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ABSTRACT

Experiments on shock focusing in water-filled convergent structures have
been performed. A shock wave in water is generated by means of a
projectile, launched from a gas gun, which impacts a water-filled
convergent structure. Two types of structures have been tested; a bulk
material and a thin shell structure. The geometric shape of the convergent
structures is given by a logarithmic spiral, and this particular shape is
chosen because it maximizes the amount of energy reaching the focal
region. High-speed schlieren photography is used to visualize the shock
dynamics during the focusing event. Results show that the fluid-structure
interaction between the thin shell structure and the shock wave in the
water is different from that of a bulk structure; multiple reflections of the
shock wave inside the thin shell are reflected back into the water, thus
creating a wave train, which is not observed for shock focusing in a bulk
material.

Keywords: Shock Focusing in Water, Fluid-Structure Interaction,
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1. INTRODUCTION

Underwater explosions (UNDEX) can cause severe damage to nearby marine structures
[1, 2]. A significant portion of the energy generated by UNDEX is carried by the resulting
shock wave in water. Thus, knowledge of both shock wave dynamics in water and
interaction of the shock wave with water and the structure will facilitate the material
selection and design for marine structures subjected to UNDEX.

Previous studies related to fluid-structure interaction and the structural response due to
UNDEX has focused on impulsive loading of monolithic plates [3], sandwich beams [4] and
composite panels [5]. There are two main distinctions between shock loading on a planar
surface and shock loading on a convergent structure. First, when compared to a normal shock
impact, a shock focusing event can generate a higher transient pressure in local regions of
the fluid, which consequently yields high stress inside the nearby solid structure [6, 7].
Second, when the shock wave travels into a convergent structure, the interaction time



268 Shock wave focusing in water inside convergent structures

between the shock wave and the structure is in general much longer than that of an
instantaneous loading, which suggests that more energy can be transferred into the solid
structure. These two factors indicate that underwater shock focusing in convergent structures
will have complex dynamics and failure modes which are different from the panels subjected
to planar shock loading.

Our approach to this type of challenge is to perform laboratory experiments on shock
loading of a water-filled convergent structure and monitor the following dynamic response
of the structure. The geometric shape of the water-filled convergent structure is chosen to
maximize the amount of energy from the incident shock wave reaching the focal region. This
particular geometry is given by a so-called logarithmic spiral shape [8, 9]. Further
information about the geometry will be given in Section 2.

In this work, two types of samples have been tested; a bulk material and thin shell
structures; see Figure 1 (a) and (b). The bulk material samples are made of polycarbonate and
aluminum. Polycarbonate was chosen because it is transparent and thus enables visualization
of both longitudinal and transversal waves inside the actual sample. Aluminum was chosen
because it is a more realistic material and it has higher wave speeds than polycarbonate. Two
types of thin shell structures were tested; low carbon steel of two thicknesses, 6 mm and 1.29
mm. The coupling between thin shell samples and shock loading in water falls in the
moderate coupling regime as suggested by Shepherd et al., [10]. The shell structures are air-
backed, i.e. water on one side and air on the other side, to mimic the characteristics of a naval
vessel. Previous work on shock focusing in various types of bulk materials have been
reported by Eliasson et al., [11]. Results showed a strong coupling between the type of
material and the fluid-structure interaction during the shock focusing event.
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Figure 1 Schematic of the test sample. al) Air-backed thin shell test material with
a water-filled cavity shaped as a logarithmic spiral. a2) Polycarbonate window. Only
one of the windows is shown in the figure for clarity. a3) Polycarbonate piston to
prevent water leakage. b1) Bulk test material with a water-filled cavity shaped as a
logarithmic spiral. b2) Polycarbonate window. Only one of the windows is shown in
the figure for clarity. b3) Polycarbonate piston to prevent water leakage.



Int. Jnl. of Multiphysics Volume 6 - Number 3 - 2012 269

To generate the shock wave in water, a gas gun is utilized [11, 12], with details explained
in section 3.1. The schematic drawing of the experimental laboratory sample is depicted in
Figure 1 (a). A thin shell structure in the shape of a logarithmic spiral is mounted between
two 12 mm thick polycarbonate window plates (only one is shown in the figure). The
windows are optically transparent for the ease of observation. A polycarbonate blocker is
plugged into the opening of the sample, for the purpose of both sealing water inside and
transmitting the shock wave into water. All the contacts between different parts are well-
sealed using silicone glue or epoxy to prevent water leakage. Once the shock wave enters
the region of interest, a visualization technique called schlieren optics is used to unveil the
change of refractive index, or equivalently the density change, in the water, see details in
Section 3.3. The visualization results can be used to identify the dynamics of the coupled
system. Post-test analysis is also performed to quantify the damage to the samples.

2. LOGARITHMIC SPIRAL SHAPE
Shock focusing in a logarithmic spiral shape is being investigated due to the ability of a
logarithmic spiral to minimize reflections off the surrounding boundary. A logarithmic spiral
is depicted in Figure 2.

The derivation of the logarithmic spiral is based on Whitham’s ray-shock theory, or so-
called Geometrical Shock Dynamics (GSD) theory [8, 13]. The form of the curve can be
expressed as following

x—0
etand, (1)

r=

cos Y

where the variables 7, L, x and 6 are shown in Figure 2. Previous work using both
simulations and experiments have shown that a two-dimensional logarithmic spiral geometry
produces shock focusing in air without observable reflections off the surrounding boundary
[9, 14].

Figure 2 L is the length of the logarithmic spiral duct. The angle y determines the
overall shape and also the local curvature. 8 and r are polar coordinates with the
origin at the tip of the duct.
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Here, an extension of the GSD theory is presented for using water as shock medium
instead of air, as previously derived, [13]. In order to account for water instead of air, the
GSD theory has to be modified by changing the equation of state (EOS) of the shock
focusing medium from an ideal gas EOS to an EOS valid for water. Here, a stiffened EOS,
also referred to as Tammann-Tait EOS [15], has been used. The stiffened EOS is given by
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The variable e is the internal energy, p is the pressure, p is the density; and the constants
Voo = 7415, p = 2.962 x 108 Pa are chosen to match the speed of sound of water, see
Eliasson [11]. The stiffened EOS has been used in previous works related to shock waves in
water, such as underwater explosions [16], and the collapse of shock-induced bubbles in
water [17].

Rewriting the Rankine-Hugoniot jump conditions using the stiffened EOS gives the
following equations
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Here, M, is the shock Mach number, w, is the particle velocity, and a is the speed of
sound. Quantities with a subscript 1 denote variables in the undisturbed region ahead of
the shock wave, and quantities with a subscript 2 denote variables in the region behind
the shock. This convention will remain the same through this paper. The Rankine-
Hugoniot conditions, Eqns (3) — (5), can now be substituted into the following equation
for the C+ characteristic,
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where A = A(z) denotes the cross-sectional area of a ray tube where the C+ characteristic
is being considered. The C+ characteristic belongs to the family of characteristics having
positive slope on the time-position graph, when considering flow properties behind a shock
wave moving in a quasi one-dimensional tube. By substituting Eqns (3) — (5) into Eqn (6),
the result is
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Eqn (7) can be rewritten in the form
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Now, by using Whitham’s GSD theory, the characteristic angle is given by
2
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Finally, Eqn (11) can be rewritten in terms of the shock Mach number M, and v_, the
parameter from the stiffened EOS,

1
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(12)

where A(M) is given by Eqn (8). With x known, we are able to predict the shape of a
logarithmic spiral in the case of shock wave focusing in water.

As seen in Eqn (12), the characteristic angle x depends only on the Mach number of the
shock wave and v from the equation of state. However, the Mach number depends largely
on the nature of the problem under study. In this paper, we focus on the impact of shock
waves from UNDEX. The value of the incident shock wave is determined considering a 135-
kilogram Trinitrotoluene (TNT) charge. The peak pressure behind a spherical shock wave is
decreasing with time and distance away from the source. Thus, the shock front will
experience a deceleration, and the Mach number of the shock wave will decay from M = 1.2
at the close proximity of the charge, to M = 1, at a distance far away [18]. Since we are
considering structures close to where UNDEX happens, we chose an initial Mach number of
M = 1.1 for all the experiments. This Mach number represents a shock wave 3 meters away
from a 135-kilogram TNT charge.
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3. EXPERIMENTAL METHOD

This section on experimental methods is divided into three parts. The first part contains a
brief description of the impact method and how the velocity of the projectile is controlled
[11]. In the second part, the visualization technique and the triggering system is explained
for using both high-resolution and high-speed photography. In the third part, the procedures
of making composite samples are listed.

3.1. GAS GUN OPERATION AND SHOCK GENERATION

The gas gun shown in Figure 3 is a single stage gas gun. The gun barrel is a 2.1 m long steel
tube with 50.8 mm inner diameter. The gun barrel is connected to a pressure chamber filled
with compressed air. The projectile is a 75 mm long cylinder with 50 mm diameter made out
of PTFE-filled Delrin. During the experiment, the chamber pressure of the gas gun is
measured using a digital pressure gauge (Druck DPI 104, absolute type, 6.9 x 10° Pa (100
psi)). The velocity of the projectile is measured using two optical sensors (Avago Technology
HFBR-1505CZ), which are placed close to the exit of the gun barrel. The optical sensor
receives light from a light emitting diode (LED). When the moving projectile blocks the light
from the LED, a signal is generated. By this means, two optical sensors placed a known
distance apart will give the velocity of the projectile. The velocity can also be measured by
looking at the signal from one LED, and measuring the time when the projectile blocks the
light for that particular sensor. This technique gives us three different velocity measurements
during the same run. For all the experiments, the pressure chamber is operated at 2.75 x 10°
Pa (40 psi), which corresponds to a projectile velocity of 48.0 + 0.1 m/s at the barrel exit.
The projectile will then impact onto the blocker that seals the sample, see Figure 1, which
will then deliver an energetic shock wave into the water section.

3.2. WAVE PROPAGATION
For the following discussion we will use subscript p for the projectile, b for the blocker, w
for water, pb for the projectile-blocker interface and bw for the blocker-water interface, see
more in [19].

The moving projectile will strike normally onto the polycarbonate blocker, resulting in a
weak shock wave being transmitted into the water. A detailed x—¢ diagram of the incident

Figure 3 Schematic of the experimental setup. 1) Spark source. 2) 254 mm
diameter concave mirror. 3) 254 mm diameter flat mirror. 4) Test section. 5) 25.4
mm diameter flat mirror. 6) Knife edge. 7) 300 mm lens. 8) 200 mm lens. 9)
Camera. 10) Gas gun. 11) Velocity sensors.
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and reflected waves is shown in Figure 4. The projectile is moving from left to right in the
figure. At time ¢,, the projectile impacts onto the polycarbonate blocker which is initially is
at rest. The impact generates a left-going shock wave in the projectile and a right-going
shock wave in the blocker. Physical properties related to wave transmission and reflection
are listed in Table 1, [20, 21]:

The shock wave in the projectile propagates with a lower velocity than that in the blocker,
which is indicated by a steeper slope on the x-t diagram. Once the shock wave in the blocker

Time

Solid wall

' Projectile Blocker| Water

Distance

Figure 4 An x-t graph of incident and reflected waves for a polycarbonate sample.
U, Uy, and u,, are the velocities of the projectile, the particle velocity at the
projectile-blocker interface and the particle velocity at the blocker-water interface.
Up, U, and U, are the shock wave velocities in the projectile, polycarbonate blocker
and water, respectively. U, is the velocity of the reflected rarefaction wave front in
the blocker.

Table 1 Material properties, [20, 21].** For Delrin, C, is picked to be the same as
the speed of sound and Sis set to be O.

Delrin Polycarbonate Water
k
pﬁ 1420 1210 1000
m
al 1531 2270 1482
[s]
o 1531 2330 1450

S 0 1.57 1.33
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is formed, it will propagate to the right until reaching the interface between the block and the
water domain at time ¢,. The behavior of the shock wave at the interface depends on the
impedance mismatch between the media on both sides. The impedance of polycarbonate
(subscript pc) and water (subscript w) are given by

Z,=a,p, =27 10% kg / m?s, (13)

_ _ 6 2
Z,=a,p,=15x10" kg /m"s. (14)

Because the impedance in the polycarbonate blocker is larger than that of the water,
Z . > Z ,ashock wave will be transmitted into the water. At the same time, a rarefaction
wave will be reflected back because the blocker-water interface is moving faster than the
projectile-blocker interface to the right, resulting in an expansion of the block. The change
in curvature of the shock wave path on the z—t diagram indicates that in general the shock
wave experiences acceleration when moving toward the tip of the converging structure.

Pressure and particle velocity, P—wu, Hugoniot equations are utilized [19] in order to
quantitatively determine the speed of the resulting shock wave in the water, see Figure 5. At
the projectile-blocker interface, the pressure p, and the particle velocity u, on each side has
to match each other to maintain a contact interface. The velocity of the left-going shock wave
in projectile is described by

Up:Cp—FSP (ul—up) (15)

in which, Up and u, are the shock velocity and the projectile velocity; C and S are C, and
S respectively in Table 1 for the projectile material. Because C’p and Sp for PTFE-filled
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Figure 5 Material properties. Hugoniot equations on P-u graph. 1) Left-going
shock wave in the projectile. 2) Right-going shock wave in the blocker. 3) Left-
going rarefaction wave in the blocker. 4) Right-going shock wave in the water.
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Delrin are not readily available in the literature, and the experiments performed are
essentially in a low-speed regime, Up is close to the sound speed, @, Thus, Up =a isa
reasonable approximation in our experiments. The hydrodynamic pressure of the projectile
material behind the shock wave , is given by

P (16)

For the right-going shock wave in blocker, the hydrodynamic pressure, p,, is

p, = pyu, (Cy + Syu)). (17)

Since the hydrodynamic pressures are the same at the interface, p,= ), Eqns (16) and
(17) can be solved with only two unknown variables. The same technique can be applied to
the blocker-water interface to get the particle velocity u, in the water. Once u, is obtained,
the following equation

Uw = Cw + SwUQ’ (18)

can be used to determine the shock velocity in water. This procedure enables a systematic
way to relate the impact velocity of the projectile and the resulting shock velocity in the
water, as plotted in Figure 6.

3.3. VISUALIZATION TECHNIQUE
A Z-folded schlieren optical system has been set up in the laboratory, (see [22] for a detailed
explanation of the principles of schlieren techniques). The schlieren system consists of a
1800
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Figure 6 Shock wave velocity in the water as a function of the projectile impact
velocity.
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light source, two 254 mm diameter concave mirrors, two 254 mm diameter flat mirrors, a
knife edge and a Nikon D90 SLR camera for high-resolution single-image photography, or
a high-speed video camera, see Figure 3. The corresponding viewing size of the test section
is 150 mm x 256 mm. For high-resolution photography experiments (using the Nikon
camera), the camera shutter opens for 2 seconds waiting for a flash from the spark light
source. When the impact between the projectile and the blocker takes place, a control signal
is sent to a pulse/delay generator (BNC Model 575). The delay generator receives the signal
and outputs a TTL signal to the light source with a pre-determined delay time. The time
delay takes into account the time needed for the shock wave to travel from the
projectile/blocker surface into the water and reach the location of interest inside the water-
filled cavity. The light from the spark source passes through the test section and is recorded
by the camera. When using high-speed photography, the high-speed camera records a series
of pictures with lower resolution, 1360 x 1024 pixels, using a preset internal framing rate.

4. RESULTS AND DISCUSSION
Using a SIMD16 camera (Specialised Imaging, Inc.), 16 frames of high-speed images were
recorded for the 6 mm thick steel sample, as shown in Figure 7. Because the impact was not

(a) (b)

Blocker

t=0ps

(d)

t =36 us t=45pus

Figure 7 A sequence of schlieren images for the 6 mm steel sample recorded
with a high-speed camera. Impact speed u = 48 + 0.1 m/s. Exposure time 50 ns.
(a) The white arrow indicates the propagation of shock waves in air from the impact
location. (b) The white arrow indicates the incoming shock wave front. (c) The
wave train pattern is pointed out by a white arrow. (d) Acoustic waves get
transmitted into air after the passage of the shock front.
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planar, the shock wave enters the cavity at an angle rather than perpendicular. However, some
basic features of this type of sample can still be obtained. At ¢ = 0 ps, the projectile has impacted
onto the piston, which is suggested by the toroidal shaped shock generated by the collision. The
shock wave in the air is indicated by arrows. At ¢ = 36 ps, the shock wave enters the water and
moves to the center of the view. At ¢ = 27 ps, multiple reflection patterns appear at the water-
solid interface, as pointed out by a white arrow. Pressure waves will reflect inside the shell due
to the finite thickness of the sample. Every time a wave returns to the water/shell interface, it
will transmit a pressure wave into the water, thus forming this wave train pattern behind the
shock front. A direct measurement of the separation between the patterns on the picture confirms
this mechanism. The separation or the wavelength of the wave train is 2.58+0.21 mm, which
corresponds to the distance the shock front has traveled when a secondary reflection is
transmitted back to the water domain. The time duration can be calculated by

(19)

in which, A is the wavelength of the wave train, and «a is the speed of sound in water
(1480 m/s for room temperature). The time, ¢, obtained is 1.7440.14 ps, which is the same
as the time needed for the pressure wave to travel through the entire thickness of the steel
shell and reflect back to the water domain. At later times, the coupling between the air and
the test sample is confirmed by observing waves in the air, see e.g. the arrow pointing at the
shocks in air in Figure 7(d).

Shock focusing using the thin sample is shown in Figure 8§ (e) and (f). As seen in Figure
8 (e) and (f) a distinct wave structure appears behind the incident shock wave. The wave
structure for the thinner steel sample is similar to the pattern observed for the thicker steel
sample, when comparing Figure 7 (c¢) with Figure 8 (f). There are two major differences; (i)
The location of the wave train; for the thinner sample the location of the wave train is in the
center of the water-filled cavity, while it is along the edges of the logarithmic spiral for the
thicker sample. (ii) The wavelength of the pattern suggests a different cause for its origin. As
explained before, the wave pattern in the thick sample is due to multiple reflections in the
shell walls. If we apply the same argument for the thinner sample, the expected wavelength
of the wave train pattern should be less than the one for the thick sample. However, when
measured from the photograph, the wavelength for the 1.29 mm thick steel sample is
3.55 £ 0.21 mm, which is greater than that of the 6 mm thick steel sample. The reason is
that when the thickness of the shell is reduced, significant flexural waves will be induced in
the shell as a result of the shock loading. This behavior has been studied further by Shepherd
and Inaba, [10], for applications of shock loading in tubular structures. In water, evanescent
acoustic waves can be generated as a result of the flexural wave induced in the surrounding
solid [23]. We believe that the wave pattern observed in the thin sample is caused by the
flexural waves in the thin shell.

In Figure 8 (a) and (c), visualization results for the polycarbonate bulk sample and the
aluminum bulk sample are shown. The reflection of the shock wave is stronger for the
aluminum sample than that for the polycarbonate sample, due to a greater impedance
mismatch between solid aluminum and water. A major difference of the shock dynamics in
water for the bulk surrounding materials as when compared to the shell steel structures is that
there is no wave train behind the incident shock wave. This is because the coupling between
the bulk material and water is weak.
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Figure 8 Comparison between 1.29 mm thick steel and the bulk surrounding
materials. (a) Bulk polycarbonate sample. (b) Enlargement of the shock front in (a).
(c) Bulk aluminum sample. (d) Enlarged view of the shock front in (c). (e) 1.29 mm
thick steel. (f) Enlargement of the shock front in (e).

6. PRELIMINARY TESTS FOR CARBON FIBER SHELLS

Lightweight composite materials, such as carbon fiber composites, are being used
increasingly for both military and civilian applications, in light of their high strength-to-
weight ratio, corrosion resistance etc. [24, 25]. Experimental [26] and numerical [27]
investigations have been conducted on numerous types of composite materials regarding the
material strength and failure modes under static or dynamic test conditions [28, 29]. Here,
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Figure 9 Carbon fiber composite test sample.

preliminary tests using a 2 mm thick carbon fiber sample have been performed, Figure 9. The
carbon fiber sample has the same shape, a logarithmic spiral, as the rest of the samples in this
study. After shock impact, the sample typically breaks at the tip. Post-analysis using a
Scanning Electron Microscope (SEM) shows the nature of the damage, see Figure 10. It is
clear that the pressure increase from the shock wave inside the water is pushing the sample
apart. From the SEM images, the inner layer of the tip shows signs of stretching failure,
while the outer layer shows compression patterns.

7. CONCLUSIONS

In this current study, a special geometric shape is utilized to focus the shock wave in water,
in order to have a maximum transient pressure at the focal region. Effects from the
surrounding materials to this focusing process are visualized by using schlieren technique.
The interactions between the shock wave and the surrounding solid structure are
distinguished between bulk type samples and thin shell type samples. Unique wave train
patterns are observed in the thin shell type samples regardless their thickness, which is in
general absent in the bulk type samples. However, different mechanisms for the wave
patterns are explained and speculated by the authors. The thickness of the test sample plays
an important role when considering the fluid structure coupling. The preliminary tests using
carbon fiber samples show that the sample breaks at the tip region. This is a different failure
mode when compared to the previously mentioned steel structures. The steel structures
deform but do not break.

In the future, further information about the flexural waves in solid will be available by
applying strain gauge measurement. A quantitative schlieren technique is developed for
obtaining density distribution inside the water domain. High-speed visualizations of the
carbon fiber structures will be used to show how the shock wave interacts with the
surrounding structure. In addition, nondestructive computer tomography will be utilized to
obtain information inside the samples before they fail.
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(a)
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(b)

Figure 10 SEM images of the damaged carbon fiber sample. (a) Overview of the
failure cross section. (b) Region in the sample close to the inner surface which is in
contact with water. (c) Region close to the outer surface.
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