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ABSTRACT

The high-velocity collision  of two solids is discussed as a 

problem in compressible fluid hydrodynamics. Such co llis io n s nay 

conveniently he divided into Je tle ss  and jet-farming categories. A 

theory 1s presented which describes flow in ths co llis ion  region for 

the je t le s s  osse, end determines a c r i t ic a l  co llision  angle (as s 

function of m aterial velocities and equalion-of-state properties of 

the materials) above which a J e t  aust a rise  from the collision*

The experimental study of so lid  co llisions u tiliz e s  metal 

p lates driven by high explosives, the co llis ion  process being re 

corded with • high-speed smear earners* Two experimental arrangements 

are used, and data fo r co llisions employing dural, mild s te e l ,  brass 

and lead are presented, Jetl*ss and jet-form ing co llisions are 

observed, and c r i t i c a l  angles separating the two types are compared 

with theoretical predictions, Agreement seems satisfactory  to  

indicate th a t the theory is  velid . - . ^ - L
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Introduction

the co llis io n  of two solids gives r ise  to in terns! pressures 

in the v ic in ity  of the co llision . Pressures resu lting  from tn 

extremely violent co llision  nay be suffic ien tly  high th s t the strength 

of the m aterial is  negligible, so th s t  notion in the co llis ion  region 

can he treated  as a problem in compressible flu id  hydrodynamics. 

Velocities adequate for such co llis ions nay be a ttained , for example, 

by accelerating metal p lates by means of high oxploslve rhargea.

I t  is  the purpose of the present paper to discuss such collisions. 

The symmetric co llis ion  of two identical p lates, i l lu s tra te d  in Pig. 1, 

w ill be emphasised* While specia lisa tion  to symmetric co llisions 

provides some gain in  sim plicity, generalisations to  asymmetric 

co llisions o f both theoretical and experimental work are straight* 

forward and are indicated in the discussion. Pig. LA, the collision 

refers ed to  a laboratory system o f coordinates, gives the nomenclature 

used. The coalesced plates ore called  a  slug, and the forward stream 

of M aterial, often observed in  such co llisions, is  cslled  a je t .

Slug, j e t  and the instantaneous co llis ion  region a l l  move to  the 

right in th is  system of coordinates. Far soma purposes, i t  is  con

venient to  re fe r  motion to  a moving reference system in  which ths 

co ll!slon  region is  stationary) the flow configuration then becomes 

that of the two impinging streams illu s tra ted  in Figure 16.

Two complementary theories of the co llision  process, treated 

as problems in compressible hydrodynamics, are discussed below*
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of too plstee, referred to  a eoordiaeto 
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Experiments which accomplish the desired co llisions ere described, 

end experimental date ere compared with the theories*

A shocklesa treatment of the co llision  problem, adequate for 

many important applications, hae appeared In the l i t e r a t u r e ^ .

Tin problen wee treated as one in  the c lassical hydrodynamics of a 

compressible perfect flu id , and the role of shock waves within the 

flow was ignored. With these assumptions, the following equations 

describing the Jot and slug were obtained:

vj * ifer-( w  co# .*>■ 0 )

v.  * s l r r - co* m
Kj * j  (1 •  cos s) <?)

Mg • |  (1 ♦ cos s) (i*)

f
t:
\

M, Kj and are mass pt r  un it tine of m aterial flowing into 

the col- iaion region, the J e t  and ths slug, respectively . The re

maining symbols are illu s tra te d  in  Pig. 1. Gqn. (1) Is valuable 

in the in te rp re ta tion  of experiments described in la te r  paragraphs* 

I t  may be noted that th is  eouatipn, i f  applied in  an unrestricted 

manner to  a l l  collisions, would indicate a je t  ve locity  tfiich

^ G a r r e t t  Blrkhoff, rmnciH P. MacDeupall, Emerson Pugh and Sir 
Geoffrey Taylor. 'Explosives with Lined Cavities* J . Appl. Phys, 
19 56W  (19U8).
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approaches in f in ity  aa a approve he# aero.

For co llis io n s  In which the triple 2# between the-free  surface# 

i# small, the flow may be d iffe ren t free thet dopicted in  the theory 

*bc*«» The Je tleas  c o n fig u ra tio n ^ , postulated for e* infinitesim al 

region about the point of co llla ion  M,ie shown la  Fig. 2) notion la 

referred to  a  coordinate system in  which tha point of co llis ion  is 

stationary! aa in Fly. IB. For supersonic entry flow! U0 , with 

a su ffic ien tly  small, stationary shocks are possible which straighten 

the Impinging stream  and causa them to  coalesce without emitting s 

forward J e t .  Although th is  flow la postulated for » <«c# a few r«- 

marks Indicate i t  to  be the only plausible Je tless  configuration:

Since, by hypothesis, U0 is  supersonic, i t  follows that a sonic 

disturbance from t te c o l l is io n  cannot remain stationary in  the entry 

flow* The flow must, then, f i r s t  encounter a shock wave. I f  such a 

shock wave is  ahead of M, however, the pressure behind the  shock w ill 

be released a t t  he free surface by flow of flu id  into tha cavity, and 

le ttin g  re su lts . Excluding disturbances ahead of M, a  discontinuity 

(shock) a t  N must, ex is t, since a discontinuous change in  flow direction 

is  required by the boundary condition that flow cannot cross the line 

of symmetry BM« Finally,! I f  the deflection a is  to  be accomplished in 

stages by two or mors shocks through M, one finds tha t the component 

of flow normal to  tha sscond shock iz  always subsonic, which is im

possible. The deflection a, then, I f  the  configuration is  to be 

js t le s s i  must be sccompliahid by a single ahcck through M, aa 

indicated In Fip. 2.

^ T h ls  notion was f i r s t  concoiveid by K. Fucha and P. S tein, Lea Alomoa 
S c ien tific  Laboratory (19L5). The t  reatmtnt given here more closely 
follows the e a rlie r  work of A. F isemann, Gas dyftamik. handbuch d tr 
Experinantalphysik, Vol* IV. (1931)%
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Pig# 2* Poetuletod ju tlo s s  configuration 

fo r  the o y m tr ic  coi.Uolon. The flow is  

fo r *n in f ln ite e in a l region cbowt the 

po in t o f co llia io n , M# andia referred to 

•  coordinate eye tea In  which M i t  notienl^wu
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I f  U0 is  held fixed end 0 increased, one reaches a c r i t ic a l  

angle, *c , above which th is  flow is  no longer possible. Tbs 

following analysis determines the flow configuration for g< e9 

and 0O as a function ofboth U0 and properties of the colliding

Material.

Solution of the problem is  aided by reference to Fig. 2. Here 

the in i t i a l  and fin a l v e lo c itie s , U0 and U, are resolved into com

ponents normal (subscript a) and tangent (subscript t )  to the shock 

wave. Prior to co llis ion , the material is  fu rther defined by i t s  

density pQ and sero pressure. The analysis largely  depends upon 

the Mechanical shock equations; i .e ,  the equation of continuity

“on Po * «n P . (5)

the conservation of momentum perpendicular to the s^ock front,

^on fio "  ^n) •  (W

and the conservation of momentum p ara lle l to the shock front,

»ot “ uf  (7)
I t  is  convenient to replace Eons (b), (b) by th e ir  exp lic it solutions 

for velocity

uon * / p (p + 1)V
W -M p  ♦ 1)

whore p is  a measure o f compression defined by 

Further#by geometry from Kip. 2 :

U0t ■ Ut- W  * u2<

4 -

( 8)

19)

(10)

(11)
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In  order to  determine the system completely, these eouations must 

be supplemented by equation o f state data fo r the luaterials concerned. 

This information, giving pressure behind the shock as a function of u,

P -  P(n) (Hi)

is  presented and discussed in  Appendix I .  Use o f th is  re la tion  must 

be re s tr ic te d  to  points P, \i sa tis fy in g  the shock s ta b i l i t y  condition

P(p + l )  ^  P^n* 4 1 )> fo r 0» (H*a)
w 4 (S?

From Eon. (6 ), th is  is  equivalent to  the assertion th a t a shock wave, 

to be stab le, must have a normal ve lo c ity  component w ith respect to
4

the m ateria l ahead of the shock which is  as great or greater than tha t 

fo r any weaker shock (compression p <■ p) in to  the same medium.

Hence i t  must be imposed to  insure s ta b il ity  o f t.he shock wave agsinst 

decomposition in to  two or more weaker disturbances which separate 

as time increases. The condition is  sa tis fie d  by so lid s fo r s u ff ic ie n tly

strong shocks, since —» co as p -*  oO and is  f in ite  else

where. The range o f v a lid ity  o f ( l la )  determines the range o f co llis ion s  

fo r which th is  theory is v a lid .

A simple representation o f the problem is  tha t o f a shock . 

polar in  the hodograph planet3). i t  is  convenient to  takepQ ana U

For a more complete discussion o f shock polars see, fo r  example, 
R.Courant and K. 0, Friedrichs "Supersonic Flaw and Shock Waves" 
pp 306-317, Interscience (lybb ).
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as fixed in i t ia l  conditions for a given polar diagram, tfiile  p is  

regarded as an independent parameter by varia tion  of which the shock 

polar ia plotted. Values of UQn and Un for given values o f ^  are 

obtained by substitu tion  in Eqns ( l l ) ,  (8 ), (9)* Associated values 

of the remaining variab les are computed from Eqns. (11), (12) 

and (13). A typical plot of these quan tities is  shorn in  Pig, 3*

The curved locus defines a l l  possible shock transitions associated 

with a stream of i n i t i a l  velocity UQ and density p^, Tho parameter 

m not s wn ia  th is  p lo t, increases monotonic ally  along tho curve, 

from zero a t the r ig h t intercept with the ray e ■ 0, to a maximum 

value at the le f t  in te rcep t. Two q u a lita tiv e  features of th is  shock 

polar w ill be assumed true in  general: tha t one and only one c r i t ic a l  

anglejcji 1 oxists ancl that- |i increases raonotonicaily along the 

curve, 1. e. that 0 for ^  |t> 0, ^  - 0 at ^ and |£ < 0

for p> Me.
• t

I t  w ill be noted th a t the deflection  defined by an angle 

ec in tersects th is  curve at two points s and w. hence th is 

fief lection could be caused by either a shock of compression ^  

ar where Pe>d«. Although both are conpatible with the pre

ceding equations, the foimeroan be discarded by the usual argument t

of unique continuation: for the lim iting case *• ■ 0 , there is  x

no disturbance in the "impinging" streams. Hence the strong shock 

root s must be discarded, while w ia retained. For small angles, then, 

and, indeed, a l l  angles satisfying s< 0C, the assumption of a continuous behavior

S E C R E T
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requires that the weak root w describe the experineivt, while s is 

discarded*

A ray s>«c does not intersect,the shock polar. The deflection 

defined by such a ray is therefore not possible by means of a 

shock, and the above je tless  flew cannot occur. Jet-fcrmlng 

collisions will accordingly be associated with such angles. In 

order to calculate this critical angle, Kqn, (1?) can be rewritten

l«o» ‘ IW Htan 0 ■
u?t  * «oA

a?')

4%

3 ,
;

ar, substituting from Sons, (6), (9), (11)

Un2.  ----- .
<*a'J02 *

*t 0c> (tan2,)  .  o. Differentiating, withp0, tJ0 fixed,

U5)

dP P(P-po»«)u j . .  _ t
, for * • sc. (16)

(d ♦ 1) [w>0U02-P (u ♦ 2)]

This relation, together with Eon. (lU) and i ts  deii vative with 

respect to i*, determines the critical values of P and p for given 

in it ia l  valuesp0, U0. The associated c r itic a l angle, fc, is then 

obtained by subptitution in Eqn. (!;>),

The above calculation is carried out for a range of UQ (subject 

to the condition that U0 is  supersonic), One may then construct a 

plot for U0 versus #c . I t  is more convenient, however, to  plot 

plate velocity in the laboratory system, Vp -  UQ tan r, versus the

f r i r f

m  i
0
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angle 2#. These p lo ts  are shown in  Figs. 13 and ll* for aluminum 

and iron. Collisions described by the region store a given c r i t ic a l  

carve oust form j e t s ,  while those below the c r i t ic a l  curve are 

assumed je t le s s , in  keeping with the above discussion.

One of the  experimental approaches described below employs 

collisions in  which the angle 2* between the free surfaces varies 

in a continuous manner while p late velocity , V ,̂ remains effectively  

constant. A co llis io n  a t variable * can be regarded as a succession 

of separate co llis io n s between in fin itesim al plane surfaces at 

constant *, provided a staple c rite r io n  is  nett The laboratory 

system velocity of the coalesced p la tes , immediately behind the 

shock waves, must not decrease with time, 1. e.

I t  (17)

This condition is  imposed to insure the non-inUractloo of successive 

writers of the in fin ite s la a l c o llis io n s . In Appendix I I ,  i t  is  shown 

that (17) is  sa tis f ie d  for |£ >  0 and is  violated far 0. Hence 

collisions in  which the angle 2s between the free surfaces increases 

with time are described by the above theory, H ie  i t  is  invalid  far 

co llisions in  which the 2s decreases with time. Fortunately, 

foramr case I s  mure important.

I t  should be noted again th a t the flow configuration of Fig, 2 is  

postulated. While i t  is  compatible with the ordinary conservation 

equations and the properties of so lids a t high pressures, the question
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of i t s  uniqueness and s ta b ility  has not been proved. I t  i s  the 

purpose of the experiments described below to te s t  predictions of 

the theory, and o f that given in  reference (1).

Experiments

Two experimental methods were employed to produce the desired

collisions. The f i r s t  of these is i l lu s tra te d  in Fig* b« This

arrangenent uses two identical 12" x 12" p la tes, the free surfaces

of which Torn a wedge angle 2*. Each i t  backed by an 6* x 6" x 2* block 

of Composition B (60 RDX, hO TNT), and a plane wave generator^.

Plate m aterial, the angle 2#, and p la te  thickness were varied} a ll  

ether parameters were held constant, a t  values indicated in  the 

figure, i

The. co llis io n  process was photographed by a smear camera,

througtj a ^ /h "  wide s l i t  viewing the median plane of the ascepfcly 

({see f ig . L) The direction of sweep of the camera was a t  90° to the 

s l i t ,  so that the resulting record i s  simply a Cartesian space-time 

plot of motion *long the ax is of the assembly. *he camera used 

was capable of w riting speeds as high as 3»?0 mn on film per micro

second.

The high in tensity  illumination required for such photography

'These plane wave generators arm a -lens-type combination of two 
explosives with slew and fast detonation ve loc ities , such that 
point in it ia tio n  is converted in to  a plane detonation wave. See 
J . H. Cook, Research 1, 171 (19MS),
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Fit* U  Wedge-type ur«ng«iv»nt and w ear caaera
o

photograph* The photograph illua tra ted  Is  the 10 

co llis ion  of two alusinua platas ( f ir iu  lin o , Table IA).
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was obtained by means of cm argon flesh lMp^, which backlight* 

the wedge region (see Fig, li) The explosive assembly used to activate 

th is  lamp is identical with that which backs each plate*

Simultaneity of d e to n a tio n ^  can be obtained by using one 

detonator for a l l  three plane wave generators, with equal lengths 

of priaacord extending from the detonator to each of the three 

detonation points,

A typ ica l smear camera record is  also sham in Fig. lu Dis

tance (along the axis, from the wedge vertex) increases to the 

r ig h t. Tape distance markers,.placed across the s l i t ,  serve to  

iden tify  various positions, Time increases downward, with a zero 

tine  a rb itra r ily  defined as the beginning of argon flash  illumination. 

At a la te r  tine the light path is  obstructed by the impinging walls
j

of the wedge. From the position and slope of th is  extinction lin e ,

one obtains a shadowgraph record of action along the axis of the

wedge, Finally, a j e t  is  produced near t ie  edge of the wedge

region, and is  observed to proceed to tho rig h t. Light necessary

for the record of j e t  notion la produced by self-lum inosity of the j e t ,

A simple atixiliary experiment fa c ilita te s  in trepretation  of

the co llis io n  record. The trajec to ry  of a single p late  when

accelerated by the above explosive assert)ly is examined separately

T71 ft, H. Cole "Underwater Explosions*1, pp Piinceton " ~
University Press (191*6).

(6)v ' B. M. Pugh, R. V. Heins-Oeldem, 3, Foner and E. C. Mutschler.
J . Appl. Phys. 22, 16? (1951)
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This In accomplished by photographing the notion (in  shadowgraph) 

.(?)by means of a Bowen'" type framing camera, which takes photographs 

haring a time separation of 0*9 Microseconds between successive frames. 

Fig. 5 shows frames selected from such a record. From the motion observed 

by th is  method i t  is  a simple matter to calculate the expected motion 

of the instantaneous point o f co llis io n , fc r  two such p lates inclined 

a t a given angle. This calcu lation  was carried out fo r each con

figuration , and the resu lting  •predicted collapse* motion was 

compared with the "observed collapse" from the c o llis io n  shot.

Fig. 5 also shows that the  edges o f  the p late  lag behind, while 

the cen tra l region remains a ffec tiv e ly  plane. Thin condition 

causal f in a l stages of the  c o llis io n  to  take place a t an angle 

which i t  greater than the o rig ina l wedge angle. Rear th is  extreme 

end one aust expect je t t in g , since the co llis ion  angle approaches 

180°. I t  is  possible, however, to  distinguish between these 

s f te r je te  and je ts  associated with co llision  a t  the proper wedge 

angle. Je ts  from edge e ffec ts  also arise from the sides of the 

impinging p is te s , as may be noted by inspection of Pig. U.

Such j e t s  are directed toward the observer and * e  Identified  

as luminosity appearing sho rtly  a fte r  the collapsing p lates have 

obscured the ligh t from the flash  leap.

The Bowen 76 Lane Camera, RCT3, Sept. 191*8.
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Fig* 5* Framing camera record of brass p la ts , driven 

by the explosive assembly shown in  Fig* l*. Tima 

separation between p lc tw es i s  5.L Msec, every six th  

picture fro a  the original record* Distance between 

v e rtic a l reference wires la s ix  inches*

1
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Fig, 6 i s  * plot of the pertinen t features of the photograph 

shown in  Fig. L. The plates were of dural l / l*  th ick  and the collapse 

angle 2* was 10°. The je t le s s  nature of the co llis io n  i s  readily 

established; Good agreement between the predicted and the observed 

collapse is  evident. Further, although a j e t  (actually  an a fte rje t)  

is  present, i t s  velocity i s  lower than that of the collapse point 

near the cen ter of the wedge* hence could not have been formed 

in that region.

Pigs. 7 and 8 show the photographic record and data p lo t for 

a jet-form ing 60° co llision  of 1/U" dural p lates. An accurate 

determination of the point of o rig in  of the j e t  is  obtained by 

taking i t s  position and velocity near the open end of the wedge 

end extrapolating back to  the collapse line, as shown in  Fig. 8.

(Je ts are luminous, and notion in  the wedge region 1b observed by 

shadowgraph, as a resu lt both the j e t  md collapse point positions 

become obscure a fte r a j e t  is farmed in the wedge reg ion .) The j e t  

is  seen to  come from a point before the center of the wedge so that 

the 60° co llis io n  is  jet*forming. This extrapolation procedure 

and tbs c rite r io n  that a j e t  must have a higher velocity  than the 

moving c o llis io n  point from which i t  eainates are su ffic ie n t to 

establish  the jet*nojet character o f every co llis ion .

Results fo r shotsfired by the above technique a re  shown In 

Table f t .

The second technique employed to  produce co llis io n s i s  shown

- 26*
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i l t i i i i
:
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H P

Metal
SataT
Thicknatc

ingle between Plata
Free Surfaces 2a Velocity Results

Dural vi»* 10° 3,56 na/usac Jatlaas
2i*ST 
9M AX Sane 25° 3.58 Jetless

Saaa 30° 3.58 JetlcBB

Sana 11° 3.66
Jet Velocity • 
20.17 ina/usee

Sans L5° 3.66
Jet Velocity • 
17. ill ma/nsec

Sane 60° . 3.66
Jet Velocity • 
13*57 Wusec

Steel '  
(■lid) Saw __ 25° 2.52 Jatlass
» • *  P i

S » ......... 50° 2.52
Jet Velocity •  
15*11 sa/mec

Dud * 1/6* 30° 2.30 -  .10 Jatlass

1/6* 16° 2.30 -  .10
Jet Velocity • 
11*09 an/ntaa

1/8* 60?
%

2.30 * .10
Je t Velocity • 
9.00 w m /w o

Brass JA * 10° 2*22 Jatlaas
(yellow) 
67% Cu Sana 20° 2.22 Jatlaas
?!* 2a

Sana liS° 2.3B
Jet Velocity •  
12*17 an/inao

'  -
I ® . '  • ...........................SMI; • 15 '; : |

i s
M l

■' ■M ■■: 'S IS HI . '

.
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TABLE IB.

Data from A ngle-V ariation  C o ll is io n s

M etal
P la t*
T hlckm as

P la ta
S e p a ra tio n  C h arm ___ r Rasw lta , ............

D ural
21*3T

1/B» 2 cm 6 » x a « x i i "
Composition B

J a t  a t i  2a -  W

VD • L 5 l t  m » J \ & K  

J a t  V eloc ity  -  1 9 .3 ? « /u * e c
'  o7U- s » Sam J a f  aV » 2s

Vp * 3*96 na/tiseo 
J a t  V e lo c ity  •  1 7 .6 lW n » e c

i

V t tt S am 8* x  tik x C* 
B a ra to l

J a  i  a i t  U  •  31*
Vp •  2 .0 8  ma/tftsee 

J a t  V elo c ity  •  1 0 .3 lW u » e c

S te a l V 8» Sane 0» x  ii* x  !*• 
Com position B

J a t  a t t  2a •  26° 07*
Vp « 2«86isVpsec 

J a t  V elocity  •  1 5 .79*m/psee

]/»*■ S am 6" x  U" x  !*■ 
b a ra to l

J a t  a t t  2a •  lO T #*
Vp  -  1 .29

J a t  V e lo c ity  •  9.21mm/iisec
.

*
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ViK. 7. &m*s Cancr* record for the 60° ccllia toa  

of aluaiiuai plates (line 6, Table UK
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«  i*U s** *f fci#* espUait*, #t«MW » «r

fcaretel (Tin m u «  n itm a* Hi# f  # h  Satonadia* In ates^pilaN* 

i ;  • ta a il plans »«** rv*-*ratar m  India *1*4 in tfcv ftfare. TlMa 

amnpanssfct #.?♦* a aoadiiNMi ran## of u#Sm ,  which

ran M r tfiO U tt % sort at ton ^  fUl# M ftntliR and W(U 

feetasa* if* put**. rur l i t  t i^ n w iU  iir f lM 4  feolo*, it *m 

eensonUiu (« «•< paiaU* t with « two eeattm tar

fU U  a»4 net t r  ial wart sorted. Tin ‘hot**.*spate pmeOure

(ml ii?di*sto4 la th§ fipure) i t  the anas u  that * r the orwiwi

taoholpoe*
In <*4*r U  iaurprot i N »  i^ x t  liMati I t la n K tm ry  to 

know th# t*h*sier of om  plsta *h*o drive* by the espies i *e 

aaseably to to used. This inforaation i* aieia att&asd by um of 

•  fraittaf caneri which observes plate action by thadowtrsplt. frm n  

trm  such a record art tha t in n#» 10. fho •predicted* eollapot 

point notion is tHn cslrulotod for lh t collision of two such 

pU ttf in a f ittn  r*onoti7 . tha antis of collision i» also 

masurod di.^ctly from ths f iln . I t  should bo noted that this 

siiflo Inertness thrcufhout tha collision, so that ^  > 0, and 

that ths plats velocity, f pt U appro*leat#iy constant. (Thsas 

eondltlona are show, in tho theoretical section, to  ho sufficient 

to assure, applicability of tha Jetlesd o o n fira tio n  tho ary.)

m

:A.VS

/



V

^ r f r T

*jfr »A M |U f  « ri« U «  i m ty w f l t  ant a typfort 

m w l  (MptrlAMt U*t«4 u  Um  2, Tafci* UK

. v^lvS-:̂ :-4-

. 1
/ - . "  - > • V* •4».-v*<--:~..v - ..V.,»V- ;v 'V  '.:»;■



■ 5 fc“  •■•;..

t .  .

Ml:

ff:
M.

. ...
■ i, '-.. * I

v.:

g s * s *

C - ^ X  «m  c m

•MM I f f l M M  
• f t *  K * t |

f w  y / £ i r

^ — :—
•MW -

- . . . „ A ^ ..... M tH  n * t i

C A M E R A

,

rtf* 9

Of-

»ag



Xs-rw. •’WSMH^'WWIjUr,'^

aTTB T»»44~

Fig* IQ» framing c u m  record o f 1/8* *t««l 

plate* driven by chart* Mttflfcly shovn 1a 

f ig . 9* Tim* separation between picture* U  

2.7 M**e« Listens* b*tw»«a v e rtic a l u r f c in  

I t  6*.
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(Vstrt®k» am* pr®dt?t*4 «®i !«$**« *ro **ar t* *£F** ei«®*lyr **UI 

j « u i a f  otcurs. fait** *r p i* #  *m **u&*i«n #**-1* i t

1*» jo tt in g  paint i n  o t t i iM i  t r m  tto  fr**!*# ro«*r4. fe+*

w it*  for *H«?U f ln rt fcy thU  to*h«i*i* a r* sKoa* I* t * 4 i  XXu

A* iat#r*9U *t *u*U.t#Uo* rawrord of *h* oO ilv lon  p ro m t u  

•*r«n in f i , \  I f . ^b#*» f**d«ogjr®pfc pUturo* *or* tuAto fey * 

fnMtlAf ea**ra (0*9 o#oe botwot*  fro*M) «*4 jr ladle art®

if*  Jo tlo a i AftUtfM of m p Jjt pfc**** of tho coU ioien p r o m t .  Tfeit

co lli*  ion ut«d tha variable a*fl« tnclanipu* U htrtro fod  in fiy , 0.
>  . . ! : .  ’ . ■ '  '  ’  •  7  •■ ' .  ■ .  ' V .  '  -  - r f *

C onptrito*  o f Theory *v> m $ # v lm n \ i

th t  charactti of t e ilU iio n  cam o® ee*par*4 trttf*

prediction* of U* theory, for tHi* pyrpoot, U» ailey* w**d V* 

actual eotliaiona art co*f«io<& with theoretical •'ur*«# fer *h®ir 

predominant tU m n i. Hew# 2U5t Dural (%£ k\ ) U  appro* t«*t*d 

** aluminum wd a lia  steel (99 « I  f«) U apprmtmatod a* trod*

Tta» lead need in the «xpm o»nto v u  • a rent la i ly pure.

floruit* for collision* employin* dural and t to a l  « #  

compared with their theoretical cum® in f if* . 1} and l k t 

r«fpoetivoly, Point® indtoet* th* wad?*-Iff® exporiioMite tit®* in 

Tafcle IA* An#J«*tari*tion collision* , taken from Table IP, or® 

plotted  u  linos* Tho U tte r  art j«Ue«e in  *ariy aftree  and

/W it* -*  j**.}:*w*j»<*- "t" 0 ’*V**' o  *•■



: ‘  3

v : J 3 ' 3

tw tU r  MM fT M U M  •  M  t ,  U  M M l  ' J ? »

m < k m . w > i # : :

= :.v.’ : ^  f t ?  V  '' 3 - -  > a  A r n g j

■ ' - ' V ' K b ' V ® '

KSSM '

3 ■ -

•-; -rag .- -

i
3^1 ;A-;.

a f e  m 3 ..,' /3  ■•■• ■, .3 ::- 3 ' ;' ' : - , ; 3 ' . 3 ^ 3 ' 3 ' ; (
: ; >-• : 3 3 - v : ..; ';3 , . ' ■•-::■ vv"-.\: ;•■ ,:r 4

; ', t f r 'v : 'v « 3 3 ; 3 S

:^ 3 3 3 3 i.v 3 3 ;,-; '.; .. -; - , ^ , ; , : ;3.3 . / '■ ;3 v  C i x ' ^  3 - v - 3 3 3  '

-V-'y4;

v W  ’::f.'!;
3&>3

ii'.;. ". 3

;;•«-*;* y i-  ; v^.;; ,

---- --- u , „  _________  . Si



DISTANCE ALONG AXIS

PREDICTED
COLLAPSE

-  OBSERVED 
COLLAPSE

COLLAPSE POINT 
VELOCITY 

I3.6fmm//isec 
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Fig. 12* The co llis ion  o f two 1/b* dural p la tes ,

2 cm separation, aa recorded by the fraalag canera. 

Kota je tle s s  nature o f early  atagea of the co llision . 

(Side Jeta are evident aa luainospity following the 

instantaneous c o ll le i  on p o in t.) Tine separation 

between adjacent p ictu res i s  0.9 paec, except for the 

la s t  p ic tire , which is  $.U ptec la te r  than previous 

one*
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each produces a  J e t  w ith in  3° o f the th e o r e t i c a l  value o f  2se j 

aluminum i s  seen  t o  J e t  s l ig h t ly  below th e  th e o re t ic a l  curve and 

i ro n  J e t s  s l i g h t ly  above. These tr e n d s , d i f f e r e n t  fo r aluminum 

and I ro n , seem to  su g g e s t th a t  roost o f th e  e x is t in g  e r r o r  i s  due to  

e q u a t io n -o f -a ta te  approxim ations. Tha w edge-type experim ents a re  

seen  to  be J e t  lo s s  i f  th e y  l i e  below th e  t h e o r e t i c a l  cu rve  and 

Jei*fo?m ing above, w ith  an ex cep tio n  in  the  case  o f the 25° iro n  

c o l l i s io n  which was j e t l e s s *  This c o l l i s i o n  could a lso  be made 

to  agroe by s h i f t in g  th e  th e o re t ic a l  cu rve  f o r  iro n  upward som  

2 ° , a s  suggested  by th e  r e s u l t s  o f the a n g le -v a r ia t io n  c o l l i s io n s .  

H edge-type experim ents f o r  le ad  and b ra s s  axe a ls o  l i s t e d  In  T able XJL 

The 30^ c o l l i s io n  fo r  feed  was J e t l e s s ,  w h ile  ii5° and 60°  c o l l i s io n s  

produced J e t s j  th e se  r e s u l t s  are in  a g re e s* n t w ith  th e o ry , which 

in d ic a te s  a c r i t i c a l  an g le  o f 36°. Lead f re e  su rfa c e s , when ac

c e le r a te d  by h i$ i  e x p lo s iv e s , em it a  sp ray  o f  le ad  (presum ably o f  

low average d e n s i ty ) .  T his spray  makes f r e e  su rface  motion d i f f i 

c u l t  to  observe and p e rm itted  on ly  a  crude b rack e tin g  o f th e  

th e o r e t ic a l  cu rv e . Three b rass  (67* co p p er, 33* s in e )  c o l l i s io n s ,  

a t  10°, 20® *** L5°» « re  rep o rted  in  T ab le  IA. The f i r s t  two a re  

j e t l e s s  and th e  J&° c o l l i s i o n  formed a  J e t  i n d i c a t i n g  th e  e x is te n c e  

o f  a  j e t l e s s  c o n f ig u ra tio n  m d a  c r i t i c a l  ang le  fo r  b ra ss  (These r e 

s u l t s  would be p ie d ic te d  fo r  pure copper*. Equation o f  s t a t e  d a ta  

f o r  b ra ss  a re  not a v a i la b le  a t  p re s e n t .  )*

The above agreem ent between th e o ry  and experim ents may be 

regarded  as th e  n e c e ssa ry  experim ental v e r i f i c a t io n  o f  th e  J e t l e s s  

flow  c o n f ig u ra tio n  p o s tu la te d  in  th e  th e o ry  se c tio n .

-1*9*
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When je t s  are observed, th e ir  velocities can be compared 

with the predictions of reference (1). This is dons in  Pig* 15 

where j e t  v e lo c itie s  reported in  Table IA are plotted and com

pared with Eqn. (1) • Experimental resu lts  are seen to agree 

closely with theory for the wide-angle collisions* The collisions 

which take place a t angles only s lig h tly  greeter than tha c r i t ic a l  

angle, however, produce je t s  which are slower than those indicated 

by the theo re tica l curve*

Concluding Remarks

The extension to  asymmetric co llisions of the preceding 

theoretical and experimental work is  straightforward* Tha 

postulated je t le s s  flow, analagoua to that shewn In Fig. 2, is 

demonstrated in  Pig* 16* pressure must be constant across tha 

contact surface which separates tbs twe dissim ilar s tre a m , and 

the flow component normal to th is  surface must be tero* The 

velocity components para lle l to  th is  surface my be unequal, 

however, so th a t a  slipstream re s u lts .  From Eons* (lli) and (15)» 

the angle of flow deflection fo r a  given stream may be regarded 

as a function of shock pressure* Then

2#(P) « • 1(P) ♦ a2 (P)

for tha je t le s s  configuration. A breakdown of the je t l e s s  con

figuration occurs when either e^ (P) or (P) reaches the 

c r i t ic a l  angla associated with th a t  stream* The c r i t ic a l  » g le  

between the free surfaces is  then given by

2ic <V  • *x <pe> ♦ *2 <pc>
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where PQ i t  the shock pressure associated with aexiaua possible

d e fe c tio n  o f e ither stress l  o r 2f whichever is  sa a lle r, end 4  

given by d ire c t ca lcu la tion frow £qn, (16)»

An ezperinental study o f asynsntric c o llis io n s  would reouire

the use o f s viewing s l i t  which runs along the expected path 

o f the c o llis io n  po in t. This path could beaccurately predicted 

fren  blown tra jec to ries  o f the plates. D if f ic u lt ie s  sight arise, 

however, i f  the Jet produced did not remain In  the viewing f ie ld  

defined t y  the s l i t .  In  any case* a framing earners record, of the 

type shewn in  Fig. 12, could be used to  record the c o llis io n .
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Appendix I,

Equation of S tate  Data for Al, Fe end pb.

Eauatic^ of s ta te  data are obtained from tables compiled by

K. Metropolis a t the Los Alamos S c ien tific  Laboratory. A xelation

between shock pressure P and compression u • -1 of the font
* Po

a+4 ♦ pH2 ♦ rv?  *
p •  —— ■ ■ ■----------------

l  ♦ l*5if

was assumed, where a, £ , . . .  are parameters characttrie tic  of a 

given natal, making possible a  five point f i t  with data. ?*.»> such 

points, exteiv&ng to  pressures of about 0 ,Qu mspibtxs, were taxon 

froa Birch's Handbook of Physical Constants. 'The ronaining three 

points, in the region of 75 wgabars, ware calculated from a 

generalised Fermi-Thonaa model of the stom ^#  Resulting values 

of the paransters are lis teo  in the accompanying t a t l o ^ ) 4

Set e l 0 -  J Y s ..... a ___
Aluminum 0.73? 3 >190 0 2.380 0

Iron 1.68?2 2.275 12.362 7.7665 • 37L1

lead 0. U2U6X 1.67166 3.6669? 1.23617 0.32732

l !

' U I h% P» Feyiuean, N. Metropolis, and b. Teller, "Equation of State 
of Elements Based on the Gea^ralicea Ferni-Thoaas Theory". Phys 
Rev. 7£. 1561 (1919).

^ T h s  P-u re la tions resulting from use of these parameters sa tisfy  
the shock s ta b i l i ty  condition (U a ), even for very weak chocks.

• This is  brought about cy use o f data pcints produced ly  uniform 
hydrostatic pressures. While th is  pressvae is undoubtedly the 
only one of Importance for ext jow ly  strong shocks, a study of 
weak disturbances i«ouires consideration of stresses which re su lt 
from strength of material, giving r ise  to a violation of (H*a).
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Appendix Hi

To the* i .  (VB -  U) ij 0 for ¥p coMtont and H  < °*

Consider

I ;  l 'n  -  «*)

where* fro* fin# 1

■ S i r . -

end fro* Fi*. 2 * 2 .. 2 .. 2 2 »* 2tr - V  ♦ V * uo * W  ♦ V
y k

■-*tr *<%«8*0
ten •

But * Un2 • £*' by oonbiivition of Eqne# (6) (?)•

Subetltutlnjri

s  <*-* -  °!) * & y -.N
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which 1b positive sine, (lli.), wh»n w' is Md« to *pprowh |t»

inpllts < 0, * 0 1 >  0 is ta w M  Viiia t *  U» root
™ “ “i
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of *11 shock poUrt (see psgs /-f). Hence

C ^ - o 2) * » . &  - U ^ > 0 .

Dividing by U*

V * * *  -t,
r  a r  " S >*

H(me* IT  * * 3;  (’n - U) < 0,

and vi tonclud*

a c  or# -  to •  s j| n  (trg * u) ^ 0  fo r | ^ i o .
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