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ABSTRACT

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 free surface after the
shock has reached it, It is likely that this mechanism of jet formation is
responsible for the prominent jets observed in collaps;ng cylinders when four;
point initiation is usedo It is not yet clear whether the same mechanism

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

1. Experiments with two points®of initiation

A plaps steel slab of I/L"

thickness is placed underneath a

Compo. B charge of 2-1/2" height (Fig. 1). “ &i ; ,;?
X \ I, s
Tho charge iz initiated at two points, 1 \\\ ! R4
23 \
. } 4
A and B, giving rise to two spherical ? i CompeB N o pd
U A N .7
detonation waves which meet along the /%., —toel \3‘{

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 :he steel slab is
photoyraphed 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
%ime interval was 12,3 microscconds (8 cm of primacord).

A pronounced jet can be seen in most photographs directly under the
interaction line for angles a between 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 when 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 fronts (Fig. 2).

Initiation at the points A und B pro-

duces again two circuldr Eroﬁ%s in5°
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... 000 000 000 000 o0 . .
Compo B, interauctin; alongethes1fao 3 ade if The previous experiments. However.
~ e . @ e o

in the tetryl the detonation fronts are nlane, Variation of the angle « pro-
cduces 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 ut 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 jets

The experiment described under 2 suggests immediately that the jets
might be Munroe jets, since they do appear if the detonation front, and there-
fore also the free surface of the slab, converges towards the centgr, and they
de not occwr if the free surface diverges from the center-

Evidence apgainst this mecharism is given by X-ray photograghs{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 i® possible to calculate the angle # which the free surface makes

/Datonation
AN Iront

its original direction {Fig. 3). This O S Y A
Origins] positiau of 51eh
A SiRe .

after the initial acceleration with

— e e g e e

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

B -@®
which can also be caloulated, mado by ’,z”’/(&?l
: ,?;_%&Velecity of free surface
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the velocity of the free surfico.wlﬁh 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 deotonation frontec

a 10° | 30° | 20° | 30° | Lo® Ls° 55°

g 1 0° | 202°| Lol | 601° | 7.1° | 7.4° | 8.2°

—fam. e mbeae

Wl 0® | 1:2%| 1.8° ] 301° ) 3.5° | L% | Lo??

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

glven byl)

u cot (W = B/2)
or, if g is small,

e + #)
where u is the velocity of the free surfece and d is expreseed‘in radianag
Thus for a = 10° the velocity of the jet is only L per cent higher than the
velacity of the freo surface. Even for 55° incidence wo obtain a jot veioeity
only il per cent in excess of the velocity of the free surfaces In the lens
shots described sbove, tho observed excess is far larger, eand jsts occurred for
angles of incidence of only a few degrees. Clearly théso can not bo classified
a8 Munroo jets.

lie The interection pressure of the detonation waves

If two detonation vaves mest
at an angle, they will reflect each
other and give rise %o two shocks
following behind. The prescure behind

the shocks is high and will bs called

1) This is an overestimaf, 'y *aitcd  Ta .y'f.oi".assumes
APPROVED? EOR PUBLI'®© RELEAS
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the interaction oressure (Fig. L)«

If the interaction 5\
i
angle & is larger than L14.8°, ’,’ i")‘\
\
the norms) interaction shown / : \
, ' ) SR A T | s
in Fig. L4 is no longer posei- s b \
’ 2 U TR 4
ble. Instead we obtain a Joa~
d ~
' P e T
Mach interacticn, The simplest
D

¥aoh configuration is shown v

in Figo 5. There is a central

region of high pressure in

which the detonstion velocity is

forced up from its nmormal value D to a higher value D’c: This region ends

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

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

by shocks 8. The triple points T move élowly avay from the center (salong

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

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

of shock waves this mngle is known t@ be very asrall; we assume that it is

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

@ to vanish leads to an underestimate of the interaction pressures,
Néglect;ing w altogether the interaction pressure can be calculated.

It varies ‘slightly from the center to the triple point. The most outstanding

features of this interaction pressure are that it is practically constant

and equal to about 2.l normsl detonation pressures for normal interaction

o v
(0 46 <Llio8”), und thetg 237 das ¥ sitrf paximun of 3oLy detonation pressuros
at the critical angle po=sig 18P,

SoThes é!'essure is shown in Fig. 15,..t the
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end of this report, as a function of 90° - 6. Iun the case of inﬁeraction
of detonation waves only one other HMach configuration ia.poseibleo ?hie
configuration has an edditional shock preceding the Mach shock. .This
additional shock is fairly wesk and follows closely the detonation fronto.
The interaction pressure for this confijuration is the same as for the firs%
configuration in the center, but is lower at the triple point,

The sharp peak of the interection pressure at a equals L5° 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 explenc.tion, The first fact is the constant interaction pr.ssure
for 0 £ <1h.8%, ice., 90°z. a >1)5.2°, for which values mevertheless, the
Jet length decreases continuously with inoreasihg ao The second and more
conclusive bit of evidence is given by the lens shots mentioncd above whioch

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

action pressureo

50 The shock interaoction in the slab

The clue to the missing link in the mechanism of jet formation 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 ;
clearly theso 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 collide and give ‘ }/ \ D
(1Y 4

rise to & shock interaction in the

7
. s ! A s
slab (Fig. 7). In this case the /"-'5 Slab

shocke § ure each followsd by a ' ' o

roeflected shoclt Roe Thus tne free

surface is accelerated in two steps = ~ b
.,
first oy the shocks S and then by s s/
‘ Slad )
the shocks Ro
The significance of these
Figo é

two steps is ecasily seen if we

imagine *vhat happens in the no-lens shots if the initiation point on the
right were omitted. Then no shock S would coms from the right and the
shock S from the left would

8imply continue. No reflscted

shocks would occur and the \\\\? ,,/’/r‘ '
R l/gk
second step in the accelera= 4
) Sledb
s s
-

t
tion would be missing. Thus ///////; \

!
the first step of accelerz- : 4

- WP oo

-

tion corresponds simply to the
. ' Fig. 7

acceleration given te the free

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 semimssoutgavges $°,

= INCLASSIFSET
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If the reflected shocks R colld maintein 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 courseo decreases in strength az 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 decreases
as it travels away from this line. Thus it is not constant 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 free surface a rarefaction
wave passes back inte the sleb and the shock R runs into the rarefactiono
This again reduces the shock stremgth. At the interaction line of courso
S and R arrive simultancously and no rarefaction takes place in between.

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

Fig. 8, illustrating the moment

~hiep the two shocks S have just

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

interaction line I, Ths re- B
- H
flected sh T =
ected shocks just astart g e Gl
cks R just ster origimi posifios Cee Burfade -
elong the free surfacs and run _ﬁgg;’gﬁgzace

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

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

presaure will influence fi0 --§~zxiugt§r 32* % reflected shocks and this

e — UNCLASSIPFY
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pressure has the same property us the pressure of the reflected shocks in
s0 far as it decrcases with the distance from the interaction line:

All these factors tuken together should lead to a sharp decrease in
the velocity of the free surfaco with the distance fronm ﬁhe interactiqn and
therefore £o a jet with a sharp pointo

Behind the jet there will be a strong rarefaction due to the
acoeleration given to the freo surface by 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 ths
Jet. This rarefoaction is in agree-

ment with Tuck’s Xeray photographso.

The essential features leading

to jet formation are: 'F;;;«g;;;;;;\\\\\/////‘~_-*_-*-~

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

2o Interaction 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 shockse

%e have somewhat simplified the discussion of the shook interuction
in the slab, by assuming that we are dealing with normal interasction. In

actual fact, over 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 essentially. On the other hand, we should not be

ARGLASSIFER
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surprised if the tip of the jot

early stageso

1% See Lo

snows some fin® structure, especially in the

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 Msch region and behind the

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

contrioute materially te our understanding of the jet formationo

6o

Discuseion of 1e:» shots

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

ticn fronts are covered by the discussion ziven under 5,

I: remaing to look

.somewhat more closely into the case of diverging detonation waves,

In order to simplify matters we disregard thes reflection of shocks

on all interfaces und between each other, since this does not alter the

picture materiallyo

Figo. 10a shows the conditions in the explosive just before the

detonation front D hitas the slab,

the interaction in the fast
explosive,

Figo 10b shows the

conditions just after the

with the refloected shecks R bshind

detonation front hits the

center of the slab, Twe

shocks S havo started to rum away

up bohind themo The shock R nmust :‘un fsster than S, and since the center

Figo 10&

from the center and tho shock R is running

O oeger
ff
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nortion of either of them starts at the same moment at the same time the

shock B will have reached the shock S over a finite regiono. (In fact,

if tho two explosives differ suffi- 11
R/
ciently the shock R might catch up ﬁ\\gxplosivp Q

with the detonation front in the
. Slab

slow explosivoo)

The shock R starts off{ with ' Figo 10b
sbout 2-1/2 %o 3-1/2 fast detonaw
tion pressures and the shock S with about 1.6 to 107 slow detonation pressures.
(In tho actual experimonts ons fast detonation pressure = L.l slow detonation
pressuree.) Hence the shock R has a good chence of catching up with §
over a fairly wide regiono. Thus there is a finite regicn in which the
first end second shock arrive simultinecusly at thé free suface and the
presswo behind the shock will have & broad maximun instead of the sharp
peak associated with the shock interaqtion. Hence ww expect a broad bulge
under the interaction line but not a jeto

7o The strength of the shock in the siab

The shock strength in the

s8lan depends on the angle of incio

X D

dence a (Figo 11)» For a below "\\sj

2
60° the stremgth is nearly constant ) Comp.B

____________ a
(1,6 to 1.7 detonation pressures), A ﬁv
Steel

For a above 60°, Mach reflection é/L‘
of the detonation occurs (Fig. 12)
and the shock pressure ip f“g?: o F 1Y Fig. 11

stoel slad goes up to I%QL.isrﬁnaﬁon Pr‘e#sureeo (Again we neglecct the

APPROx/ED' Eor POBLI
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¥ach angle w , 80 that this pressure

is an underestimate.) . S¢ D
Mach reflecticn stops with ¢
a at 1% or 2° below 80°, and with a . o ~-”"—'
at about 1° above 800, reflection .:1.-t::i::%.§i?no —
stops altogether. Instead, the A
‘explosive gases begin te expand S
Fig. ¥2

againat tho steel so that the
shock pressure drops below the detonation pressure (te 0,71 dotonation
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 fhe

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

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

a 10°}120° [20° | 30° | Lo® | Ls°® | s55° {60° | 70° | 80° | 90

£ 0°] 7.10%1L.9°| 2069°| 27.2° 30.1°] 35.6°] 39:4°] L1.5°] L1.5°| L0.5°

8, The shock interaction in the steel slabo

Por values of a up o 60° the shock stremgth is fuirly constant and
therefore also the shock velocity, which is about 5,55 ° 107 cm/sees

Compared with the normal sound velocity of Lo6l ° 107 the shock has &

Mach number equal to 1.193. In these conditions Mach reflection should

certainly occur for all angles & less than 30%,
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Considering the yeslwes sgivane 8dées, Mich roflection of the

shocks S will occur for 'wElr::ae dof d.hi*;’-mé.ﬂsc’o The pressure at the
center of the Mach fegion is easily cadculated and is shown in Fig. 15-
For values of a above &0° the angle does not vary appreciably
and therefore the preséuré of the refieoted shock should behave similarly
te the pressurs in the shock S, except thet it is higher. There is rot .-muoh
point in calculating this pressure, since in this region there is no direct '

reletion between the pressures and the jet ‘ength, as we shall see presently.

9. Discussion of slab shots with two detonation points

Let us consider now the ex-

A
periments desoribed under 1. Let af *\
\\
be the angle of incidence of the detonae “\
, . N
tion front on the slab (see Fig. 13) N

ard § the intersction angle of the twe ___ _____--al

detonation fronts along the interaction
line J. When tho detonation front has Fig. 13
just reached the center, them a' =a, § = 90° » ao Hense, we havo collected
in the graph, Fig. 15, a1l the pressufes described above and the jet lemngth
as funotions of a and 90° = 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 iirst 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 polint begins and
the pressure bohinrd the reflected shock rises to the value given in the
graph for the given value of a (Fig. 15, curve "Reflected Shock in Steel").

Similarly the intgrgcwgron oFsilmsedplonation vaves starts with

[ K ]
[ L d oo e
* H . ? “
o0 000 oo oo -
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6 =0 and therefore the history of the interaction in the explesive is
obtained by following the curve érom right to loft, %o the given wvalue of ‘
do |

Consider an angle a below 15°. In this case the past history of the L
interaction in the explosive is of little significance, since the high
pressure at the peak of the Mach interaction is guickly 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 value of a are of importamce, and therefore the jet length should
be closely related to the difference between the interaction pressures
(in the metal and explosive) and the pressure of the first shock in the
metal,

These arguments hold also for anglee a from L5° te 60°, since in
this case both interactions have almost constant pressure. It will be seen
from Fig. 15 that there is indeed a very close correlation.

If ¢ is preater than 60° conditions are somewhat more complicated,
since the shock in steel pssses through a complicated history in ths course
of which the pressure on the steel slab increases suddenly over a small
ares and then decreases rapidly. The regiom of high pressure does not
remain localized 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 tho raref&ctiog spreading back from the
free surfageo. This effest should becomo particularly importent if

a »80°, since in this cagb 3lsy thp gaplodive gases begin to exert & con

rEEE—— INCLSSER?
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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 ao 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

as a tends to 90°: This argument underiines the importance of the

rarefaction wave in the jet formatione

10, The Shape of the Jet

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

corner with the surface of the sleb as ine-
: : a ¢ 60°

dicated in Figo 1ljc The surface-outside the ///\/\
Jjet has the direotion to be expescted from

) a >60°
a single shock of constant strengtho TN T

When a is above 60° the corners at
‘ Figo 1L

the basoe 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 disappearé and there is only a broad prot.usion of the surface
under ths interacticon. This 1s in agreement with the ideas developed abovo,
since the interaction which forces the surface out remains for all angles
a up bto 90°, but the mechenism by ;which this overpressure is confined to a
small area fails to funciion, |

ANCLASSIFIED
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11o Thoe Jet Velocity

It is clear that whon a is above 60° we cennot expect a close
relation between overpressure and Jet velocityo When a is between
Ls° and 60° the large discrepanc+y between the prossure in the reflected
shock and the interaction pressurs of the dstonation waves makes it
heoeseary to take into account.the attenuation of the shock in the steel
slabo Also wo have not definitely established whether Mach interection or
normel interaction ocours in this region. Wo confine ourselves thereforel
to velocitiem corresponding to a below L5®, Furthermore we disregerd the
attenuation of the shcck im the slab.
The material valooity behind the first shock is calculated to be
8;).; x 10‘* cm/seog The velocity of the free surface after it has been hit by
this shock is about twice this value.
For a = j5° the tip of the jet is produced by a shock of 3,65
detonation pressures, with a me.terial velocity behind the shock of
145 x 10}.“ om/s.eco The velocity of the jet should be about twice this
value. Thus:
Velocity of surface 16.8 x 10k cm/se0.
Veloocity of jet 29 x 10)* cn/seco
Ratio of velocities 1.73
These velocities are calculated 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 through the siati; I§e lower surface had moved
[ e e [ «* [
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1.32 om and the jet, 2.30 cms The photographic data gave the following
velocities
Velocity of surface 11.7 x 1oh cm/sec.
Velocity of jet 20l x 104 en/sec.
Ratio of velocitiea 1.74

The smaller velocity in the experimental results can be accounted for
by tho attenuetion of the shock in the steel slab. The close agreement in
the calouleted 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 . 16.8 702
Velocity of Jot 2251 11.9
Ratio of velocities 1,32 1,66

The low velocity of the free surface iz rather surprising in this
case and this has not yet besen clesred upo

12, Attenuation of Shocko

The attenuation of the shocks in the steel slab is probably
consideratle, since we are dealing with Sphérically expending waves. Apart
from reducing the velecity of the free surfacs, the attenuation will alse
have the effect of changing the interaction angle of the shooks during the
passage through the slab. In particular for angles a above 60° the inter~
action may change from normal to Mach interaction, This might account for
tho fagt that the fine structure of the tip of the jot referred to above has

been observed not only f.or small angles a but alseo in a{fﬁz}: in which -
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