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ABSTRACT

Automatic rezoning in two-dimensional lagrangian finite differences
is treated. A slide line model is described. Using the automatic
rezoning a narrow-angled shaped charge is computed. The collapse

of a spherical void in water under shock wave load is computed.

A variation of this problem with an aluminium shell inserted in

the void is also studied. This last case is compared with experiment.



INTRODUCTION

This report is a follow-up of an earlier report "A Computer Code ..." /1/.

To the original 2D lagrangian finite difference code with triangular
cells we have now added slide lines and more complete facilities for
rezoning.

The code has been moved to a CDC computer to make it core-contained.
This is necessary both for the slide line computations and the change
in the connectivity that the rezoning introduces.

The author originally hoped that it would be possible to use the
rezoning to compensate for the shearing one generally gets at an
interface. One finds immediately, though, that for such a simple case
as a metal-explosive interface, one gets far to large shears in the
metal. We have therefore introduced a possibility of having several
separate meshes in the computation, and the different meshes
interacting through slidelines.

The rezoning is done through reconnection and relocation. Deletion and
creation of nodes would be useful also, but for most problems one can
do without it.



THE SLIDE LINE EQUATIONS

Our way of modeling a slide line is about the same as generally used
in the literature, for instance G.R. Johnson /2/, but we have simplified
the logic of the slide line and slightly improved upon the equations.

We do not specify the slide line as a logical entity, instead we flag
the boundary nodes that should be considered for impacts with other
flagged nodes. For each one of these nodes we search for another
penetrating node, in the cells that surround this first node. In this
first phase we only put the pair of nodes in a list. The list is
ordered according to depth of penetration.

In the second phase we will do the actual computations of the interaction
between the nodes, starting with the pair that has the deepest
penetration. We may have the case ’

in fiqure 1. P is the penetrator, IL IR

PL and PR are the left and right P

flagged neighbours of this. I is ;

the node with which it is interacting,

IL and IR the left and right flagged PR
neighbours of that. We note that if P PL

does not have two flagged neighbours

or if I does not, then the penetration Fig. 1. The.node P peqetraying
will be ignored. If P-PL goes to the behind the stide line
right of I and PL is outside the line

I-IR and P 1is inside same line, we

will use I-IR as the reference line. The slide Tine interaction will
take place between the nodes P,I, IR. We note that we have already
before this chosen I such that P is nearer to I than to IR. The nodes
will be displaced perpendicular to the reference line. The displacements
will be weighted with the densities on each side of the slide line,

so that a heavy material will move a small distance and a 1ight one

a large one. I and IR are displaced an equal amount.

The velocity change will be computed from: equal velocities perpendicular
to the reference line at the new penetration position P' with
momentum conserved.The velocity of I-IR will be the interpolated value



at P'. The velocity change is distributed between I and IR according to
conservation of angular momentum. .

This is one simple case, the other one is the mirror-image with I-IL.
For the general case we will compute the reference line by interpolating
between I-IL and I-IR in such a way that we have I-IL when P is at IL,
we have the mean between I-IL and I-IR when at I, and so on. P will
still only interact with one of the pairs I-IL or I-IR, Which one

is determined from on which side of the bisector to the angle IL-I-IR

P is situated. .

These are the main features of the slide line computations, but there
are of course many details and complications. If, for instance, P and
I belong to the same symmetry line, we compute an interaction between
them only,with the reference 1line perpendicular to the symmetry line,
To reduce the number of searches made for penetrators we use the same
scheme as Cundall in his block program /3/. The whole area of the
computation is covered with a super mesh, 10 by 10 cells or so. For
each cell we have a link list on the nodes that are located within
the cell. When we search for penetrators within a material cell, we
compute through which super cells the material cell passes. Only the
nodes situated in these cells will be investigated.



THE REZONE

We use reconnection and relocation to correct mesh distorsions,

see figure 2. It is done automatically and locally for one pair of
cells or one node respectively at a time. The reconnection is
triggered by the height/base ratio for the cell getting below a user
specified level. The base taken as the longest side. The relocation
routine will be called if the ' reconnection cannot be done for some
reason. In that case the relocated node is positioned at the centroid
of the polygon that the neighbours describe. Both for reconnection and
relocation we have the constraint that the time step should not grow
worse by the operation. For a boundary node the relocation is triggered
by the position of the node deviating too much from the mean value of
the positions of its two neighbours along the boundary, only counting
the vector component parallell to the boundary. The relocation will

be done under the additional constraint of area conservation on each
side of the interface.

/¢4 &5

Reconnection Relocation

Fig. 2. The two different ways of rezoning the mesh.

We must then after the rezone compute new values for the state variables.
The common method, for instance Toody /4/, is to use an area mapping
method. If the new cell I overlays 1/3 of the surface of the old cell J,
then J will contribute 1/3 of its mass to the cell mass of I, similar
for other cell variables. The new velocities are computed from how

the new momentum cells cover the old ones.
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in some trial runs, and found the computation quite sensitive to small
variations in the problem setting. In one case one got a very reasonable
9 km/s, in another case one did not get any jet at all, in a third a tip
velocity of 12 km/s. If one looked into the cell state variable, one
could also see that the solution was "shaky". The solution improved
considerably when we doubled up the resolution to the present. It seems
reasonable to believe that the solution would improve further if one
increased the resolution again.

We find also that the copper liner collapses to the axis first, before
the jet forms. We have used the interface stiffener described above,

and one might think it is the influence from that device that holds back
the jet formation. We therefore reran the problem without the stiffener.
This is possible as the instabilities grow fairly slowly. One finds

(for the same mesh) that the Tiner collapses to the same extent give

or take one node.

In figure 6 we have part of the mesh at 7 us. The jet has now impacted
the granite. The explosive gas is also interacting with the rock,

and the computation fails here. We did not expect the gas to go that
far to the left and flagged only some of the granite boundary nodes.
The gas happens to penetrate at the pointwhere the granite slide line
ends, and the slide 1ine logic runs amok.

We also see that the tip of the jet floats out along the surface of the
granite. This seems reasonable. In the real physics one probably gets
a lot of metal droplets scattered from the rock.
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BUBBLE COLLAPSE

We study here the implosion of a spherical void in water under the load
of a shock wave. In figure 7 we have the mesh and data on the applied

shock wave.

We use a Ug s up fit based pressure egst for densities higher than 1 g/cm3.

For densities Tower than 1 g/cm® we use a Griineisen eqst. The following
physical constants were used:

0.1483 cm/us
2.0
1.0
v e 1.0 ca]/g{deg
o = 1.E-4 deg”' coefficient of thermal expansion.
On next page we have a description of the eqsts as copied from a
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Fig. 7. The spherical void in water. Axes units: cm.
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Our computer code uses the same eqst works as the SIN /6/ almost
throughout. We have taken the Tiberty of copying one page from the
manual for that code.

HOM for Condensed Components
(The mass fraction W is 1; the internal energy I is I,; and the specific volume V is V,.) For
volumes less than V,, the experimental Hugoniot data are expressed as a linear fit of the shock

and particle velocities. The Hugoniot temperatures are computed by using the Walsh and
Christian® technique

US = C+SUP . (4)

- 'CE(V, - V)
H ™ [V, — S(V, — VR ~

n Ty = Fg + Gen V, + Hi®n V()2 + [,(2n V)3 + J(Rn V()* .

1
IH = EPH(VO_ V) .

7 aP
P, = \-,—ss- (Ig — Iy) + Py, wherey, = V(5E>V . (5)
(I — Ip) (23,890)
TS = TH + . (6)
¢y

Two sets of C and S coefficients may be given. For V, < MINV, the fit U, = C1 + S1(U,) is used
with the corresponding changes to the above equations. Between MINV and VSW, the volume is
set equal to MINV, and U, = C1 +S1(U,) is used. These equations may be used to describe phase
changes such as those of iron.® For volumes greater than V,, we use the Griineisen EOS and the P
= 0 line as the standard curve.

1
={] — Cv /vs -1 :Ys_
T @@\ V, Vv, °

(1) (23,890)
T, = ————— + T, .

TG

o)
1
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In figure 8 we have the mesh around the bubble at 10.5 and 11.7 us.

One would not expect a jet to develop since this could be compared

with a wide-angled shape charge. It seems though to be an experimental
fact that it does - private communication Dr M. M. Chaudhri, presently
Nitro Nobel Research Laboratory, Vinterviken, Stockholm. The tip
velocity of the jet is about 3 km/s shortly before impact.

In figure 9 we show the 10 Kbar isobar line at 12.9 us.

In figure 10 and 11 we show pressure versus time at two different nodes.
Those two nodes have been labeled in figure 8.
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Fig. 8. Mesh around void at 10.5 us (Teft) and 11.7 (right).
Axes units: cm.
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Fig. 9. The 10 kbar isobar. Areas with pressures lower than 10 kbar
have been shaded. Axes units: cm.
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Fig. 10. Pressure versus time at the node labeled *1 in figure 8.
Axes units: Mbar and us.

9.88=—
8.86—
0.04 —

8.062—

0.00 T

Fig. 11. Pressure versus time at the node labeled *2 in figure 8.
Axes units: Mbar and us.
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ALUMINIUM SHELL IN WATER

We have the same case as above, but an aluminium shell with thickness
0.025 cm has been inserted. The mesh around the shell is shown in figure
12. We have a slide line between the shell and the water.

The equation of state constants for aluminium using same pressure eqst
as for the water, were:

C = 0.535 cm/us

S =1.35

G = 0.256 Mbar, shear modulus
y= 1.7

Cv = 0.22 ca/g/ ?eg

a = 2.4 E-5 deg”

Yo~ 5.5 Kbar, von Mises model
Pmin = -4 Kbar

In figure 13 we have the 100 bar isobar 1ine at 7 us. A precursor has run
along the shell and output a radial shock in the water. Due to the Tow
resolution the shock breaks down into several fragments.

9.108—
-0.100—

-0.300—

Fig. 12. The mesh around the void
Axes units: cm.
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In figure 14 we have the mesh around the shell at 12.5 us. The tip
velocity is about 1.6 km/s shortly before impact.

In figure 15 we have the mesh at 13.4 us. The run stopped here because
the shell buckled at the spot marked by a star. The buckling disrupted
the slide Tine logic also, allowing the water to penetrate the
aluminium. The buckling could probably be resolved by increasing the
resolution in the aluminium. But the top of the shell grows very thin
also from the impact of the aluminium/water jet. From experiments one
can expect the jetto punch through the top. This would not be possible
to model.

0.5008 —

. -
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6.300—

78E~14 —

main shock wave
-0 . 200

~8.620 T I I i 1
-B.B'FB a.2%0 B.55%0 B.2850 1.150 1.45a

Fig. 13. The 100 bar isobar line. Axes units: cm.
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Fig. 15. The mesh at 13.4 us. The shell has buckled at the star. We can
also see the interface line of the water that has penetrated there.

Axes units: cm.
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AN EXPERIMENT ON THE ALUMINIUM SHELL

Dr M. M. Chaudhri, presently at the Nitro Nobel research laboratory
in Vinterviken, Stockholm, has made experimental studies on the
collapse of various bubble configurations in water under shock wave
loads. He has very kindly supplied the photos shown in figure 16 on
an aluminium shell. Shock wave strength (near the shell) and shell
thickness were about the same as in our computation.

In the top picture we have the shell hanging on an attached string
with the explosive to the right. Upper right shows the main shock wave
when hitting the shell (time = @ ps). Upper left is at time 3 ps.

In the lower pictures at 5 and 10 us we can see something that the
author interprets as a punch through of the shell. The string is
attached to the remnants of the shell. To the left of the shell we
have something that would be fragments of aluminium and water
originating from the jet.

Those conclusions are supported by the computation. Already at 13.4 us
(time as in the computation) the top (left in the experiment) has
thinned out very much.



still
picture

Fig. 16. 5 photos from experiment on aluminium shell.
Scale shown is in mm. Experiment done by
Dr M.M. Chaudhri, Nitro Nobel.
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CONCLUSIONS

The slide line equations and Togics work properly. One could
conceive of models that are more sound physically, but as the
model generally accepted in the literature is even rougher the
model must be considered satisfactory.

We found that area mapping did not work for computing the new state
variables in the rezoning method. It is possible that diffusion

reduces if one rezones the whole mesh at one step, as one does not

have to do that so often. With our Tocal automatic rezoning we have

had to find up improvements, though. The method we use Tlooks effective,
but is of course somewhat speculative. To conserve the node velocity
seems quite reasonable, but to conserve the cell densities is more
dubious. One can expect problems with the accuracy. This cannot be
studied for the shaped charge or the bubble collapse as we have too
large inaccuracies in the material models.
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