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AB STKACN

A iserie8of experiments dom by Xoski9s section suggmte s mechanism

of jet formation depending essentially on the high interaction pres8uro of

detonation wves combined with the interaction of the shocks passing through

the slab, and the rarefaction whioh spreads from the free surface after the

.

shock has reached ito It i8 likely that this nmcbanim of jet formation

rwqonsible for the prominent jets observed in collapsing cylindwa when

point initiation is usedo It is not ye%

applies to jets in multipoint initiation

clear whether the same mechanism

and lens initiation
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FORMATION OF JIZTSIN WINE SMBS

lo Experiment with two point~”of initiation

A plane steel slab of l/~

thickness is placed underneath a

Comp. B charge of 2-1/2” height (Fig. l).

The charge i~ initiated at two points.
;,~ ;;~]

~ CoznpoB’~\ ~ ,ZdA and B, giving riso to two spherica~ ~1
\l

$J’
i

detonation waves which meet along the Stm?ia 3!

interaction line I. By varying the
. Fig. 1

distance between the poinix A and B

the angle a is varied. The shape of the lower surface of “:hesteel slab is

photo:pphed by flash photography at a fixed time irltervalafter the detonation

has reached the center M of the slab. In the experiments to be discussed the

timo intervalwas 12.3 mic$ro8ccond6(8 cm of primacord)~

A pronounced jet can be seen in most photogral>hsdirectly under tho

interaction line for angles a between 20° and 8000 The jot length (i-e. di8-

tance of tip of jot from base of jet) is maximum when a 5.6about ~$”~ The jet

seems to vanish W*1ODa is about 20° or is somewhat above 80°.

20 Experiments with lenses

In the second set of experi.
.

UNCLASSIFIED
ments a lenEJsystem vxisused to produce

twn plane detonation fronts (Fig. 2).

Initiation at the points A und B pro-
●** ●●**
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in the tet.rylthe detonation fronts are alane~ Variation of the angle

duces of course a variation of the angle at which tho plane detonation

hit the steel surfticeo -.

It was found tht!.twith a len6 sy6tem there was no jet if the

Iiowever.

G pro,:.

.
fronts

angle

a wa6 choson in such a way that the detonation front arrived ut the oteel

plate first at a point under the i~-(teractionlimo even though, with no lens

s~tem~ pronounced jek6 wou3.doccur for thi6 same angle a’ Jets did occur

if tk.e lenses de~iated in the opposite wayO with the angle a chosen so that

the detonation front arrived first under the points of initiu.tiono

.

“

Evidence against interpreting the jet13 a6 M.mroe jets3“ _ _ . -._._——.–—— —.— —.

The experiment described under 2 suggests immediately that the jets

might be Munroe jets~ since they do appear if the detonation fronts and there.=

fore aluo tha free surface of the Slabg conver’ge~ towards the center~ and they

do not occur if the free surface diverges from the center.

Evidence against thi8 mechanism is given by X-ray photographs,ob-

tained by Tuckes seotion which show that there is no ~lug behind the jetu as

there would be if the jet were of the Munroo typo. On the contrary, there i6

a rggion of low density in the central region of the

this region eventually givm rise to spalling.

The interpretation.asa Munroe jet is &lsa

jet and behind the Jet;

untenable on theoretical

grounds, It i~ po68ible to calculate the angle b which the free sur~ace makeia

after the initial acceleration with

its miginal direction (Fig. ~)~ Thie

an@63 is very small. The angle ~*

which can also be calculated, mado by
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table for varioue anglee a of the detonation front.

T ,- 7712cF-pL2 ~oO~@o450 550
6 0° 202° 4s4° 601° 7’01° 7@4° 8z1°

.-.— .=.......—. ..-.--------

v “0° — 1.1° 108° 391° St?s” 401° 4.7°..—

According to Taylor (BW174) , the velocity of the Munroe jet is
,

given by’) -

u cot (%44 - $/2)

or~ if 6 if3sma119

U(I + 6)

where u is the velocity of the free surface and 4 is expressed in radiansO

Thus for a = 10° the velocity of the jet is only 4 per cent higher than the

velocity of the froo 8urfao@0 Even for 55° incidence ws obtain a jot velooity

only %4 per cent in exoess of the velocity of the freo hurface~ In the lens

shots described a“aove,tho observed excess iS far Iargere ~d jets ~curr~ for

angl~s of incidenca of only a few degrees~ Clearly these can not bo classified

ae

49

Munroo jets.

The interaction pressure of the detonation wave!!!...—

.

.

If two detonation waves meet I

at an ang]e, khey will reflect each \

7

1“
s: s

other and give rise to two shocks \
~

i
,.,

follawing behind. The pressuro behind

/“

6[ ‘..,

the shocks ie high and will be called
“’~D

D 9 ~ <I,

I ‘\
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UNCIASSIFIFO

tho interaction pressure {Fig. 4)G

If ths interaction

angle ~ is lar:er than 44.8°0

the normal interaction shown

in Fig. h is no longer posGi-
\

s
h-

.

/’”is
4

&oh configuration is shown
/

& i
\
@

I

in Fig. ~. There is a central
I
I

region of high pressure in
Fig. 5

which the detonation velocity is

“.

.

.

forced up from its normal value D to a hi~her value Do. This region ends

at the %ri.ple points~ T where the detonation velocity and pressuro return

to their normal values; the regions of high and low pressure~ are 6eparated

by shocks So ‘l’hetriple points T move slowly awmy from the center (e.long

tho dotted line8) and we call the angle d between the direction of motion of

tho triple points and tho center line tie “Mach angle’t.

of shock waves this angle is known t? be very slr.dl;w

ma-illa160 for the interaction of detonation wavesO In

For the interaction

assume that it is

any ca6e as~uming

cd to vanish leads to an underestimate of the interaction pressures.

Neglecqingd altogether the interaction pres6ure can be calculated.

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

feature6 of this interaction pre6suxe are that it is practically cor,stant

and equal to about 204 normal detonation pressure8 for normal interaction

● ☛ ● *e ●99 ● ●
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end of this reportO as a function of 90° - b. In the case of interaction

of detonation waves only one other ~ch configuration i8 possibleO Thi8

configuration has an additional shock preceding the Mach shock~ .Thia

additional shock is fairly weak and follows closdy the detonation frontO

‘Theinteraction pressure for this confif~urationis the same as ~or the first

configuration in the center. but is lower &t tho trip~e IJOin%O

The sharp peak of the interaction pressure at a equals 4cj0agree8

nicely with the fact that this value of a g%vea rise to the maximum jet longth~

liowever~there are two facts which show that the interaction pressuro is not

the whole explane.tion~ The first fact is the constant interuotion pr,msure

fo~ O .+6 ~J.I&080@ ije.a 90°2 a>4~c2°~ for which values nevertholo6s, the

conclusive bit of evidence is given by the lens shot6 mentionod above whioh

show that the jet can be eliminated altogether without eliminating the inter.

action pres8ureo

5. I’MI sho~k interaction in the slab

The Glue to the missing link in the InechaniGmof jet formation is

given by the Iena shots. These show that jets appear or disappear according

to whether the detonation fronts converge to or diverge from &he center of

the slabo The impulse 3.stransmitted through the slab by means of shocksj

clearly these shocks will also converge if the detonation fronts aomergea

and will diverge if the detonation fronts diverge [Fig. 6).
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In the first case the

two shocks wI]1 collide and give
y >(4

rise to a shock interaction in the

I
,.fl
/

Blab (Fig. ~)o In thie case the S* &

I
Slab

s

\
shooka S are each followed by a

..”— -..-

reflected shock I?. Thus the free

surface is accelerated in two 8teps

._.2
first by the ~hocks S and then by

the shocks R.

~~ slab ~ _

The significance of these
Fig. b I

two steps is easily seen if wo

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

right were omitted. Then no shock S would corm from the right and tho

shock S from the left would

!
f3implycontinueO No reflected \

$.
shocks would occur and the i

second step in the accelera-

““s ‘x~::”

tion would be missing.

the first step of accelerci-

tion corresponds simply to tho
Fig, 7.

acceleration given to the free

surface by a spherically diverging detonation wavo~

However, if

the detonation front

clearly spreads from

there are two detonation points the oenter region of

changes progressively into a plane Cront and this effect

APPROVED FOR PUBLIC RELEASE
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.

~f ~he reflected ahQGk6 R co .l],dmaintain their strength they would

of Gmirse accelerate eventually the whole freo surface to the

However,

from the

howevtw,

several factors prevent this.

1) The shock S of cour6e decrea6e6 in stren@h m it

same velocityO

~a8se8 away

upaer surface and is constant at tho free surface. The shook R,

originates along the interactionline I (sea Fig. ~) and decreases

as it travels away from tii8 lineO Thu8 it is not constant along the free

surfaoe but strongest at the interaction line.

2) The shock R pa8se8 into a region which hm already been accelerated

by the shock S. After the shock S has reached

wave passes back into the slab and the shock R

This again reduces the shock strength” At the

the i’reosurface a rarofackion

runs into the rarofactionO

interaction ~in~ of cour8Q

S and R arrive simultaneously and no rarefactioritak68 plaa~ in between.

‘lhefurther we go away f~om the interaction Iine the longer is the delay

botwaen S and R and the Ierger the rarified region. Thi8 is 6hown in

Figs 8, illustrating the moment

‘*en the two shocks S hav~ jus%

passed through the slab at the

interaction line I. The ro.

fleeted shocks R just start

elong the free surfacs and run

into the rarefaation the head

of whioh ha8 reached the line Ho

Fig. 8

~) The shook interaction is in a way a continuation of the

APPROVED FOR PUBLIC RELEASE
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pressure ha6 ‘@e same property Q8 the pressure of the refleotad shocks in

All these factors takvn togother should lead to a sharp decrease in

the velocity of the free surfaco with the dist,ancofrom the interaction and

thereforo te a jet with a sharp point.

Behind the jet there will bo a strong rarefaction duo to the

acocleration ~iven to the freo surface by the combined strength of tha ‘

shocks R and Se The heads of the two rarefactions (Fig. 9) have the

effect of suclciugmore matter into the

jet. ‘?hisrarefuction ir3in agroo-

\ R ~z

/

Y
ment with TuckUs X.-rayphotographs Ii “ H-p\.:\ ~fl

\

**J .gl /4.
-. *-~_ #.-.&

Z?heessential ‘featuresleading / \
\

to jet formation are:

1. Interaction

, detonation ~tave$~

20 Interaction

of tho free surface in

59 Rarefaction

the two shbck~.

“K , /

“Free Surfaoe

pressure of
Fig. 9

of 6hock waves in tho slab giving riso to an acceleration

tX{O COh5C30UtiV0 shocks

starting from the frem

wi%h var,yingtime inkerval.

surfece in the interval between

ikfe&v@ 6om~at simp~ified the discussion of the shoak interaction

in the slab, by assuming that we are dealing with normal jrlteractionO &

actual f.act~ uver most of the interesting region we am likely to ha?o

Mach interaction. However, since tho

not affect the argument essentially.

Mach angle is very snmll this doe6

On the other hand, w should not be

.

●O* ● .08 ● mm ● *
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● 00
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surprised if thci tip of th”e jet shovm some fine structure9 especially in the

early sta~co~ It is tempting for exampletm identify the threcitips observed

in Gonm jets vriththe three regions M high pressure eccu-ring in Mach

interaction of shock waves in the center of the Mach re~.ion and behind the

two triple”points.” But this iB rathq speculative and in any case does not

contri’oute materially to our understanding of the jet formation~

6. DiSCU88iOIl Of Ie!’* shots--—.—.

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

tion f.rontaare coverod by the di8cusbion given under ~~ It remains to look

.
somewhat more clonely into the case of diverging detonation wavoeg

In order to simplify nttere WB disregard the reflection of’shock~

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

picture materially.

Fig. I& show9 *he condition8 in the explosive jus-tbefore the

detonation front D hits the Slab. with the refleoted shooks R behind

1

the interaction in the fast

exploBiwqO

Fig. 10b S11OW8the

conditions just a?ter the

detonation front hi~s the

senter of the 81ab0 !&w !?ig.103

shooka S have started to run away from the center and the shock R i~ running

up behind themO The shock R must :.’un faster than S, and 8ince tho center
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portion of either of t})emstart~ at the same moment at the same time thei

shock R wi13 have reached the shock S over a f’initoregionO (In fact,
. ●

if the “km explosives differ suiTi-
Ix
I
1

ciently the 6hoclc R might catch up D

with the detonation front in the

;:QM~.....&~,

Eiloivexplosive.)
.———...—— .——. -.

“ The 6hock R start6 off with Fig. 10b

about 2-1/2 to 3.1/2 fa6t detona=.

tion pre66ure6 and the shook S

(In tiw actual experiments one

prcmaureso) Hence tho shock R

with about 106 tc? 1~7 B1OW detonation pressures

fast detonation pressure = 404 slow detonation

ha6 a good cknce of catching up with S

over a fairly wide region. Thus there is a ftiite regicn in which the

first end 6econd shock arrive .simult~.neouslyat the frao surfflceEnd the

pressuro behind the shock will have a broad msxianxa instead of the sharp

peak associated with the shock intera~tiono R’enoeVJOexpect a broad bulge

under the interaction line but not a jetO

7. The strength of the shock in the slab

The shock strength in the

slab (iepend6on tho angle of inci.=
/

7’
D

dance a (J?ig~11)~ For u below . SW

\ Y Comp~B60° the strength is nearly cozmtant ‘
\

,

- F]-g(l~6to 107 detonation pressures). ‘- -----–

/

Steel

For a above 60°, Wch reflection s’

of tho detonation occurs (Fig. 12)

se. ● O* ● ●:*e ●
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Mach angle @ , so that ~his pressure

is an underestimate.) ~u D

Mach rofleaticn stop with

\l

A

~-
a at 1° or 2° below 80°, and with a

~-
#-

[
““=a” ~’~”

at ab -mt 1° above 80°~ reflection “95”-.“.-. ___ --
$$-“’

—

8to~S altogdher’o Instead. the

“explosive gases begin b expand

againat the 8tt3elso that tho

shook pressure drops below tho detonation pressure

pressuree] , Thi6 gives rise to the graph shown at

/

A

s

Fig. U?

(t* 0.71 detonation

tha end of this regort.

The attenuation of tho 8hock in thcislab has not been taken into acoountO

The angle # which the shock makes with tha original surface of the

slab determines the interaction angle, 90° - PB ofthe tw shock8 ti

‘&e steel slab. Values of the angle~ are given in the following table.

.—

-l
+. _.__l

——.
a 0° 109 20° 30° 40°

-J.J
45° 55° 60° 70° ‘ 80° @

TJ I
p 0° 7.19° lbe9° 2009° 27’.2° 3001° 35.6° 39.4° 41a50~ u.~” 40.5°

I !

, 80 The shock interaction in the steel slab.
—.—’.—

For values of a up to 600 the shock strength i8 fairly constant

therefore a160 tho shock velooityo wtieh i8 a’b~ut5055 “ ~~5 cW’303@0

Compared with the normal sound velooity of b.h “ 105 the shock has a

Elaohnumber equal to 1.193. In theme conditions Mach reflection should

certainly occur for all angles A le88 than 30°0

and
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Considering the .@u:a:3iv~ ~LkT:%CMach rofleation of the
● 9***.* . .

shooks S Wfil (lCCUrfOr ‘%& ~Of&k&kjOO
The pressure at the

center of the ldaohregion is easily calculated and is shown in Fig. 1~~

For values of a above ho the angle doos ROt vary appreciably
*

●

and therefore the pressure of the refleoted shook should behavo oimilarly

‘bethe pressure in the shock S$ except that it is higher. There is not muoh

point in calculating this presswe9 since in this region there is no direct

relation between the pressures and %ho jet length, a6 wo shall 800 pres-tly~

90 Diacuss3.onof sl~b shots with two detonation pointw .

Let us consider now the ex- t~
B~

k:
1

periments desoribed under lo Letiat ! #
\ ?
\ I\ /

be the angle of incideDce of tha detona- \ /
k /i{ /

tion front on the slab (see

and b ths interaction anglo

detonation fronts along the

.
Fig. 13)

\

“~./”! 0’”
DD/-U~,/’ -.

of the twm /.#au—.

interaction —— —

line I. When tho detonation front haB Fig. 13

just reached the oonter$ then al = a, a =90° _ ao Honoe, we havo collected

in the graph, Fig. 15, all the pressures described above and the jet J.ength

The angle of incidence ap starts at ac = O whsn the detonation front

just”reaches the slab below the point of l.nitiation~ Thw in my given shot

the history of the iirst shmk in steel is given by following the curve of
.

the shook pressure from left to right up to the engle a. At thi8 point the

interaction with The shock coming from the seoond detonation point begins and

the pressure behind the reflected shock rises to the value given in the

graph for the given valuo of a (J?ig,l?, curve Tefleoted Shock in Steel”).

Similarly tiheint~rg~ko$ o$:ti~~.d~,onatiou waves starts with

~ J. ~:.~.~

●b
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6 = O and therefore the history of the interaction in the explosive iEI

obtained by following the curve from right to loft, to ‘thegiven value of

CL.

Consider an anglo a below 1J50. In this case the pa8t history of the ,,

interaction in the explosive is of little significance Si.nCGtho high

prossuro at tho peak of the Maoh interaction ia quickly eaten up by the

sharp pressure drop behind the spherically diverging detonation frontO

The pressure of the shock in steel i6 in any case practically constant

throughout its history. Thus only tho instantaneous pressures for the

given %alue of a aro of iinportarwe,and therefore tho jet length should

be clo6P31yrelated to tho difference betwwn the

(in the metal and explosive) and the pressure of

interaction pressures

the first shock in the

metalo

These arguments hold a160 for angles a fromh~” to 60°, Sinoa in

this case both interactions have almost constant tpreasuroo It will be seen

from Fig. 15 that there is indeed a very c108o Correlation,

If c ia greater than 60° conditions are somewhat more complicated

since the ohcok in 6teel pe.ssesthrough a complicated history in tl’.gcourse

of which the pressure on the steel slab increa60a ,suddenlyover a small

area and then decreasea rhpidlyo Th~ region of high pres6ure does not

remain localized but spre-adabehind the 6hock as the shock passea through

the slab, Hence there will be a continuous accelen%ztioaof the matter

behind the shock and this reduces tho rarefaction spreading back fuom the.

freo surfaoeO This ef’f60tshould become particularly important if
● ● 9O ● ●:* ● . . . .

a >80°9 since in this c&& ~1~ th$ ~~pl~~ive gases begin to exert a con-
● *9 ● 08* ●00 ... .:.:....

uHc[As$/pn
● O
● *
●.

—
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uous pu6h after tho first instantaneouspush which gives rise to the shock.

This we believe is the main reason why the jot formation disappears

ak high value6 of ao This f~ct could not be explained if we oonsideied

only the instantaneous pres8uress since tie differencc~ between both

interaction pressures and the pressure in the first shock remai,w”finitm

as a tends to 90°. This argument underlines the importance of the

rarefaotion wave in the jet formationO

IO. The Shape of ths Jet—-—

(confirmationof the ideas ju6t outlined oan be

that the shape of thejot i6 essentially different for

found in the fact
.

angles a above and

babw 60°0 When a is below 60° tho two sides

corner with the surfaoe of the slab as in-

dicated in Fig. l~i. The surfacmoutside the

jet has the direotion to be expeated from

a single shock of constant strength.

Wheraa in abovo 600 the corner6 at

the base of the jet are roundodO a6 would

of the jet form a sharp

be expeoted from a chock which increases in strength just before ii reaches

the interaction lines. Eventually

ef the jet di6appear6 and there is

under the interaction. This is in

since the interactionwhich foroea

(at a = 75 to 80°) fA160 the .?JMu’ppeak

only a broad prot,,usionof the surfaoe

agrewnen% with the ideas developed .abovoO

the surfaco out remina for all angles

a up to go”, but the mechani6m by whioh this overpressure is oonfined to a

8raU area fails to functionO
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11. The Jet Velooity

It is clear that when a i~ above 60° we cannot expect a close

relation between overpressureand jet velocityo I’Jhena is between

45° and @o the large discrepsnc-:between the pressure in tho ref’lotted

shock and the interaction”preasuroof the detonation waves makes it

neoessary to take into account,the attenuation of the shock in the steel

slab~ AlEo we have not definitely establishedwhether Mach interaction or

nornal interaction ocours in this rogionO We confine ourselves therefore

b velocities correspondif~gto a below &OO Furth~rmore WCI disr%=~ the .

attenuation of the shcck in the s%abO

The material valooity behind the first 8hook is calculated to be

804 x 104 CWt60@. The velooity of the free surfaoe after it has been hit by

this shock is about twioe this valuoo

For a = 47 the tip of the jet is produced by a shook of 306F

detonation pressure8, with a material velocity behind the shock of

1&5 x Y.04 OIi?/6@C0 The velocity of the jet should be about twice this

value. Thus:

Velocity of aurfaco 36.8 x 304 cdseoo

Velooi+y of jet 29X l&cm#4Wo.

Ratio of velocities 1.73

These velocities are calculated from the revised equation of state of

steel [see ZA1&i.l@)o

A flash photograph was talcen1203 microseconds after the

detonation hit the surfaoe of the 61ab~ the shock takes just about
●00 ●.. ..

1 microsecond to run th;~u~~”~e s~a~z ~lfelower surface had moved
800 ● ● .

●0 ●*a ●0. ..*:....
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1.32 m and the jet, 2.30 CM. The photographic data gave the following

velocities

Velooity of surfaoa llG~ x 104 c~sec.

Velocity of jet 20.4x 104m&oo
.’

Ratio of velocities. 1o74

The smaller velocity in the experimental results can be accounted for

by tho attenuation of the shock in the steel slab. The clo8e agreement in

the caloulaked and observed ratioa of the velooitiea ie presumably due to

chancee since we could hardly expect suah preoision from the theory.

Forth@ a =30° shot there is a larger discrepancy-~thevaluos are:

!l’heoretical Experimental’

Velocity of surfaoe , X6.8 7.2

Velocity of jot 2201 1109

Ratio of velocities 3.,32 1.66

The low velocity of the free surfaae b rather surprising in this

ca80 and this has not yet been cleared upo

12. Attenuation of ~hocko

The attenuation of the shocks in the steel slab Is probably

considerable sinco we are dealing with spherically expanding waves. Apart

from reducing the velocity of the froo surface, the attenuation will also

have the effect of’ohan.gingthe interaction angle of the shookc during the

passage through &a slab. b particular for angles a above 60° the inter.

action may change from normal to Mach intcmactionO Thi8 might account for

tho faot that the fine structure of the tip of the jet referred to above has

been observed not only for small angles a but also in a,
●** .9°. ●:0 ●** ..

U!K~&;;;
● : ●:0 ::

a = ~~oo ● *..8.. :000: ● ,** ●*a ●ee ..*:,...
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