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Abstraot

Extremely short duration bursts of x-rays have been used at

this projeot to obtain sharp imge8 of detonation waves in explosives

and induaed shocks in metal blooks plaoed in oontact with exploding

high explosive charges. This report oontains an analysis of these ex-

periment, with

assemblies will

perimental data

.
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suggestions for future experiments in whioh the oharge

be arranged in suoh a way that optimum aocuraoy of ex-

my be obtained.
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UNCIASSIFIED
Equation of State Data

From Shook Rave Ob.$ervations

I. ktroduotion

By use of flash radio~raphio observations, that is photograph

by x-ray8 of extremely 8hort duration, it has proved possible to obtain

very sharp images of shooks in blocks of metaY plaoed beside an exploding

obarge. The position of the detonation front in the charge is similarly

sharply visible in the photographs. It is interesting to investigate how

feasible it would be to use these photographs to obtain data on the equa-

tion of state, or more properly on the Hugoniot ourve of the metallic

material.

11. The Pertinent Equations

We consider the general prob3em of a semi-infinite blook of’

metal in oontaot with a semi-infinite explosive material. The plane of

oontaot between

atYzO.A

plane, the line

the two materials is theXZ p~ane, normal to they aiis

plane detonation wave moves normal to a line in the XY

making an angle O < p <90° with the positiveX axis,

the detonation wave moving in suoh a dlreotion that the angle between the

wave front and the explosive metal interfaoe is 90°-~ , equal or le88

than 9W. Behind the detonation front the metal explosive interface re-

cedes from its initial position in theXZ plane the interface lying in &

plane making an angle + with theXZ plane.

All oonditiona of the materials are independent of Z ● A

sketoh of the situation in theXY plane ii given in Fig. 1.

~

.
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There are six general I@onu of material bounded by straight

line8 originating from the point O where the detonation front outs the

original metal-explosive interfaoe on theX -axia. These are;

a) Between the X P-axis and the line of angle 90°- ~ making the

detonation front; Virgin explosive.

Yb) Between the detonation front at 90°- ‘ andaline at90° + ~’:

Detonation products et the oonstan% pressure, density, and material velooity

oharaoteriatio of the Chapm8n-Jouget conditions.

0) Between the lhm8 Of angle 96° + ~’ and 90° + X : Detonation

produots, the pressure, den8ity, and material velooitie8 depending on the

angle but not on the distanoe from the origin. This ig a rarefaotion

region under some conditions, the pre8sure being lower at 90° + X than

at 90° + ~’ , in which case ~ > Z’ and the region is of finite extents

~ ~=~’ , and the region ia of zero extent, the pressure being

greater for angles greater than 90° + z *kn for mal~er angles.

d) Between the line at 90° + ~ and that at 180° +
+ t Detonation

produots of oonutant pressure, density, and material velooity.

e) Between 180° +
+

and 180° + @ : Compressed metal of aonntant

pressure, den8ity, and material velocity.
.

f’) Between lBOO + @ ati 360°: Virgin unoomproseed metal.

We assume that the detonation front velocity 5 18 accurately

known, as is the angle
#

$ and that the angle8 fandQ can be mea~ured

from fla8h radiograph. We refer everything to coordinates in whioh the

origin O is at rest, eo that the pattern is 8tationary, and the materiala

.

●
b
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in front of the two shocks, (that is between 180°

between 0° and 90°- ~ , the virgin explosive and

towards the shocks with a velo&ity,Uo , parallel

the direction of negative X.

+ @ and ~60°, and

metal) are streaming

to the X axis in

This velocity, U. , iS givenby theeq~tion:

u. ‘S C03-1 p (1)

The conditions for the flow of the metal are now those of the

flow of the mderial of (supersonic)velooityuo around a compressing

+
oorner of ar@e . A 8hook is formed at angle @with the original

direotion of flow. IfVnOis the original specifia volume of the uncompressed

metal, and

is

we

‘zlv~ “vmo -Vm,
(2)

the negative of the specifio volume ohange in the metal at the shock

then have, -LIVm‘Vmo [sirf#[ I+cot f .Ot 6j’

(3)

(4)

for the inorease in pressure at the shook.

Of course this change in pressure and the speolfio volume

●bey the Hugoniot condition that$~~~=~~-~v~) pm

o
b

= f [sIIf @ji [COS@ [~’COt ~COt ~~’ (5)
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In order to evaluate the date at all plaaes in the detonation

produots one must aotua31y know the equation of state of the detonation

products. However, oertain features are of interest even if

only to assume an imperfeot knowledge of the gases. Letpd

nation pres8ure,-~Ve be the deorease in speoifio volume in

pr0dUO%8, andv be the material velooity of the detonation

one wishes

by the deto.

the detonation

products

behind the detonation front, relative to the stationary material before

the front. The equations:

~’= ~o’ PJ (-& ii (6)
.

●
(7)

hold betieen these quantities and the detonation vetooity ~ , and

6pe0ifLO volume,veo , of the virgin explosive. The normal sound

vel00ity,ca , in the detonation produots at the detonation pressure,

relative to stationary material, is

c~=s-v
(8)

In our coordinate system the velooity of the detonation produota

behind the detonation front wil1 be Ud, of components:

0.

APPROVED FOR PUBLIC RELEASE
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The mquare of the velocity ie Udz = Udyz ~ U~X2 or,

u; s2
.- yz’Co;z - Sv ‘v’‘s2[..s+11 +(s-%7

(9)

fhe flow is along the negative direotion of a 1he making an .

angle ~ with thex axia where CXie_determined by the equation:

v sin j4&05’ ~-VCoS pj’

‘[&(@t an$f [Std f ‘cd ?

(lo)

We may now profitably resketoh the figure as it appliee to the

detonation ?roduate. After pa8sing the detonation front the produoto are

moving (in the negative dtiection~ along a line making the angle ~ with

thex axis. They must then ohange their dirootion to flow along the inter.

faoe making the angle
+

with the X axis.
+

If > ~ they fl.ow tith

Q!mimll““’
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rarefaction around a corner oonvex inward8.
+

If >Gthey flow with

shook oompresaion around a oorner oone”aveinwards.

If we now shift our coordinate system by the angle ~80 that

the detonation produots, immediately following the detonation front, flow

●long the negative x axis, the sketoh beoomes that of Fig. 2. *here are

three oa8e8 :

+
A) That of rarefaction behind the detonation front, > CX

+
B) The unique case of no change behind the detonation front, z=

+
C) That of shook compression behind the detonation front, <~

In the oa8e of rarefaction, if
+

>CX , the angle ~Lm will

be determined by the

wave ●ppears to move

detonation front, of

oondition that, to the material in front of it, the

with sound velooity toward8 the material. But the

angle~+ G from they axi8 appears to reoede

from this material with sound velooity. Consequently:

Z45 =y+@, I’=p+? c, (+W

+
In the ease that = @ the angle ~ has approached z’ .a8ainerease8

to equal
+

, and both lines disappear, sinoe there is no ohange in condi-

tions. As = become8 greater than +
a 6ingle shook line Z =Z’ is

present, and its apparent velocity becomes suPer60nio~ so t~t:

.

0
.
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It is impossible to write the equations for - or the oondition6-

thatf= CX without some more knowledge of the properties bf the detonation

than merelya knowledge of the detonation velooity S . It is convenient

to a88ume the prU&?8Ur0,Pd , to be kno~and to use the dimensionless

fraotion,

Equations (6) and (7) show that,

x=-g=-V+eo

and from (8),

Equation (10) fortanumay now be written as :
*

tan a=~tan pctazl’p+ 1-N-’ -

(11)

(12)

(13)

(14)

It iS interesting to note that

the direotion of motion of the

the angle ar+ ~ whiah is the angle Aetween

detonation produots behind the front ●nd

the direotion of propagation of the front is given by: .

(15)

whioh followe from (14) by manipulation with the usual.tri~onometrio

formula for tan (X +y]

.~
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For Composition B we may estimate = by using Brinakley’s

oaloulated values for pure cyclonite. These are:

S=760X 105 crn/sec
s

V=l.78X 10 cm/’sec

X+ O.234

for ~ =1.16gm/cm3
T&

A numerical oaloulation gives the results in Table

Table I

Values of G for Different Values of k

a!? a a’

0° 0° 20° 5.lk” 40° 7.6°

Equations (~) and (4) for the metal were

tion. It ia convenient to introduce the ratios:

I, whioh are plotted

written without derfva-

(16)

of shook velooity in the metal to the detcnntion velooity, and,

P
v
=~. (17)

of density in uncompressed metal to that in the explosive. We also use

.

●

.
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“0

a quantity,

(18)
~ P~V*~ .-AV

Smz -%7
whioh is analagous to A for the explosive.

The geometry of Fig. 1 requires that,

~= sin @

T
Cos

(19)

(22)

m!mu’

The material velooity in the metal behind the 8hook, relative

to metal at rest in front of the shook, is SmK , and if thi8 is added

vectorially to the initial ve]ooity U. ZS cOS
-i

Y
(in the

coordinates_ofFig. 1) and in a direotion normal to the shock at angle

~80~@ , m. finds;

(20)

or with (16) and (19),

tall#
.K’os@sint3

1- K sinze

If this is solved forK and (16) and

It is interesting to reverse

in advanoe of the measurement, from the approximately known propertied of

the metal. In partloular we wish to estimate the value of
Y

for whioh

+
=e, the oondition that the pressure in the metal shook is just the

detonation pressure. h thi8 aa8e,

(21)

(38) are used one finds (3) and (4).

the prooceding, and to estimate
+

APPROVED FOR PUBLIC RELEASE
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from (11), (16)8 (17) and (18). If the relatively 8Udl~Slnz@

is omitted in the denominator of (21), and (19) 18 used to replaoea

by
t

, one

++
tan =

finds as an

#

approximate

that

The shook velocity in the metal wil1

so if & in (27) is replaoed by the

equation, for smal1 angles when

(23)

be approximately the sound velooity,

ratio of the sound velooity in the

metal to the detonation velooity, 7.6 x 105 cn/8eo in cyclonite one

obtainst

+ (Al degrees) s 12 Cos # 1-0.455 COS2 *

+ (M9 degrees) s

+

20.0sfli~
(Fe degz-ees)~ 4.zcos@-o-

~~P~ cL~~reeS)~ Iz Cos +JI:O.0ZGC+4

The values used were those of Table II:

Table II

+
Metal Sound velooity density

meters/seo gm8/om3 P ‘r

Al 5100 2.7 I*7 0.67

N 4600 1.74 leq 0.61

Fe 5000 7.85 L.$1 0.66
.—

Pb 1250 11.35 701 0.16

0.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



●

-18-

The approximate expressions given for
+

are only valid when
+

==

P
One finds that for iron with =1 5“ the angle

+
is about 307°, so

+
that, oomparing with Table I one sees that =

plaoed on uyolonite with the interfaoe inolined

of propagation of the detonation front.

III. Experimental Possibilities

@ when iron

about l~” to

The general theoretical equations presented in the

metal is

the direotion

previous

eeotions suffioe to show that if, h a semi-infinite explosive oharget,a

plane wave detonation oan be made to irnpaoton a plane metal surfaoe con-

tiguous to the oharge, the plane of the detonation front making an angle

90°-
#

with that of the metal-explosive interface, then the AP-~V

relations in the metal on the Eugoniot ourve oan be determined. It is

neoessary to know the angle # , the 8peed, S , of the detonation

front, the original speolfio volume Vo~ of the metal, and to ob8erve

the two angles ~ and
+

that the shook front in the metal and the

exploeive metal interfaoe behind the shook, respectively, make tith the

explosive-metal interfaoe plane before the 8hook. The equations for

L$P and - AV in the metal are given,as equations (3) and (~) of the

previous seotion.

Xn praotioe observations oannot be made on a semi-inflnfte

.xpIosive aharge, but there exist other bounding planes to the explosive.

If these other boundaries of the explos$ve are plane6 parallel to the

direotion of propagation of the detonation fYont, rarefaotion wavea from

them will Intoraeet the regions desoribed in the previous seotion, and will.—

●✎
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interseot them at all places immediatelybehind the detonation front.— . . . ——

This meana that the solutions of the previous seotion would be invalid,

the shook front in the metal would be ourved, and the angles @ and ~

at the point of intersectionwould be diffiuult to mea8ure with aoouraoy.

If, however, the boundaries of the explosive are planes whiah

slope In towards the center of the charge, making an angle
t

Wth the

direotion of propagation of the detonation, the rarefaction waves follow

behind the front at an angle z (~ + C?7) # where - is an angle

P
given numerically (approximately)for oyolonite as a funation of in

Table I and Fig. ~. These will disturb the shook in the metal only well

behind the interseotlonwith the detonation front if
P

is reasonably

large, say 10°.

Aatually if the explosive oharge is surrounded by a heavy

xmterial, a metal,on the surf’aoeplanes, and the angle
P

ia oorreotly

ohosen for the particular metal, (namely so that
+

=CZ ) then no dia.

turbanoe at all

shows that this

be smaller if’a

will be propagated inward from these planes. An estimate

unique value of
f

is about l~” for iron. The angle will

very dense metal with high sound velooity is used. Tungsten,

uranium, or platlnum would undoubtedly permit lower
P

values than iron, but

it is questionablewhether this advantage is great enough to warrant their

u8e=

The a88umption of a semi-infinite oharge is also oontrary-to-faot.

in that the origin of the detonation is not at infinite distanse. EVen if

no rarefaotion from the sides disturb the solutions there will be a rarefao.

tion following the detonation from the point of initiation. It would seem

desirable to minimize this disturbance by making the origin of rarefaction

.
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far from the point of measurement.

For the8e reasons an experimental set-up of about the propor-

tions of Figs. .4and q are suggested.

The comparatively long “run-up” in the iron-encased ohamber

should ensure a steady plane wave front without appreciable rarefaotion

behind the front. It maywll be that the iron ‘easing” might better

start with parallel sides, and only have the convergent 13° slope in the

region where the tested metal block occupies one side.

Preliminary experiments with the oomplete iron casing might

indioate whether the 13° angle est~ted here is really that at whiah no

detectable disturbance follows the detonation front. In any ease neither

thin angle, nor one seleoted after experimentation will be a perfeot

retch suoh that absolutely no disturbance follows the detonation. However

the disturbance from,the opposite side should only propagate inward with

an approximately 51° angle to the detcmation front, thus not influencing

the metal explosive interfaoe, nor metal shock for a oonslderable distance

behind the detonation front.

In addition to disturbanoea entering via the detonation produot

gases there will be reflections where the shook 5n the metal intersects a

boundary surfaoe, and

diffioultto estimate

in mind in attempting

f shook in a material

and surfaoe making an

from the ‘cornersW of tho rectangular set-up. It is

their effeot. One prinoip3e might, however, be borne

to ameliorate any unpleasant observed phenomena. If

impinges ona bounding surfaoe with the shook plane

angle considerably less than 90° then the refleoted

APPROVED FOR PUBLIC RELEASE
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.

disturbance should lag considerablybehind the 8hock front.

Iv. Accuraoy

In the last seotlon the experimental conditions which might

be expeoted to lead to photographs 8howing comparatively long straight

line segments of the metal shook and metal explosive interfioe have been

disqussed.

Photographs already made indioate that lines as sharp as several

tenths of a millimeter oan be obtained. It is not unreasonable to hope ‘

b

●

9

that the oenters of swh lines at any plaoe might be determined to 0.1 mm

or 10s8. If straight line segments of as long as 3 or Lom oan be obtained,

aoouraoiea of 3 x 10-3 radians in the angles e end
+

might be hoped for.

(-%v )
The quantity — for the metal, the relative oompreesion, is

o
essentially proportional to

+
. The approximate equations for

i
given

pre~iously indioate that values up to 15° may be obtained with some meta18,

although lower angles are more likely. (the equations are for~~=~~

and cc =
{

. The largeak value of = ia 7.5Y in Fig. 3. When e<
#

‘hen~~ < pd and the equations are false. The apparently large values

of about 18° poeaib]e forMg from the equations i8 thueian werestimate.)

Since 15° ia about 1/4 radian it follows that the peroenk error in
+

●

and therefore in
(-AV)
--T’T might be a$ little as 3.2°/0 . A more

likely estimate i$ in the neighborhood of 2 or ~~e .

on the other hand the veloofty,~~ , of the shock in the metal

can be measured with higher aoouracy. From equation (19),Sm.~

dsm
Cos Y

we hive a relative error in S~, S* equal to cote~e

.
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“o.
where 6 @ is the error in radians in the

@ is in the neighborhood of kq” the error

or about 0.3% ●

As is shown in an apperdixif very

●

measurement of

would be about

e. Since

that in (3 ,

thin lead foils are used in

the explosive as an “indicatorn,and if these are at about 60° to the

direotion of the detoution front (about

tion), then the particle veloaity in the

about 27. . This leads to a measurement

30° to the direotion of propaga-

detonation oanbe measured to

of the detonation pressure to about

this aocuraay if it is assumed that the detonation velooity is exaotly known,

sinae Vs = P~ v~~ -

In prinoiple, at least, one might use the measured detonation

pressure, and by calculations involving the equation of state of the detona.

tion produots one oould compute the pressure in the metal, and only use the

shook velooity measurement rather

equation of state data. Although

doubtful if the acouracy would be

than the measurement of
+

to obtain

this would be a useful oheok, it ia

as high.
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Errors in the “indioator” measurement of material velooity

The problem of passing a detonation wave in an explosive

material in the direction of the x-axis with indicators in plnne8

normal to a line making the angle @ with the X-axis, presents the

problem of whioh @ leads to the most aoourate ~eamrement of the

partiale velooity V .

The sohematic

Lletonatfon-Products

0.
— ———

diagram shows the set-up.

1{
Detonation
Front Imd;cat..

e

v x– axis-——. —

‘d!!l-
// Virgin EXPlOSlVe

// +
/v

s

We oallv the partlole velocity after the detonation ands

the detonation velooity. By knowing @ and measuring
#

one calculates

%*$= 1- ~
5

by the equation &? .

(+)=1 -~#--

The value of*=X is about 0.234 for oyolonite. ‘No

m’
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f,~ ,al’1 +=(1-11 tan@= 0.766 ‘an@

.

The relative error in the measurement & ~ per unit error

6# in the mngle
+

ill

1 --+ 6+ =-.#-&&&r6#
‘?tam El-tan+) COS2

I+(j-af t~*2@
=

A tan 6
d+

Let us call E (62)the magnitude of the relative error,.

I&a/Al , in tho measurement of V , per unit error of the measure-

ment of +
in radMM. We ha=

4

whioh is zero when

tan 0= (l-Z)-l~ 1.3

8

. 0
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3 ●
.

Thus. a measurement of
+ to 0.01 md ians would give f

to within 7.”A , whereu8 a awaauremnt of
+

to 0.003 radians would

give ~ to within 2 ~0 .

.

a

●

●

‘s

.

-.
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