonation propagation
in a mixture of nitrmethane with
acdto1s In a volumtric ratio of
72:28. 1 - star't of detonation.

219



AD751417 - 238

Fig. VII. Photoscar of the experiment6
with light reflection. 1 - light refl~c-
tion from the interface prioi, to the
appearance of the shock wave in the lijuld
explosive; 2 - moment of entry of the shock
wave into the medium; 3 - "mirror" light
reflection from the shcck wave; 4 - lumines-
cence of the detonation of shock-compressed
nitromethane; 5 - luminescence of normal
detonation in nitromethane; 6 - lierht
reflection from the surface of Lhe detona-
tion front (reduction in the width of the
image i3 caused by the convexity of the
detonation front); 7 - region of overcom-
pression.

Fig. VIII. Photoscan of the process of
detonaticn Initiation In a mixturo of nitro-
methane with acetone in a volumetr"c ratio
of 60:40. 1 - moment of shock wave entry,
fixed by the flash of the miniature charges,
placed on the interface of the ac.Ave
*.,arge, 2 - weak luminescence, corresponding
to detonation or the shock-compressed mix-
ture; 3 - luminescence of deton. ! "n in an
undlst.arbed mixture; 4 - repeated adiabatic
flashes in the shock wave.
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Fig. IX. Photoscan of the experiments
with artificial excitation of the detona-
tion of a shock-compressed mixture. a)
-I'Ature of nitromethane with acetone In a
ratio of 60;J40; b~) mixture of nitromethane
with acetone 65:35; 1 - moment of entry of
the shock wave; 2 - explosion of the
initiatin[: charge, placed on the interface;
3 - luminescence of dctonation of the
shock-compresciA mixture; I4 - luminescence
of detonation In an uncoixpressed mixture
(the "fine structure" isi visible); 5 -
region of propagation of the shock waive
without Ignition,
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b)

Fig. X. Photoscans of experiments on
obse~rving the Interaction of triple detona-
tion coafigurations. a) free passage of'
configurations through one another; b)
damping of configurations up..n collision.
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igX.X. * m of prooms of Thiatlon
of detosttm in a mttur or nit-mthane
with oteaw uth a shoWt pworful dls-
charge. 1 start of datonation 2 -nd
of detowtles.

pit. XII Photogua of e.erlmnt to
observe sepantlu of spherical detonation
in a 75:25 nitlromthane and astone mixture.
I . start of etoa.tion; 2 - and of detona-
tion.
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14. Utz. iltmeii *pant

to obsoer mrfo i,-,'dpherical
detontation to steady-stat. regime In
78:22 nitromwthsar Wa acetone mix-
ture. I - utatt of detoeAtIon; 2 -I
towmtisw oftGtonstioe piopaatizg
In nomi ragiin Wtkh Sstin diinen-
Som ot oonftg~Watim.10n the- front.

Fig. XIV. Photoncmn of' experiment
to observe GaMlag of'pulsating
detonation at the limt. 1 - star~t
of detonation In lower 4ube; 2
passageo of detonation through film;
3 -end of detonaticn*In upper
tube.

Fig. IV. Rlastor photoscan. 1 ~ glow of detonation
front before approach to the aIts gap.

Fig. XV1. Photograph of detonating change of 1XB powder
with longitudinal channels. 1 - glow of products flow..
Ing along the channels; 2 - glow cf front of detonatijn
process.
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