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Abstract

Extremely short duration bursts of x-rays have been used at
this project to obtain sharp images of detonation waves in explosives

and induced shocks in metal blocks placed in contact with exploding

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

periments, with suggestions for future experiments in which the charge

assemblies will be arranged in such a way that optimum accuracy of ex-

perimental data may be obtained.
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Equation of State Data

From Shock Wave Observations

I. Introduction

By use of flash radiosraphic observations, that is photographs
by x-rays of extremely short duration, it has proved possible to obtain
very sharp images of shoocks in blocks of metal placed beside an exploding
charge. 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.

II. The Pertinent Bquations

We consider the general problem of a semi-infinite block of
metal in contact with a semi-infinite explosive material. The plane of
contact between the two materials is the X Z plane, normal to the Y axis
at Y =0 . A plane detonation wave moves normal to a line in the XY
plane, the line making an angle O £ 5[’ < 90° with the positive X axis,
the detonation wave moving in such a direction that the angle between the
wave front and the explosive metal interface is 90°- Sﬁ , oequal or less
than 90°. Behind the detonatlon front the metal explosive interface re-
cedes from its initial position in theXZ plane the interface lying in &
plane making an angle 55 with the X Z plane.

All oconditions of the materials are independent of Z . A

sketoh of the situation in theX Y plane is given in Fig. 1.
UNCLASSIFIED
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There sre six general regions of material bounded by straight
lines originating from the point O where the detonation front cuts the
originsl metal-explosive interface on the X -axis, These are:

a) Between the X =-axis and the line of angle 900—}0 - making the
detonation front: Virgin explosive.

b) Between the detonation front at 90°- }/' and a line at 90o « X
Detonation products et the constent pressure, density, and msterial velocity
characteristic of the Chapmen-Jouget conditions.

o) Between the lines of angle 96° + X and 90° + X : Detonation
productg, the pressure, density, and materisl velooities depending on the
angle but not on the distance from the origin. This is a rarefaotion
region under some conditions, the preal\;ro being lower at 90° + X than
at 90° + A’ , in which case X > X' and the region iz of finite extent,
2:_-_ X = 7(_' » and the region is of zero extent, the pressure being
greater for angles greater than 80° + A than for eémaller angles.

d) Between the line at 90° + X and that at 180° + 7! :+ Detonation
products of constant pressure, density, and material velocity.

e) Between 180° & 74 and 180° + @ : Compressed metal of constant
pressure, density, and material velocity.

1) Between 180° & & and 360°;: Virgin unoompressed matal.

We assume that the detonation front velocity S is acourastely
known, as is the angle }Zl » 8and that the engles % and & can be measured
from flash radiographs. We refer everything to coordinetes in which the
origin O is at rest, so that the pattern is stationary, and the materials
/
L
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in front of the two shocks, (that is betwsen 180° + @ and 360°, and
between 0° and 90°- 5// , the virgin explosive and metal) are streaming
towards the shocks with a velocity, U, , parallel to the X axis in
the direction of negative X.

This velocity, U, , is given by the equation:

U, =S cos ™ Y | (1)

The oconditions for the flow of the metal are now those of the
flow of the material of (supersonic) vel ocity. Uos around a compressing
corner of ange 75 . A shook is formed at angle G with the original
direction of flew. vamois the original specific volume of the uncompressed

metal, and

-—Avm :Vmo _Vm ’ 2)

is the negative of the specific volume change in the metal at the shock

we then have, -,/)Vm =Vrno [sit? GJ—l[ I+cot 75001‘, QJ-i
(3)

-1
and, Pn) =Vr1'161 u°2 [1+cot f( cot GJ

-Vma' §° [cosz}éjz [ 1+ cot, }{cot Hji
)

for the inorease in pressure at the shock.

Of course this change in pressure and the specific volume

ebey the Hugoniot condition that: AEm=% AVm) Pm

= 52 [sixf 93—1 (cos® }ﬁje [1+cot %cot 0]_2 (5)
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In order to evaluate the state at all places in the detonation
products one must actually know the equation of astate of the detonation
products. However, certain features are of interest even if one wishes
only to assume an imperfect knowledge of the gases. Let Pd bg the deto-
nation pressure,-AVe be the decreass in specific volume in' the detonation
products, and vV be the material velooity of the detonation products
behind the detonation front, relative to the stationary material before
the front. The equations:
-1
; (6)

S“Voo' Py (AV,]

Vi AV ) By - &

hold between these quantities and the detonstion velecity S , and
specific volume,\/éo » of the virgin explosive. The normal sound
vel oc ity,Cd » in the detonation products at the detonation pressure,

relative to stationary material, is

Ca=S-v (®)

In our ooordinate system the velocity of the detonation products

behind the detonation front will be Ud_, of components :

Udy ="V sin }b
U&X == Uy *v cos $=-scos' ¥+tvces Y

N
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2 2 2
The aquare of the velocity is U& = Ud.y + de or:

Uda—"-szcoéz }&“Z sv +v? =32[co§2%-1] +(s -v)z

=52ban2}L N Cdz
(9)

The flow is along the negative direction of a line making an

angle 2" with the }{ axis where (Zis determined by the equation:

tan c =%¥- = v sin %[50051%‘\/005 }l’ji
‘-‘(S*Cd )t an}[’ [Stard }& + C& ji

(10)

We may now profitably resketoh the figure as it applies to the
detonation products. After passing the detonation front the products are
moving (in the negative direction) along a line making the angle €2 with
the X axis. They must then change their direction to flow along the inter-

face making the angle % with the X axis. If?{)(x they flow with

.
-’I‘ i I. o
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rarefaction around a corner convex inwards. If ?;)athey flow with
shock compression around a corner con¢ave inwards.

If we now shift our coordinate system by the angle CC so that
the detonation products, immediately following the detomation front, flow
along the negative X axis, the sketoh beoomes that of Fig. 2. fhere are
three cases:

A) That of rarefaction behind the detonation front, %} ce
B) The unique case of no change behind the detonation f‘ront,% = ¢
C) That of shook compression behind the detonation fronmt, ¢<a

In the case of rarefaction, if 7{>C7C' , the angle Z:O-' will
be determined by the oondition that, to the material in front of it, the
wave appears to move with sound velocity towards the material. But the
detonation front, of anglo)‘+ « from they axis appears to recade

from this material with sound velocity. Consequéntly:

Ve :pra, 1-¥+2 c, (F)

In the case that % = o the angle Z has approached 1’ a8 crincreases
to equal 7‘ , and both lines disappsar, since there 1s no change in condi-
tions. As CC becomes greater than 74 a single shook line X =1’ 1is

present, and its apparent velocity becomes supersonic, so that:?

Yo < ¥+, V<Y 12 (add )

APPROVED FOR PUBLI C RELEASE




ASV313d O 1718Nd d04 d3aN0dddv

DETONATION
FRONT

¢+Q

\
REGION OF \
RAREFACTION / X

FIGURE 2A(¢> @)

-
N
AN AN TONATION PRODUCTS
. \ OF T ONSTANT VALUES
AN VIRGIN
N EXPLOSIVE
RARIFIE AN Pz 0
DE TONATION N :
PRODUCTS \\ V= Veo
JELOGITY ;
-~ —~— o
L . A :
EXPLOSIVE — a
METAL INTERFAGE Y

ASV3a13d O 11aNd d04 d3aN0dddv



3ASv313d O 1NdnNd d04 d3aNodddv

DE TONATION PRODUCTS
OF CONSTANT VALUES OF

P=FR="Fy
V = Veo +AVd
U = Ug
Ud
. -

| Y—-AXIS

EXPLOSIVE- METAL |INTERFAGE

FIGURE 2B (¢=a)

DETONATION
FRONT

VIRGIN
EXPLOSIVE

P=0

<
]

&

o

3ASv313d O 11dnNd d04 d3aNodddv



dv
34Sv3134 O 1'19Nd d04 d3Nodd

SHOCK

DETONATION PRODUCTS
F CONSTANT VAL UEs

P=R,> Py
AND VELOGITY

S e ——

/Y" AXIS
r

X@ vy
DETONATION PRODUCTS
OF CONSTANT VALUES

P==Pa

V= Voo + Ayy
U= Ud

Sy

T e

DETONATION
FRONT

VIRGIN
EXPLOSIVE

—

A

dv
ASv3a 134 O 1'19Nd d04 d3aNodd



APPROVED FOR PUBLI C RELEASE

It is impossible to write the equations for < or the conditions
that 7!: < without some more knowledge of the properties of the detonation
than merely a knowledge of the detonation velooity S . It is convenient

to assume the pressure, Pd , to be knowry and to use the dimensionless

fraction,
Py V.
AZ ——y d "¢ (1 (11)
S .
Bquations (&) and (7) show that,
x-‘é:-%‘-’j (12)

and from (8),

&

s i A (13)

Equation (10) for tancmay now be written as:

-

tan o= Atan jﬁ {(tan® f““ 1‘M4 : (14)

It is interesting to note that the angle ar+}ﬁ which is the angle ZHietwsen
the direction of motion of the detonation products behind the front and

the direction of propegation of the front is given by:

tan (ot ) - (Cd)tan% [Jjj]tan 7&

(15)

which follows from (14) by manipulation with the usual trigonometric

formula for tam (X +Yy)

APPROVED FOR PUBLI C RELEASE
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For Composition B we may estimate <2 by using Brinckley's

caloulated values for pure cyclonite. These are:

3=7.60X105 cm /sec
v:178 X 105 cm /sec

A=¥:0.234

for \7:—;; 1:6 gm /emi

A numerical caloculation gives the results in Table I, which are plotted

in Figo 3.

Table

I

Values of O for Different Values of y

¢ | | ¢ | o (74
o° 0° | 20° [ 5.49 Lo® | 7.6°
€ [1.59 | 250 | 6439 Ls® | 7.5°
10° | 3.0° ] 30°| 7.09 50° | 7.2°
15° | Le3° ] 35° | 7.4°

Equations (3) and (4) for

the metal were written without deriva-

tion. It is convenient {:o introduce the ratios:

-S1m
o )

(16)

of shock velocity in the metal to the detonation veloocity, and,

Voo
4l v

(17)

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

APPROVED FOR PUBLI C RELEASE
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a quantity,
K PmeO __AVm
Sl Vimo (18)

which is analagous to A for the explosive.

The geometry of Fig. 1 requires that,

0. sin @
cos

(19)

The material velocity in the metal behind the shock, relative

to metal at rest in front of the shock, is .SmK » and if this is added
vectorially to the initial veloolty U, =S cos™t }b (in the

coordinates of Fig. 1) and in a direction normal to the shock at angle

180+6 , one finds:

_KSm cos Gcos ¥
tan 7!- S-KSm sin Ocos P (20)

or with (16) and (19),
- Kcos Osin&

1- Ksif @ (21)
If this is solved for K and (16) and (18) are used one finds (3) and (L).

tan

It is interesting to reverse the proceeding, and to estimate 7‘
in advance of the measurement, from the approximately known properties . of
the metal. In particular we wish to estimate the value of }b for which
f{ = € , the condition that the pressure in the metal shock is just the

detonation pressure. In this case,

:A—__ :a-',P =P)
/00”2 (7{ m g (2)

»
A
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. 2
from (11), (16), (17) and (18). 1If the relatively small K sin &
is omitted in the denominator of (21), and (19) is used to replace O

» one finds as an approximate equation, for small angles when

tanjz; 7{ that
7{ (Z,A—a:.) cos >[. m -

The shock velocity in the metal will be approximately the sound velocity,
so if O~ in (2%) is replaced by the ratio of the sound velocity in the
metal to the detonation velooity, 7.6 x 10‘; cm/sec in cyclonite one
obtains;

7;(A1 degrees) = 12 gos 75/1'0.4 539 cos? ’l'
%(Mg degrees) = ZOcos}l'/l -0.37 cos® }l"

j{(Fe degrees) = 42cos¢/l 0.43c0s ;
#(Pb degrees)%’ 12 cos jl'/l—0.0ZGcos}é

The values used were those of Table II:

Teble II
Hetel eterasece | gmasont |/° | O
Al 5100 2.7 1.7 0.67
Mg | Léoo 1.7, |1.09 | 0.4
Fe 5000 7.85 L.9 0.66
Pb 1230 11.35 7.1 0.16
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The approximate expressions given for 7! are only valid whenf oK

One finds that for iron with }4=1 93 the angle 7& is about 3070. 80

that, comparing with Table I one sees that 7‘ = ©° when iron metal is

placed on eyolonite with the interface inolined about 13° to the direction

of propagation of the detomation front.

III. Experimental Possibilities

The general theorstical equations presented in the previous
gections suff‘ioq to show that if, in a semi-infinite explosive charge, a
plane wave detonation can be made to impect on & plane metal surface con-

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

90° _ 5& with that of the metal-explosive interface, then the AP-AV
relations in the metal on the Hugoniot ourve can be determined. It is
necessary to know the angle % , the spsed, S , of the detonation
front, the original specific volume Vom of the metal, and to observe
the two angles (J and % that the shock front in the metal and the
explosive metal interface behind the shock, respectively, make wpith the
explosive-metal interface plane before the shock. The equations for
AP and - AV in the metal are given as equations (3) and (L) of the
previous section.

In practice observations cannot be made on & semi-infinite
exploslve charge, but there exist qthor bounding planes to the explosive.
If these other boundaries of the explosive are planes parallel to the
direction of propagation of the detonation front, rarefaction waves from

them will intersect the regions described in the previous section, and will

APPROVED FOR PUBLI C RELEASE
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intersect them at all places immediately behind the detonation front.

This means that the solutions of the previous section would be invalid,
the shock front in the metal would be curved, and the angles 9 and %
at the point of intersection would be difficult to measure with acocuraocy.

If, however, the boundaries of the explosive are planes which
slope in towards the center of the charge, making an angle }L with the
direction of propagation of the detonation, the rarefaction waves follow
behind the front at an angle 2(% + ) , where ©C is an angle
given numerically (approximately) for oyolonite es a function of ;& in
Table I and Fige 3. These will disturb the shock in the metal only well
behind the intersectlion with the detonation front if }L is reasonably
large, say 10°.

Actually if the explosive charge is surrounded by a heavy
material, a metal, on the surface planes, and the angle }5 is correctly
chosen for the particular metal, (namely so that% =¢® ) then no dis-
turbance at all will be propagated inward from these planes. An estimate

shows that this unique wvalue of }& is about 13° for iron. The angle will

be smaller if a very dense metal with high sound velocity is used. Tungsten,
urenium, or platinum would undoubtedly permit lower }& values than iron, but
it 1s questionable whether this advantage is great enough to warrant tﬁeir
use.

The assumption of a semi-infinite oharge is also contrary-to-fact
in that the origin of the detonation is not at infinite distanse. BEven if
no rarefaction from the sides disturb the solutions there will be a rarefac-
tion following the detonation from the point of initiation. It would seem

desirable to minimize this disturbance by making the origin of rarefaction

-

v
3

o
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fer from the point of measurement.

For these reasons an experimental set-up of about the propor-
tions of Figs. L, and 5 are suggested.

The comparatively long "run-up" in the iron-encased chamber
should ensure a steady plane wave front without appreciable rarefaction
behind the front. It may well be that the iron "oasing".might better

start with parallel sides, and only have the oonvergent 130 slope in the

region where the tested metal block occupies one side.

Preliminary experiments with the complete iron casing might

indicate whether the 13° angle estimated here is really that at which no
detectable disturbanoe follows the detonation front. In eny osmse neither
this angle, nor one selected after experimentation, will be a perfect
match such that absolutely no disturbance follows the detonation. However
the disturbance fromithe opposite side should only propagate inward with
an approximately 310 angle to the detonation front, thus not influencing
the metal explosive Interfaoe, nor metal shock for a considerable distance
behind the detonation front.

In addition to disturbances entering wvia the detonation product
gases there will be reflections where the shock in the metal intersects a
boundary surface, and from the "corners" of the rectangular set-up. It is
diffioult to estimate their effect. One principle might, however, be borne
in mind in attempting to ameliorate any unpleasant observed phenomena. If
€ shock in » materiel impinges on a bounding surface with the shoock plane

and surface making an angle considerably less than 90° then the reflected

APPROVED FOR PUBLI C RELEASE
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disturbance should lag considerably behind the shock front.

IV. Accuracy

In the last seoctlion the experimental conditions which might
be expected to lsad to photographs showing comparatively long straight
line segments of the metal shook and metal explosive interface have been
discussed.

Photographs alresdy made indicate that 1ines as sharp as several
tenths of a millimeter can be obtained. It is not unreasonable to hope
that the centers of such lines at any place might be determined to 0.1 mm
or less. If straight line segments of as long as 3 or L om can be obtained,

accuracies of 3 x 10"3 radians in the angles €@ and i! might be hoped for.

The quantity (:_4\_/\_—/—) for the metal, the relative compression, is
o}
esasentlially proportional to +« The approximate equations for / given

previously indicate that values up to 15° may be obtained with some metals,
although lower angles are more likely. (The equations are for Pm =Pc1
and ce = / . The largest value of cr is 7.5° ip Fig. 3. When q:</
then Pm < Pd and the equations are false. The apparently large values
of about 18° possible forfMg from the equations is thus an overestimate.)
Since 15° is about 1/}.; radian it follows that the percent error in ){ R
~AV)

and therefore in (—-—V;—— might be as 1ittle as J.29, . A more
likely estimate is in the neighborhood of 2 or 39% .

On the other hand the velocity,sm , of the shock in the metal
can be measured with higher acouracy. From equation (19) ,Sm=ST§i-T’—Q—

33 oS

3 equal to cot B ©
m

we have a relative error in Sm,

\

APPROVED FO?' PUBLI C RELEASE
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where 6569 is the error in radians in the measurement of & . Since
& 1is in the neighborhood of L5° the error would be about that in &

»

or about 0.3% .

As 1s shown in an appeniix if very thin lead foils are used in
the explosive as an "indicator™, and if these are at about 60° to the
direction of the detonation fromt (about 30° to the direction of propaga-
tion), then the particle velocity in the detonation can be meesured to
about 27, » This leads to a measurement of the detonation pressure to about

this accuracy if it 1s assumed that the detonation velocity is exectly known,

since VS§ = Pd_ Vég

In principle, at least, one might use the measured detonation
pressure, and by calculations involving the equation of state of the detona-
tion prcduoté one could compute the pressure in the metal, and only use the
shock veloocity measurément rather than the measurement of 7! to obtain
equation of state data. Although this would be a useful ocheck, it is

doubtful if the acocuracy would be as high. -

W
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Append ix

Errors in ths "indicator” measurement of material velocity

The problem of passing a detometion wave in an explosive
material in the direction of the X ~axis with indicators in planas
normal to a line making the angle @ with the X -axis, presents the
problem of whioch 9 leads to the most acourate nimaaurement of the
particle velooity Vv .

The schematic diagram shows the set-up,

Detonation
Front‘ Io\:“cator
Detonation” Products ~@
- . X~ axs

Virgin Explosive

p—"

We call v the particle velocity after the detonation and S

the detonation velocity. By knowing @ and mouuringf‘ one calculates

--3V—'- by the equation S-_é_l’ = tﬂ}lf: 1- ‘\Sf“

tan@
(¥)-1- 225

The value of%f: 1 is about 0.234 for oyclonite.

APPROVED FOR PUBLI C RELEASE
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find taN 7{=(1-l) tan @ = 0.766 tan 6

The relative error in the measuremsnt of A per unit error

5 75 in the angle 7‘ is

ol ot g e e

an
tan €

- __1lttan?éd
“(tan B-tang) :ﬁ?;‘ 574 - "ta+n G-tan? é‘%

2 2
_1+{1-A) tan @
- Atan @ d.%

Lot us call € (@) the magnitude of the relative error,

‘Jl /),I , in the measurement of V , per unit srror of ths measure-

-

ment of 7‘ in radisns. We have

€(©)= thart @+ (1-2) tan6]
By differentiation
de/do-7T cosZOLU-A) -t ar20]
which is zero when
tan @= (1-2) = 1.3

or

0 =60’
At this angle

€(@)-§ (1-A)=7
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Thus a measurement of 74 to 0.0l redians would give %C
to within 7.5/ , whersas a messurement of ;g to 0.003 radians would

give lsf— to within 2% .
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