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ABSTRACT
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A series of experiments done by Koski®s section suggeste a mechanism
of jet formation depending essentially on the high interaction pressure of
detonation waves combined with the interaction of the shocks paussing through
the slab, and the rarefaction which spreads from the fres surface after the
shock has reached it, It is likely that this mechanism of jet formation is
reaponsible for the prominent jets observed in collapsing cylinders when four=
point initiation is usedo It is not yet clear whether the same mechanism

applies to jets in multipoint initiation and lene initiationo
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FORMATION OF JETS IN PLANE SLABS

1. Experiments with two points*of initiation

A plane steel slab of /4"

thickness is placed underneath a

Comp. B charge of 2.1/2" height (Figo 1)o “ &i - ,;?
X N I; s
Tho charge is initiated at two points, 2 \\ ! L7
22 .
. H ¢
A apd B, giving rise to two spherical ‘:? i Comp.B . pd
' ’ N\ i V4
i N

detonation waves which meet along the

PN TTae

3
o0
<t
®
[
P
=

interaction line I. By varying the
‘ Fig. 1

distance between the points A and B
the angle a is varied, The shape of the lower surface of the steel slab is
photorraphed by flash photography at a fixed time interval after the detonation
has reached the center M of the slab, In the experiments to be discussed the
%timo interval was 12,3 mioroscconds (8 cm of primacord).

A promounced jet can be seen in most photographs directly under the
interaction line for angles a betweon 20° and 80°. The jet length (i.e, dis-
tance of tip of jot from base of jet) is maximum when a is about hsoo The jot

seems to vanish whon a is about 20° or is somewhat above £0°%.

2o Experiments with lenses

In the sscond set of experi-

UNCiASSIF.lED
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ments a lens system was used to produce

two plane detoration fronte (Fige 2).

Initiation at the points A und B pro-
[ ]

duces again two ciroul&} Eroﬁ%s in5°
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Comp, B, interauctin; alongehes1fze 3 ade id The previous experiments. However.
- L [

in the tetryl the detonation fronts are nlane, Variation of the angle a pro-
cuces of course a variation of the angle st which tho plene detonation fronts
hit the steel surfuceo .

It was found thet with a lens system there vas no jet if the angle
@ was chosen in such a way thot the detonstion front arrived at the steel
plate first at a point under the interaction line, even though, with no lens
system, pronounced jets would occur for this same angle a. Jets did ocour
if tho lenses deviated in the oprosite way, with the angle a chosen so that
the detonation front arrived first under the points of initistiono

3. Evidence against interpreting the jets as lunroe jete

The experiment described under 2 suggests immediately that the Jjots
might be Munroe jets, since they do eppear if the detonation froot, and theree
fore also the fres surface of the slaby converges towards the centgr, and they
de not occwr if the free surface diverges from the center-

Kvidence against this mechanism is given by X-ray photographs ob-
tained by Tuck®’s section which show that there is no slug behind the jet, as
there would be if the jet were of the Munroe typeo On the contrary, thers is
a region of low density in the central region of the jet and behind the jet;
this region eventually gives rise to spalling.

The interpretation as a lfunroe jet is alse untenable on theoretical

grounds, It is possible to calculate the angle # which the free surface makes

/Datonation
;= Irombt

its original direction {Fig. 3). This e o e o ot e e e o foo
Originsl poasitiou of slgk
A L GiRG |

after the initial acceleration with

— e e

engle is very small. The angle ¥/, : i‘(‘/jii;ngﬁ
i &

wiich can also be caloulated, mado by ,,f””,&

Velacity of free surface
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the velocity of the free surficoov1ﬂh tho adrmal to the original surfaco, is

N

even smaller (about 1/2 ﬁ)o Values of d'and ¢7 are given in the following

table for various angles o of the dotonation fronte

a | 0° | 10° | 20° | 30° | Lo® Ls° 55°

g 1 0° | 2:2° LoL® | 601° | 7.1° | 7:4° | 8.1

o

e comiean

v | o° 1c3° 1 1.8° | 3.1 3.5° | Lo1® | Lo7®

According to Taylor (BM=17L), the velocity of the Munroe jet is

1)

glven by
u cot (W - 8/2)
or, if § is smll,
e + #)
where uw is the velocity of the free surfece and d is expreseed‘in radian5§
Thus for a = 10° the velocity of the jet is only L per cent higher than the
velacity of the froe surface, iven for 550 incidence wo obtain a job veioeity
only il per cent in excess of the velocity of the free surfaces In the lens
shots described evove, tho observed excess is far larger, and jsts occurred for
angles of incidence of only a few degrees. Clearly théso can not be classified
a8 Munroo jots.

i+ The interaction pressure of the detonation waves

If two detonation vaves mest
at an angle, they will reflect each
other and give rise ©to two shocks
following behind. The pressurs behind

the shocks is high and will bs called

o eoo o e®o oee oo ‘i !
| G T rse GLASSIFIED
1) This is an overestimaf, 5 sillc :Ta:y'x'oi".assumes b
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the interaction oressure (Fig. L).

If the interaction :?\
A
angle & is larger than L4.8%, / i")‘\
! \
the norma) interaction shown " : \\
, ' ] SR A T | s
in Fig. L4 is no longer posei- s P \
’ 2 U TR 4
ble. Instead we obtain a PO
. [ 6. ~

Mach interacticn, The simplest

¥aoh configuration is shown

in Figo 5. There is a central

region of high pressure in

which the detonation velocity is

forced up from its normal value D to a highexr value D?c: This region ends

at the "triple points" T where the detonation vclocity and pressure return

to their normal values; the regions of high and low pressures are separated

by shocks S. The triple points T move Slowly avay from the center (slong

the dotted lines) and we call the angle w betweon the directlon of motion of

tho triple points und the center line the "Mach angle". For the interaction

of shock waves this sngle is known t@ be very siall; we assume that it is

smll aleo for the interaction of detonation waves, In any cass assuming

@ to vanish leads to an underestimateo of the interaction pressures.
Neglec@ing(u altqegether the interaction pressure cen be calculated.

It variea'slightly from the center to the triple point. The most outstanding

features of this interaction pressure are that it is practically constant

and equal #o about 2ol normal detonation pressures for normal interaction

(s} ege ° 3 v
(0 £6<llyo8), una thefy 23" Gas ¥ si®cfpaximum of 3.l detonation pressures
at the critical angle .&'#;345893

*oThe prossurs is shown in Fige 15,8t the .
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end 6f this report, as a function of 90° -~ 6. In the case of inﬂeraction
of detonation waves only one other Hach configuration is posasibleo ?his
configuration has an additional shock preceding the Mach shock. .This
additional shock is fairly wesk and follows closely the detonation front.
The interaction pressure for this confijuration is the same as for the firs%
configuration in the center, but 1s lower at the triple point,

The sharp peak of the interection presaure at o eguals 15° agrees
nicely with the fact that this value of a gives rise to fhe maximum jet lengthe
However, there are two facts which show that the interaction pressure is not
fhe whole explenetion, The first fact is the constant interaction pr-ssure
for 0 £ <hh.8%, ice., 90°z. a >1;5.2°, for which values nevertheless, the
Jet length decreases continuously with inoreasiﬁg ao The second and more
conolusive blt of evidence is given by the lens shots mentioned above which

show that the jet can be eliminated altogether without elimirating the inter-

action pressureo

5o The shock interaction in the slab

The clue to the missing link in the mechanism of jet formetion is
given by the lens shots. These show that jets appear or disappear according
to whether the detonation fronts converge to or diverge from the center of
the slabo The impulse is transmitted through the slab by means of shocks ;
cleerly thess shocks will also converge if the detomation fronts converge,

snd will diverge if the detonation fromts diverge (Figo 6).

w
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In the first case the

two shocks wlll colllde and give
rise to & shock interaction in the
slab (Fig. 7). In this case the
shocks § are each followsd by a
reflected shoclkt Re Thus the free
surface is accelerated in two ateps
first by the shocks S and then by
the shocks Ro

The significance of these

two steps is easily seen if we

- —— oA S PR

|

Slab

Figo 6

imagine -vhat happens in the no-lens shots if the initiation point on the

right were omittedo
shock S from the left would
simply continue. No reflscted
shocks would occur and the
second step in the accelera=
tion would be missing. Thus
the first step of accelerc-
tion corresponds simply to the

acceleration given te the free

Then no shock S would coms from the right and the

- WP oo

%, <
‘ .
4//{
‘ Slab

Y \ S
L 4

{
1 R
Fig. 7

surface by a spherically diverging detonation wave.

However, if there are two detonation points the center region of

the detonation front changes progressively into a plane {ront and this effeot

clearly spreuds from the aenix:r
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If the reflected shocks R colld maintain their strength they would
qf course accelerate eventually the whole freo surface to the same velocity.
Hovever, several factors prevent thise.

1) The shock S of course decreases in strength as it passes away
from the upper surface and is constant at the free surface. The shook R,
however, originates along the interaction line I (see Fig. 7) and decresses
as it travels away from this line. Thus it is not counstant along the free
surface but strongest at the interaction lineo

2) The shock R passes inte a region which has alresdy been accelerated
by the shock S, After the shock S has reached the {ree surface a rarefaction
wave passes back inte the sleb and the shock R runs into the rarefactiono
This again reduces the shock strength., At the interaction line of course
S and R arrive simultaneously and no rarefaction takes place in between.

The further we go away from the intersotion line the longer is the delay
botwsen S and R und the lerger the rarified region. This is shown in

Fig. 8, illustrating the moment

~hep the two shocks S have just

passed through the slab at the \\\\:?

interaction line I, The re- B H

| - 3=
flected shocks R just start origiral positios ‘= “.e‘g'.wri,.a 6 -
elong the free surface and run -/’729&'0

into the rarefestion the head
Figa 8
of which has reached the line H.
3) The shock interaction is in a way & continuation of the

interaction of detonatiog'wwzcs:in'ﬁhﬁ’%ﬁ?&osiveo The high interaction

pressure will influence fin sStrtargths 32*¥te reflected shocks and this

ARE L
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pressure hae the same property us the pressure of the reflected shocks in
s0 far as it decreases with the distance from the interaction lines

All these factors tukem together should lead t6 a sharp decrease in
the velocity of the froee surface with the distance from the interactiqn and
therefore £o a jet with a sharp pointo

Behind the jet there will be a strong rarefaction due to the
acceleration given to the freo surface hy the combined strength of the °
shocks R and S. The heads of the two rerefactions (Fig. 9) have the
ef'fect of sucking more matter .into the
Jet. This rurefoaction is in agree-

ment with Tuck's Xeray photographso

The essential features leading

to jet formation are: ‘FEZE“E;;;;;;\\\\\/,/’/‘~_‘~*_"““““

l. Interaction pressure of .
Fig. 9
detonation vaves,

2o Inteoraction of shock waves in the slab giving rise to an ecceleration
of the free surface in two consecutive shocks with varying time interval.

5. Rarefaction starting from the free surface in the intervel betwesn
the two shockso

¥ie have somewhat simplified the discussion of the shook interuction
in the slab, by assuming that we are dealing with normal interaction; In
actual fact, ove? most of the interesting region we are likely to have

Mach interaction. However, since the Mach angle is very small this does

not affect the argument essentiallyo On the other hand, we should not be

§ § 5::0 Eo. § :O: .:' -
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surprised if the tip of the jot

early stageso

.1

snows some fins structure, especially in the

S

It is tempting for esample te identify the three tips observed

in some jets with the thres regions of high pressure ¢ccurring in Mach

interaction of shock waves in the center of the Mach region and behind the

twe triple ' points. But this is rather speculative and in eny case does not

contrioute materially to our understanding of the jet formationo

6o

Discussion of 1e:» shots

The essential features of the lens shots with two converging detona-

ticn fronts ere covered by the discussion given under 5,

-

I: remaing to look

somewhat more clossly into the case of diverging detcnation waves,

In order to simplify matters we disregard the reflection of shocks

on all interfaces and between each other, sinco this does not alter the

picture materially,

Fig. 10a shows the conditions im the explosive just before the

detonation front D hits the slab,

the interaction in the fast
explosives

Pigo. 10b shows the

conditions just after the

with the reflocted shecks R bshind

detonation front hits the

center of the slab, Twe

shocks S have started to run away

up bohind themo The shock R nust 'un fsster than S, and since the center

Figo 10&

from the center and the shock R is running

s sse o see -SSP
APPROVED FOR PUBLI C RELEASE
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nortion of either of them starts at the same moment at the samo time the

shock R wil] have reached the shock S over a finite region. (In fact,

if the two explosives differ suffi- 'I
R/
ciently the shock R might catch up ﬁ\\gxplosivp Q

with the detonation front in the
. Slab

slow explosive,)

The shock R starts off with ' Figo 10b
about 2-1/2 %o 3.1/2 fast detona~
tion pressures and the shock S with about 1.6 to 107 8low detonation pressures
(In tho actual experimonts one fast detonation pressure = L.l slow detonation
pressureé.) Hence the shock R has a good chance of catching up with §
over a fairly wide regiono. Thus there is a finite regicn in which the
first end second shock arrive simultineously at thg free suface and the
pressure behind the shock will have e broad maximun instead of the sharp
peak associated with the shock interaqtiono Hence ww expect a broad bulge
under the interaction line but not a jeto

7o The strength of the shock in the sliab

The shock strongth in the

s8lan depends on the angle of incio

D

dence a (Fige 11)» For a below ”\\sj

. A
60° the strength is nearly constant . Comp.B

____________ a
(1.6 to 1.7 detonation pressures), A AV
Steel

For a above 60°, Mach reflection ?/L=
of the detonation occurs (Fig. 12)
and the shock pressure 3;1. f‘}gg s g gee s . Fig. 11

[ ] [ 4
stasl slab goes up to 1eQh dpdS

° . %
pathol’ plodsurce. (Again we neglect the

APPRO\/ED' F
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¥ach angle w , 80 that this pressure

is an underestimate.) S D
Mach reflecticn stops with ¢
a at 12 or 2° below 80°, and with a . M- aem
at about 12 above 800, reflection .11,_t::i::%,§i?00 o
stops altogether. Instead, the .
‘explosive gases begin te expand S
Fig. ¥2

againat tho steel so that the
shock pressure drops below the detomation pressure (te 0,71 detonation
pressures), This gives rise to the graph shown at the end of this report.
The attenuation of the shock in the slab has not been taken into accounte
The angle A& which the shock makes with the original surface of éhe

slab determines the interaction engle, 90° - &, of the two shocks in

the steel slab. Values of the angle £ are giveix in the following table.

a [0°120% 120° | 30° | 4o® | 4s® | s5° [60® | 70° | 80° | g0

8 0°] 7.10° 1L.9°| 20.9°] 27.2° 30.1°| 35.6°|39:4°] L1.5°] L1.5°| Lo.s®

8, The shock interaction in the steel slabo

Por values of a up o 60° the shock stresgth is fuirly constant and
therefore also the shock velocity, which is about 5.5§ ° 105 cm/ée@o

Compared with the normal sound velooity of Lobl 107 the shock has &

Mach number equal to 1,193, In these conditions Mach reflection should

certainly occur for all angles & less than 30°,

APPROVED FOR PUBLI C RéLEASEV
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Considering the yesl xed saivan 8baws, Mach roflection of the
shocks S will occur for 'vélv:%ﬁ fof (E.hi*i’mé.ﬂs% The pressure at the
center of the Mach fegion is easily calculated und is shown in Fig. 15-
For walues of a above &0° the angle does not vary appreciably
and therefore the preséuré of the refiected shook should behave similarly
te the pressurs in the shock 8, except that it is higher, There is not:muoh
point in calculating this pressure, since in this region there is no direct '

reletion between the pressures apd the jet ‘ength, as we shall sece presentlyc

9. Discussion of slab shots with two detonation points

Let us consider now the ex-

A
periments described under 1. Let at *\
be the angle of incidence of the detona- “\
, . N
tion front on the slab (see Fig. 13) . N

ard § the intersction engle of the twe _______--al

detonation fronts along the interaction
line I, When the detonetion front has Fig. 15
just reached the center, them a' =a, § = 90° = a0 Hense, we havo collected
in the graph, Fig. 15, 811 the pressufes described above and the jet length
as funotions of g and 90° e Bo |

The angle of incidence af starts at a® = 0 when the detomation front
Just ' reaches the slab bolow the point of imitiation. Thus in any givem shot
the history of the rirst shock in steel is given by follow%ng the curve of
the shook pressure from left to right up to the engle a. At this point the
interaction with the shock coming from the second detomation polnt begins and
the pressure bohind the reflected shock rises to the value given in the .
graph for the given wvalue of a (Fig. 15, curve "Reflected Shock in Steel™).

Similarly the intgrgcwgron ofshredetonation vaves starts with

. * oo .
ee 000 see e .
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L
6 = 0 and therefore the history of the interaction in the explesive is
obtained by following the curve }rom right to left, to the given walue of ‘
as |
Consider an angle a below 15°. In this case the past history of the | |
interaction in the explosive is of little significance, since the high
pressvre at the peak of the Mach interaction is quickly eaten up by the
sharp pressure drop behind the spherically diverging detomation front.
Ths pressure of the shock in steel is in any cese practically constant
throughout its history. Thus only the instantaneous pressuras for the
given w¥alue of a are of importanmce, and therefore the jet length should
be closoly related te the difference between the interaction pressures
(in the metal and explosive) and the pressure of the first shock in the
metal,
These arguments hold slso for anglee a from L5° to 60°, since in
this case both interactions have almost constant pressure. It will be seen
from Figo 15 that there is indeed a very close correlation.
If ¢ i3 greater than 60° conditions are somowhat more complicated,
since the shock in steel passes through a complicated history in tl.s course
of which the pressure on the steel slab increases suddenly over a small
area and then decreases rapidlyo The region of high pressure does not
remain locallized but spreads behind the shock as the shock passes through
the slab. Hence there will be a continuous acceleration of the matier
behind the shock and this reduces the raref&ctiog spreading back from the

free surfase, This effect should becomo particularly importent if

a »80°, since in this cagb 3lsy thp gaplodive gases begin to exert a cone
[ ] ] 3 ° e
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uous push after the first instantaneous push which gives rise to the shock.
' This we believe is the main reason why the jet formation disappears

~at high values of a. This fact could not be explained if we considered

only the instantaneous pressures, since the differences between both

interaction pressures and the pressure in the first shock remain Tinite

ag a tends to 90°: This argument underiines the importamce of the

rorefaction wave in the jet formation.

10, The Shapes of ths Jet

Confirmation of the ideas just outlined cam be found in the fact
that the shape of the jot is essentially different for engles a above and
below 60°% VWhen a is below 60° tho two sides of the jet form a sharp

corner with the surface of the sleb as in-
) ) a ¢ 60°

dicated in Fig. 1lljoc The surface-outside the ‘“—"d"'\\v//\h--“‘
Jjet has the direotion to be expescted from

_ a >60°
a single shock of constant strength. TN

When a is above 60° the corners at
Figo ]-LL

the base of the jet are rounded, as would
be expected from a shock which increases in strength just before iy reaches
the interaction lines. Eventually (at a = 75 to 80°) also the sharp peak
of the jet disappears and there is only a broad prot.usion of the surface
under the interaction. This 1s in agreement with the ideas developed above,
since the interaction which forces the surface out remains for all angles

& up to 90°, but the mechsnism by which thls overpressure is confined to a

srall areca fails to functions

Sa INCLASSIFIFD
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11 Thoe Jet Velocity

It ie clear that whon a is above 60° we cennot expect a close
relation between overpressure and Jet velocityo When a is between
L4s° and 60° the large discrepancy between the prossure in the reflected
shock and the interactlion prossure of the detonation waves makes it
heoeseary to take into account.the attenuation of the shock in the steel
slabs Also we have not definitely established whether Mach interection or
normel interaction ocours in this region. Wo confine ourselves thereforel
to velocities correspondiug to a below L5®. Furthermore we disregard the
attenuation of the shcck im the slabe
The material valocity behind the first shook is calculated to be
B;h x 10h cm/seog The velocity of the free surface after it has been hit by
this shock is about twlce this valuee
For a = [;5° the tip of the jet is produced by a shock of 3.65
detonation pressures, with a meterial velocity behind the shock of
14e5 x 105 om/sec. The velocity of the jet should be about twice this
value. Thus:
Velocity of surface 16.8 x 104 cm/sec.
Velocity of Jjst 9 x 10h cm/éeco
Ratio of velocities 1.73
These velocities are calculeted from the revised equation of state of
stecl (see LANS=16L).
A flash photograph was taken 12.3 microseconds after the
detonation hit the surface of the slab; the shock takes just about

1 microsecond to run th;gagi thp siaﬁ; ?5@ lower surface had moved
L d e 14 [ ] ] Y

[
0 800 900 00 @ weoa oo
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1.32 cm and the jet, 20,30 cme. The photographic data gave the following

velocipies
Velooity of surface 11.7 x 1oh om/sec
Velocity of jet 20l x 104 em/sec.
Ratio of velocitiea 1.74

The smaller velocity in the experimental results can be accounted for
by tho attenuation of the shock in the steel slab. The close agreement in
the calculeted and observed ratios of the velocities is presumably due to
chance, since we could hardly expect such precision from the theorye.

For the a = 30° shot there is a larger discrepanc;; the values ara:

\

Theorotical Experimental -
Velocity of surface . 16,8 T2
Velocity of jot 22,1 11.9
Ratio of velocities 1,32 1.66

The low velocity of the free surface is rather surprising in this
case and this has not yet bsen cleared upo

12, Attenuation of Shocke

The attenuation of the shocks im the steel slab is probably
considerable, since we are dealing with sphérically expe.nding waves. Apart
from reducing the velecity of the free surface, the attenuation will alse
have the effect of changing the interaction angle of the shocks during the
passage through the slab. In particular for angles a above 60° the inter-
ection may change from normal to Mach interaction, This might account for

tho faot thet the fine structure of the tip of the jot referred to above has

been observesd not only i‘.or small angles ¢ but alse in a{fﬁz}: in which .

*3e s ese see se [ﬁggﬁiﬁ

a=75°° o. : E. : :'
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