Issw22

Shock-induced collapse of a cylindrical air cavity
in water: a Free-Lagrange simulation
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Abstract: A Free-Lagrange CFD code is used to sim-
ulate the collapse of a cylindrical air cavity in water by
a 1.9GPa incident shock. This flow field models some
aspects of sensitisation to shock-initiation of high ex-
plosives by cavities. The Lagrangian treatment allows
the air/water interface to be tracked throughout the
interaction. The incident shock is partially transmit-
ted into the cavity, within which it experiences multi-
ple reflections. The upstream cavity wall involutes to
form a high-speed jet which, on impact with the far
cavity wall, produces an intense blast wave. Sequen-
tial shock heating by the incident shock and the blast
wave raises the air temperature to ~ 15000K.
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1. Introduction

This paper reports on a simulation of the response
of a cylindrical air cavity to a shock of GPa order.
Experimental investigations of collapses with such ge-
ometries have been undertaken for over a decade;
Dear and Field(1988) achieved two-dimensional col-
lapses of cavities shaped in gel, the geometry prov-
ing to be particularly useful for photographic stud-
ies of the bubble wall and interior. The impetus be-
hind these studies was to understand the role of cav-
ities in the initiation of reaction in commercial ex-
plosives. Such initiation is a thermal effect, and un-
der conditions where bulk heating is insufficient to
cause ignition, reaction might be initiated through
hot-spots (Bowden and Yoffe (1958)). Adiabatic com-
pression of gas pockets was identified as one amongst a
range of mechanisms by which such hotspots might be
produced (Field et al. (1982)). Chaudhri (1989) ob-
served an initiation which was attributed to the im-
pact of a high speed jet which developed within the
collapsing cavity. That such jets could form had been
suggested by Kornfeld and Suvorov (1944), and ob-
served two decades later (Naudé and Ellis (1961)).

This paper is concerned with the thermal char-
acteristics of cavities which involute to form jets.
Bowden and Yoffe (1958) considered an adiabatic
model of the compressed gas to be appropriate, given
the speed of compression. Chaudhri and Field (1974)

came to the same conclusion by observing the ig-
nition of single crystals of silver or lead azide,
or pentaerythritol tetranitrate, by attached bub-
bles. However, doubts about the ability of an
adiabatically-heated gas to explain ignition in rapid
collapses were raised (Starkenberg (1981)). Scales
in both distance and time must be considered for
heat conduction from the compressed gas to the lig-
uid at the bubble wall (Chaudhri and Field (1974),
Starkenberg (1981)), or to the small liquid droplets
which are spalled off the wall into the gas pocket
(Johansson (1958)), or to the liquid in the jet.
Other possible causes of ignition were identified.
Frey (1985) attributed temperature rise to the follow-
ing sources: heating in the gas phase; hydrodynamic
effects; the inviscid plastic work required to over-
come the liquid yield strength; and viscoplastic work.
Which dominates may depend on cavity size, lig-
uid viscosity etc. (Mader and Kershner (1985, 1989)).
Bourne and Field (1991, 1992) present results from
the collapse of large (i.e. mm-order) air discs in a
low-viscosity emulsion under high amplitude (GPa)
shocks, and conclude that the two main causes of igni-
tion are hydrodynamic heating in the region impacted
by the jet, and adiabatic heating of the gas. When
collapses occurred in a reactive emulsion, ignition oc-
curred “firstly within the vapour contained within the
cavity at the final moments of collapse, secondly in the
material adjacent to the heated gas at the downstream
cavity wall and thirdly, and principally, by hydrody-
namic heating of material at the point of impact of
the high-speed jet.” Bourne and Field observed lumi-
nescence from the jet impact point and from the gas
in the lobes generated as the jet bisects the air disc.

In the present work we have attempted to produce a
numerical simulation of an experimental configuration
used by Bourne and Field (1992) — a 6mm cylindrical
air cavity in water impacted by a 1.9GPa shock — in
order to gain further insight into the detailed mecha-
nism of the shock/cavity interaction.

2. Numerical method

The simulation is performed using a recently devel-
oped Free-Lagrange CFD code Vucalm (Ball (1996)),
which solves the two-dimensional unsteady FEuler
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equations on an unstructured Lagrangian grid using
a Godunov-type method.

The working fluid is divided into discrete packets,
between which mass exchange is forbidden. Flow vari-
ables are stored at a central “particle” within each
packet which convects at the mass-mean velocity of
the packet. The approximate locations of the packet
boundaries are determined by constructing a Voronoi
mesh, in which each particle is enclosed within a polyg-
onal cell, forming a control volume for the time inte-
gration of the Euler equations. By definition, in a
Voronoi mesh each cell encloses all points in the do-
main which are closer to the corresponding particle
than to any other particle. The mesh is fully recon-
structed after every five time steps to allow the grid
connectivity to change naturally under the influence of
shear; during intervening time steps the mesh vertices
are convected at the local flow velocity — algebraic de-
tails are given in Ball (1996). For the present work,
a mesh of approximately 5 x 104 cells has been used;
the initial (unperturbed) mesh structure is square.

The equation of state for water is here approximated
using the Tait equation:

-
r=5((%) -]

PR
where pr = 999.96kg/m? is a reference density at
which p = 0, B = 3.31 x 108Pa, and v = 7. The
usual perfect gas equation of state is used in the air
bubble. The simulation is inviscid, and no account

is taken of real gas effects, heat transfer, inter-phase
mass transfer or surface tension (but see below).

1)

The Free-Lagrange methodology simplifies the
treatment of multi-material problems in that each
packet is assigned from the start of the simula-
tion as either entirely air or entirely water; the
type of fluid in a given packet never changes, and
there are no mixed packets. Hence material in-
terfaces always coincide with mesh cell boundaries,
and are sharply resolved. An undesireable conse-
quence of this is that material interfaces exhibit small-
amplitude irregularities on the scale of the mesh cell
size, which can trigger Richtmyer-Meshkov instabil-
ity when strongly shocked. This problem is prevented
in the present work by applying a simple interface
smoothing routine which acts as a form of artificial
surface tension — details will be reported elsewhere
(Howell and Ball (1999)).

An additional consideration when using a La-
grangian mesh with an explicit scheme is that of
timestep management. The maximum stable timestep
for the method is limited by the usual CFL crite-
rion. In flow regions subject to large compressions,

such as the interior of the air cavity, the mesh it-
self becomes highly compacted, resulting in an uneco-
nomically small maximum timestep. This problem is
overcome in Vucalm using a “derefinement” algorithm
which automatically merges adjacent pairs of cells in
regions of excessive mesh density.

Three types of Riemann solver are used in this prob-
lem. At air/air cell interfaces an adaption of the
HLLC approximate solver (Toro et al. (1994)) is used.
At air/water interfaces an exact solver is employed
(Flores and Holt (1981)). Finally, at water/water in-
terfaces a two-shock variant of the Flores and Holt
solver is used — this was found to be more numerically
robust than the exact solver, which occasionally failed
to converge in the highly sheared flow encountered af-
ter jet impact. Each of these solvers incorporates an
explicit representation of the contact surface in the
local Riemann problem. When implemented in the
Lagrangian frame, where the cell boundary and the
contact surface are coincident by definition, they give
zero numerical diffusion at contact discontinuities and
for convecting flow structure in general.

A piecewise-linear reconstruction of primitive vari-
ables (p,u,v,p) within grid cells is used to obtain nomi-
nal 2nd-order spatial accuracy; time integration is 1st-
order. A slope limiter, based on the MUSCL approach,
is used to prevent the creation of extrema in the local
reconstruction, and hence avoid numerical oscillations
at shocks.

The Vucalm code has been used previously to sim-
ulate blast refraction at contact surfaces between dis-
similar gases (Ball and East (1996)) and at air/foam
interfaces (Ball and East (1999)).

3. Problem specification

The problem studied in the present work is illustrated
in Fig.1. A cylindrical air cavity, 6mm in diame-
ter, is immersed in water at ISA sea-level conditions.
A 1.9GPa shock wave propagates through the water
from left to right; all elapsed times are measured from
the first shock/cavity contact. Only the upper half of
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Figure 1. The Geometry of the problem.

the problem is simulated; the lower domain boundary
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represents the plane of symmetry. Boundary condi-
tions on the left boundary are initially fixed at post-
shock values (inflow velocity 673m/s) in order to gen-
erate the incoming shock wave, but, from t=0.5us on-
wards, non-reflecting boundary conditions are applied
in order to allow reflected waves to escape. The upper
and right boundaries are non-reflecting at all times.
Where inflow occurs, new particles are added auto-
matically to maintain the Lagrangian mesh structure.

4. Results and discussion

At the initial conditions, the acoustic impedance of
water is approximately 3600 times that of air. Conse-
quently, when the incident water shock strikes the left
bubble wall a relatively weak shock (approx 4M Pa) is
transmitted into the air, and a strong expansion fan
is produced in the water, running leftwards and up-
wards, while the bubble wall is deformed to the right
— the situation at t=1.2us is shown in Fig.2.

o

Figure 2. Shock/cavity interaction, t=1.2pus. Arrow in-
dicates initial position and size of bubble; heavy line is
bubble wall; contours are pressure:

Ap = 10bar for 0 < p < 550bar (air only),

else Ap = 500bar

After 2.0us (Fig.3) the incident water shock has tra-
versed almost the full cavity width. The interaction
between this shock and the expansion waves originat-
ing at the bubble surface has resulted in significant
weakening and curvature of the shock. The air shock
propagates more slowly, and has decoupled from the
incident shock, while the left bubble wall has become
involuted.

At t=2.5us (Fig.4) a distinct water jet has formed
running to the right along the symmetry axis.” As the
jet deforms the left bubble wall, compression waves
are produced in the air, which progressively strengthen
the air shock. By 2.8us (Fig.5) this shock has formed
an oblique reflection at the upper right bubble wall.
Figures 6 to 8 show the evolution of the air shock/wall
interaction; the incidence angle at the point of reflec-

g ! .
Figure 3. Shock/cavity interaction, t=2.0us. Legend as
Fig.2.

g

Figure 4. Shock/cavity interaction, t=2.5us. Legend as
Fig.2. Note water jet at left of bubble.

tion increases with time due to the wall curvature, so
that after about 40% of the shock length has under-
gone an oblique reflection, the remainder undergoes a
near-normal reflection at around t=2.95us.

S T T

-

Figure 5. Shock/cavity interaction, t=2.8us. Legend as
Fig.2. Note oblique reflection of air shock at bubble wall.
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Figure 6. Shock/cavity interaction, t=2.9us. Legend as
Fig.2.

Figure 7. Shock/cavity interaction, t=3.0us. Legend as
Fig.2. Reflection of air shock below kink has occurred as
normal reflection since t=2.9us.

~

Figure 8. Shock/cavity interaction, t=3.1us.
as Fig.2. Water jet impacts right bubble wall at approx.
2600m/s.

Legend

At t=3.1ps (Fig.8) the water jet reaches the right
bubble wall, cutting the cavity in half. At this stage
the peak water velocity in the jet is approximately
2600m/s. On impact, the jet produces an intense blast
wave in the surrounding water with an initial peak

overpressure exceeding 4.7GPa (t=3.2us, Fig.9). The
air cavity resembles a tear-drop, and the air shock,
now travelling to the left, has begun to interact with
the lower left cavity wall, producing a Mach reflec-
tion. The subsequent evolution of the flow is shown
in Figs.10 to 12. The airshock reaches the top of the
cavity shortly after t=3.5us. The predicted temper-
ature in the shock-processed air varies with position
over the range 5000K to 12000K with pressures up to
0.3GPa. In view of the absence of heat transfer and
real gas effects in this simulation, these temperature
values should be regarded as only semi-quantitative,
but nevertheless indicate that very intense heating of
the gas phase does occur. The shape of the developing
blast wave is worthy of note; because of the high water
velocity in the jet fluid, the wave advances relatively
slowly to the left below the bubble, so that the blast
front is highly asymmetric. Below and to the right
of the cavity, the interaction of the jet fluid with the
surrounding low-momentum water produces a strong
counter-clockwise vortex.

Figure 9. Shock/cavity interaction, t=3.2us. Legend as
Fig.2. Blast wave is formed; peak overpressure exceeds
4.7GPa.

-

Figure 10. Shock/cavity interaction, t=3.3us. Legend as
Fig.2. Note Mach reflection of air shock.
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Figure 11. Shock/cavity interaction, t=3.4us. Legend as
Fig.2.

S~

Figure 12. Shock/cavity interaction, t=3.5us. Legend as
Fig.2. Air shock reaches top of cavity; peak air tempera-
ture approx. 12000K

The final stages of the simulation are shown in
Figs.13 to 15. At t=3.7us a relatively weak compres-
sion wave propagates outwards from the cavity — this
appears to be formed by partial transmission of the
air shock into the water. It should be noted that the
acoustic impedance of the air will have increased sub-
stantially due to increases in both density and wave
speed in the air, so that the air/water mismatch de-
creases as the flow evolves, and hence air to water
transmission becomes more efficient. At the same
time, the cavity begins to be drawn into the vortex
core due to baroclinicity. As a result of the cumu-
lative effect of the derefinement algorithm, there are
relatively few air particles remaining at this stage, so
resolution of the cavity is poor, and geometric details
of the cavity dynamics are therefore unreliable. By
t=3.9us the cavity has entered the vortex core, while
the blast and compression waves are gradually merg-
ing. Finally, at t=4.3us the air remains at the vortex
core, which is now close to the right hand boundary of
the original bubble, the blast and compression waves
have almost merged, and the blast is more symmet-

rical. Conditions within the air are spatially almost
uniform; the pressure is around 0.4G Pa, while, as a
result of additional heating on interaction with the
blast wave, the temperature has risen to 15000K.

~

g

Figure 13. Shock/cavity interaction, t=3.7us. Legend
as Fig.2. Compression wave propagates from the cavity,
which is baroclinically driven towards the vortex core.

-

Figure 14. Shock/cavity interaction, t=3.9us. Legend as
Fig.2. Cavity has entered the vortex core.

g

Figure 15. Shock/cavity interaction, t=4.3us. Legend as
Fig.2. Air in vortex core at 15000K and 0.4GPa
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Where comparisons are possible, the results of this
simulation broadly agree with the experimental results
of Bourne and Field (1992) in terms of the geometry
and temporal evolution of the interaction. In partic-
ular, they observed luminescence (their Fig 5(a)(iii))
at a time and position consistent with emission from
the heated air trapped in the vortex core (Figs.14 and
15). In addition, the simulation predicts many details
of the shock/cavity interaction which have not be de-
termined experimentally due to the extreme practical
difficulty of making measurements in this class of flow.

5. Conclusions

A Free-Lagrange code has been used to simulate the
interaction between a strong underwater shock wave
and a cylindrical air cavity. The interaction is shown
to be physically complex. Air within the cavity is
heated and compressed by a sequence of mutiply-
reflected shock waves, attaining a final temperature of
the order of 15000K. Under the flow conditions repre-
sented here, shock heating would appear to play a key
role in generating the experimentally-observed lumi-
nescence, and clearly provides a credible mechanism
for detonation initiation in high explosives containing
cavities.
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