HEMISPHERICAL CAVITIES

By Sa.mpooran Singh; Dafence Science Laboratory, -
. Ministry of Defence, New Delhi. ‘

ON THE JET FORMATION BY EXPLOSIVES WITH LINED

The. X-ray flash photography' of explosives with lined hemispherical

cavities indicated that the liner progressively turns ‘inside’ ‘out’ during collapse
and squirts out a jet along the axis. Kolsky? also studied the deformation of a

hemispherical liner by interposing a water layer between the explosive and the

metal and suggestéd that a rather different mechanism is operative here as
compared to a conical liner. The present is an attempt to explain these observa-
tions by extending the conventional hydrodynamic theory of jet formation by
lined conical cavities. 3. - :

Let us consider a hemispherical liner to be divided into small elements
and each element subtends an angle o* with the axis of propagation of detona-

tion. The angle varies from 90° to 0° as a plane detonation wave sweeps from-

apex to base respectively. As the pressure of detonation is very high compared
to strength of metals, so each element could be treated as a perfect fluid. The
individual zonal elements are considered independent of one another and all the
yelations needed are obtained by applying the laws of conservation of mass,
momentum, energy and Bernoulli’s theorem to individual zonal elements.

* Shreffler and Deal® have shown that the velocity of a metal plate of
thickness 0-06 in. to 0-1 in. driven by high explosives is approximately one
half of the velocity of detonation. The usual thickness of liners met in shaped
charges of 2 in. to 3 in. calibre are about 0-06 ia. to 0-1 in. and it may be assum-
ed that the cellapse velocity of an element of liner, when «==90°, is about one
half the detonation velocity. The experiments on ‘inverted’ 80° conical liners
indicate that the element near the apex of liner collapses with a velocity of
3100 m./sec. Bichelberger and Pugh’ have shown that, in case of 44° steel conical
liner, the element near the apex of liner collapse with a velocity of 2850 m./sec.
Walsh, Shreffler and Willig?, in their wedge shape collision experiments, showed
that the plate (mild steel) velocity at 30° collision is 2520 m./sec. The above
oxperiments lead us to assume an approximate expression connecting velocity
of collapse V, and « as follows /

_ Vo=%Us (14-sin «) . .. . (1)
where Uy is the velocity of detonation of the explosive. The U is gonstant as
the detonation wave travels from the apex of the liner to the thin belt of explo-
sive around the base of the liner. The V, decreases continuously from apex %o
base, but each V, is assumed to be independent of the velocities of the neigh-
bouring elements. The masses of the ring-shaped elements of the hemispherical
liner increases from apex to base and near the base the belt of explosive surround-
ing the liner is much thinner; ard these result in further decrease of collapse
velocitiest from apex to base but, as a first approximation that is neglected in
this paper. '

* The angle between the detonation wave *front and normal to the small element is also a

1 This is analogous”to the collapse velocity gradient in case of conical liner, where. the
collapse velocities for an element near the apex and an element near the base of a conical
liner are 2,850 m./sec. and 1,500 m./sec. respectively. '
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Consider a system of co-ordinates moving with constant velocity Uafsec «
(a small element is considered where « is constant): in this system detonation

- wave is stationary but the given zonal element would enter the detonation -

wave front with a velocity Uga sec « Since the pressures resulting from the:
detonation wave are everywhere perpendicular to the motion of the element, it
result¥fn only changing the direction, and not the magnitude of the element
velocity. The arguments given in the earlier paper? then are valid and it can be
shown that - o

~N

Vo=2Ussecwsind .. .. )

whé:x"eéé“is th. angle between the direction of Vo and the perpendigular to the
original liner element. ¥o remains constant until the axis is reached. Combin-
ing Egs (1) and (2), we have :

d=sin—1 (} cos & 4 f§ sin 2a) L N )]

The position of P in the parent liner (Fig. 1) is fixed by a length M measured
from the apex along the axis to the plane of the zonal element P. After collaps-
ing the element P reaches the axis at Q and the position of Q is fixed by a
length N measured from the apex along the axis. Let T represent the time
(T=M/U, ) the detonation wave takesin travelling from the apex to the liner
element P, and (-—T) the time element P takes to travel to Q. The distance

travelled by P in the direction PQ at any time t is (t—T) V. The diéta_.pﬁes
travelled by different elements of the liner can be calculated at any time#and
the shape of liner can be graphically traced.
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Tig. 1. . APB is the upper half and AQ the axis of the original homi-
spherical liner. When a detonation wave sweeps from apex to base along the
liner, the elements P and P’ move towards the axis with velqcities V, and Vo'

- and reach the axis at Q and Q' respectively.
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Fig. 2 shows the stages of hemispherical liner collapse (taking Uy =7,610

m./sec.) at different intervals of time. The shape E shows that the top.(apex

of the hemisphere is forced forwards until in F the liner is turned completely
‘inside’ out into the form of a cone with a rounded apex. In shape G, the liner
can be seen to have folded up and the jet has started travelling to the right, -
The apex of the liner forms the head of the jet, while the sides fold back and
follow behind. The predicted shapes shown in Fig. 2 are very similar to that
observed by Kolsky and X-ray flash photography.
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" When an element of mass dm reaches the axis; it spht’s up into two parts;
one patt of mass dm; goesinto the jet and the other part of mass dm, goes-into
the slug, which proceed along the axis ab the constant velocxt]es Vj and Vo
respootlvely By arguments.given in the earlier - - paper?, the expressions for
- Vi and dm, can be derived and are as follows:

V;=V, cosec -%-cos(a—i—S—— _’%) . (4)
dm *d%ncosz-% .. O N

Where B 18 the ang]e whlch the collapsing liner makes with the axis. The angle 8
depends upon the shape of the collapsing liner in the immediate nieghbourhood
where it cuts the axis of the liner. In Fig. 1 at the instant ¢, P reaches the axis
at Q, and P’ travellingin the direction P'Q’reachesat R. Let the cylindrical
_coordinates of R be (7, z) and the eoordinates of the orlgmal position of P’ be

. (DcosaM>
2

Then
=g cos a—V (t--T)eos A .. = .. . (6)
z.=]2-?-:(1—'sin DAV, ¢=TysinA .. (1)

‘where A=a-+3. The slope of the contour of the dollapsing element’ of the
liner at any given time ¢ can. be obtamed by differentiating » with respect to z
(8y/0Z=(0y[0%)(@e/0Z) while ¢ is_kept constant, and (dy/dZ)y—g=tan p.
The time when a given element reaches the axis can be obtained by substitut-
ing r=0in Eq (6), which gives.

t_Tzﬁcoa o / (2V_ cos A) .. .. (8)
B is glven by the expression
i  na+-V, cos AJUd+V, /V —A’tanA .. (9)
ban B= T AJ0; —V, tan AV, —A) .
, oV, T _ Dco o , GA 88
where V' = —5; % 2Ud and A’="" =14—-

V', crsa—V, sin -«
20U, cosd

- : - =14
Fo 6Etain the value of B for any olement of the line, the values of a, A, V_
~and U7 are substituted in Eq (9). The calculated # decregses eontinuously
" {rom a’péx to bage of the liner, and for an element at the apex and at the base
. N . . ’ ~ .
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of the liner are 170° and 120° respectively. It was simpler, however, to substi-
tute values of «, A, V_ and (¢—T) into the parametric Eqs.(6) and (7) from which
Eq. (9) was derived and to plot the resulting values of z and rfor various in-
stants of time. By drawing separate curves through the points determiped for
each instant of time, a series of contours of the collapsing the liner were obtained.
The angle between a contour and the axis, where the contour interseéts the
- axis, was the value of B for the particular element that intersects the axis.

The distribution of mass dm into dm; and dm, is determined by 8 only.
The major part of the metal of the element goes into the jet and so the: whele
jet would appear to be wider as compared to fine (narrower) jet from a conical
‘liner. The whole hemispherical liner is progressively used up in the formation
of jet and there is no massive slug. The absence of massive slug was confirmed
by us by firing the liners in a tank of water. L '

In Fig. 1, N’ < N and the slug element S, from element P is ahead of the
jot element Jp from element P’. Thus the slug from any element being ahead of
the jet from a subsequent element, gains extra momentum at the expense of
jet due to the subsequent element. The whole jet would present & ‘non-uniform’
structure, s.e., the jet-elements and slug-elements would appear alternately.

“Walsh, Shreffler and Willig® have shown that when the angle between a
sedge is below a certain critical angle, the formatign of jet does not take place.
The 25° iron collision and 30° iron collision were found to be jetless and jet-
forming respectively. This indicates that elements were near the base of a
hemispherical liner (where « is less than 14'°) do not contribute to jet forma-
tion,

- The calculated velocities of the head and tail of fhe jeb are of the order ’of
4 10%m./sec. and 2x 10%m/sec. respectively, This gradisnt in velocity causes
. it to lengthen as it travels, ; o LR

There are five variables Vo, 8, V; , dms [dm and B. The absence of slug
rules out experimental determination of B At this. writing only V; can be
determined accurately and as such it:is not possible to advance experimental
- evidence* to check the theory. ‘

Thus the successive stages of collapse of hemispherical liners observed by
Kolsky. by X-ray flash photography, and absence of massive slug are ex-
“plained by a simple extension of the hydrodynamic theory of jet formation by
conical liners. The jets from hemispherical liners are wider as compared to fine
(narrower) jets from conical liners. -

_ The author is grateful to Professor D. 8. K otheu:i, Scientific Adviser to the
Ministry of Defence, for this encouragement and intetest throughout the course
of this investigation. ’ :

* ‘Eichelberger and Pugh presented experimental verification of the theory of jet formd.
tion by conical liners by determining Vj and dm [dm for each element of the liner,

*
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