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a b s t r a c t

This work is part of a project for evaluating catastrophic tank failures caused by impacts with a high-speed
solid body. Previous studies on shock overpressure and drag events have provided analytical predic-
tions, but they are not sufficient to explain ejection of liquid from the tank. This study focuses on the
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hydrodynamic behavior of the liquid after collision to explain subsequent ejection of liquid. The study is
characterized by use of high-velocity projectiles and analysis of projectile dynamics in terms of energy
loss to tank contents. New tests were performed at two projectile velocities (963 and 1255 m s−1) and
over a range of viscosities (from 1 to 23.66 mPa s) of the target liquid. Based on data obtained from a high-
speed video recorder, a phenomenological description is proposed for the evolution of intense pressure

he tar
avitation
isks

waves and cavitation in t

. Introduction

During past wars, hydraulic rams were investigated to avoid
atastrophic failure of fuel cells in aircraft that were subjected to
allistic impact. In today’s geopolitical context, some storage tanks
re expected to be targets for terrorists. These atmospheric liq-
id storage tanks are commonly used in chemical plants, as tanker
rucks, and to store gasoline and fertilizers; the failure of such tanks
ould have serious consequences on the environment, including
oxic and flammability effects. Tank failures could be initiated by a
igh energy burst, leading to an explosion that produces a shock-
ave and thermal effects.

.1. Problem statement

Catastrophic tank failure was studied during the Apollo space
roject to understand damage mechanisms that could be induced
y meteorites impacting spacecraft fuel cells [1]. Tests were carried
ut by firing hypervelocity projectiles (from 1301 to 6400 m s−1)
nto water tanks. In those studies, researchers were particularly

nterested in evaluating damage mechanisms caused by hydraulic
ams. A hydraulic ram combines a number of events, as illustrated
chematically in Fig. 1. (1) When the projectile enters the tank,
he tank wall may crack due to the high pressure and stresses

∗ Corresponding author. Tel.: +33 466782766; fax: +33 466782701.
E-mail address: nicolas.lecysyn@ema.fr (N. Lecysyn).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.01.132
get liquids.
© 2010 Elsevier B.V. All rights reserved.

near the entry point, and (2) a shock wave is formed. As the
projectile traverses the fluid, (3) high pressure is generated, and
energy is imparted to the fluid through projectile drag. (4) This
energy sets the fluid in motion, forming a cavity. (5) Both the fluid
motion and the subsequent cavity growth and collapse impose
stresses on tank walls. Finally, if the projectile has sufficient kinetic
energy, it will exit the tank. As it exits, (6) a local area of com-
pressed fluid is formed, and (7) cracks are produced in the wall
around the exit hole. This phenomenon has been the subject of
investigations into survivability of fuel cells in military aircraft
[2–6].

This brief description demonstrates the complex physical mech-
anisms that contribute to a hydraulic ram. Using fluid dynamics and
one-dimensional equations of state, it is possible to describe this
phenomenon analytically. The present approach is to determine a
source term for liquid ejection due to impact on a tank.

1.2. Theoretical background

The simplified diagram in Fig. 1 shows three major events con-
tributing to a hydraulic ram: (a) a projectile impacts a tank wall,
producing a high-pressure shock wave in the fluid, (b) the projec-

tile traverses the fluid, transferring energy to the fluid and forming
a cavity, (c) the projectile exits the tank, compressing fluid near the
rear wall and cracking that wall. A complete analytic description
of a hydraulic ram requires an analytic characterization of each of
these events.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nicolas.lecysyn@ema.fr
dx.doi.org/10.1016/j.jhazmat.2010.01.132


636 N. Lecysyn et al. / Journal of Hazardous Materials 178 (2010) 635–643

Nomenclature

Ac cavity cross-sectional area (m2)
Ap projectile cross-sectional area, for spherical projec-

tile Ap = �d2
p/4 (m2)

Cx drag coefficient of projectile
Cx(0) drag coefficient without cavitation
Cx(K) drag coefficient with cavitation
Cp sound velocity in projectile material (m s−1)
Cl sound velocity in fluid (m s−1)
dmax cavity maximum diameter (m)
dp projectile diameter (m)
g gravitational acceleration (m s−2)
h height of liquid at shot level axis (m)
K cavitation parameter
mp mass of projectile (kg)
m mass of displaced liquid during penetration (kg)
n1, n2 refraction indexes of medium 1 and 2
�l fluid viscosity (Pa s)
p0 initial static pressure at axis level of the projectile

(Pa)
p static pressure at axis level of the projectile (Pa)
pv liquid vapor pressure (Pa)
Re Reynolds number
rc cavity diameter (m)
�l fluid density (kg m−3)
�p projectile density (kg m−3)
sp Hugoniot slope coefficient of projectile material
Sl Hugoniot slope coefficient of fluid
t time (s)
�1, �2 respectively incident and refractive angles (rad)
u axial growth velocity of cavity (m s−1)
uc radial growth velocity of cavity (m s−1)
up0 projectile velocity before impact (m s−1)
up projectile velocity after impact (m s−1)
us shock front velocity (m s−1)

1

a
t
t
s
e

Vp projectile volume, for a spherical projectile Vp =
4�d3

p/3 (m3)

.2.1. Shock wave
As described by Holm [3], when a high-speed projectile impacts

tank, dynamic stresses are generated and transmitted through

he wall. These stresses are caused by the penetration and perfora-
ion and take the form of compressive and circumferential bending
tresses in the wall. As the projectile perforates the tank, it accel-
rates the fluid directly ahead of the impact point: before impact

Fig. 1. Proposed sequence of events occurring during a hydraulic ram.
Fig. 2. Rapid decrease in impact shock pressure with distance (adapted from Holm
[3]).

the fluid is at rest, but at the instant after impact, the fluid is mov-
ing at the velocity of the projectile. This sudden acceleration of the
fluid generates an intense pressure field bounded by a shock wave.
Tank wall stresses are induced by this pressure field which, when
added to this dynamic stresses, can cause catastrophic failure of the
entry wall. The shock-wave pressure field expands in a hemispher-
ical shape away from the impact point with a velocity greater than
that of sound in the fluid.

Townsend et al. [6] have studied super-velocity impacts on
aircraft fuel cells filled with water. They used 3.5 and 7 g hard-
ened steel, cubic projectiles moving at velocities from 1000 to
3000 m s−1; they measured overpressures in the target tank of
up to 500 bar. Experimental tanks dimensions were respectively
535 mm × 205 mm × 150 mm and 423 mm × 320 mm × 250 mm
(height × width × depth). They proposed an analytical model that
describes shock-wave dynamics, based on the Hugoniot–Rankine
relations:

us = Cl + Slup (1)

This relation shows that the velocity us of the shock front is greater
than the speed of sound Cl in the fluid.

It is known that both the velocity of the shock front and the
intensity of the related pressure field vary directly with the amount
of energy that the projectile transfers to the fluid during impact.
Borg et al. [7] have performed tests using a 19 g aluminum projec-
tile impacting a tank filled with tributylphospate; impact velocities
varied from 2100 to 4100 m s−1. Based on (1), Borg proposed that
the impact pressure can be written as

p = �lClup + �lSlu
2
p (2)

Using (2), Borg could compute the velocity drop on impact. Note
that (2) relates the shock overpressure to the projectile impact
energy (≈ u2

p).
Although the peak pressure at impact is high, the pressure field

weakens rapidly because of the geometric expansion of the shock
wave. An experimental example of this pressure attenuation is pro-
vided by Holm [3] and is shown in Fig. 2. Stepka et al. [1] has studied
impacts on tanks which were 61 cm2 by 30.5 cm or a cube 30.5 cm
on as side. For a 0.9 g steel cylinder impacting with a velocity of
4270 m s−1, Stepka et al. [1] found the pressure to be 4.63 × 109 Pa
at a distance of 0.019 m from impact, but the pressure dropped to

ambient at 0.13 m from the impact point. They also found that, for
the same time after impact, small high-velocity projectiles lose a
larger part of their kinetic energy than more massive, low-velocity
projectiles. These results indicate that, even for high-velocity and
high-kinetic energy projectiles, the side and rear walls of exper-
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mental tanks are not subjected to significant pressures from the
hock wave.

In summary, the shock wave created by a hydraulic ram is char-
cterized by an intense pressure field of short duration (100 �s)
ompared to the drag pressure phase. It is essentially a “point
ource” energy release that results in an expanding, hemispheri-
ally shaped, pressure wave front that emanates from the point of
mpact. The kinetic energy of the projectile is the most important
arameter in determining the speed of propagation and strength
f the shock front. This pressure pulse contributes to tank failure
ainly when small high-velocity projectiles impact a storage tank.

.2.2. Drag pressure
Any surface in contact with a flowing fluid is subject to a drag

orce exerted by the fluid. A force balance shows that this drag force
ecreases the velocity of the projectile. This problem has been stud-

ed by Stepka et al. [1]. They fired super-velocity projectiles into
anks filled with water and measured projectile velocities and fluid
ressures at different points in the tank. Then Stepka et al. analyzed
he data, starting with Newton’s second law in the form

pVp
dup(t)

dt
= −1

2
Cx(t)�lApu2

p(t) (3)

n (3) the liquid is assumed incompressible and Cx is a constant, Ap

nd Vp are computed for a spherical body. The solution to (3) is

p(t) = up0

1 + 3
4 Cx(�lup0/�pdp)t

(4)

his relation describes the decay of projectile velocity; in another
ords, drag forces dissipate energy from the projectile to the fluid.

Borg et al. [7] assumed that Cx is not constant but, instead, varied
ith time; then they solved (3) numerically using a Runge-Kutta

cheme. Moreover, they used the Hugoniot–Rankine relation to
uantify the projectile velocity decay. We have computed projectile
elocity decay with Borg’s approach and have compared it to results
omputed with Eq. (4) and find no distinguishable differences (less
han 2%).

.2.3. Cavity formation and growth
Cavitation is a general term used to describe the formation of

ubbles in a moving liquid. Shi et al. [8] have used experimental
isualization to describe this phenomenon. They shot projectiles
ertically into a tank filled with water and used a shadowgraph
ystem to visualize cavitation.

As a projectile moves through a liquid, a pressure differential
xists between the head (static pressure p0) and the wake of the
rojectile. If the pressure in the wake reaches the vapor pressure
f the liquid (pv), bubbles can form. Note that up has an important
alue compare to pv and p0 which implies cavitation parameter K
ecreases, and the cavity diameter increases. This phenomenon is
alled supercavitation by Knapp et al. [9]. An analytical description
as been proposed by Batchelor [10] and by Knapp et al. [9]:

= p0 − pv
1
2 �lu

2
p

(5)

upercavitation is expected to influence the drag force applied to
he solid body, compared to one without cavitation. As cited by Shi
t al. [8], Batchelor proposed a linear approximation for the drag
oefficient of an underwater body in an axially symmetric flow:

x(K) = Cx(0)(1 + K) (6)
t is assumed that (6) is valid for low K values. For a high-velocity
rojectile (up to 1000 m s−1) shot into an atmospheric tank filled
ith water, the ratio between the static vapor pressure and the
ynamic pressure becomes small (≈10−6). In such cases, cavity
Fig. 3. Axial and radial growth of cavities.

dimensions also influence the hydraulic ram. Indeed, the forma-
tion and growth of a gas phase in the tank increases the pressure,
which contributes to violent ejection of liquid from the tank.

Self and Ripken, as cited by Knapp et al. [9], have studied super-
cavitation to emphasize the relation between cavity dimensions
and the cavitation parameter K. Reichardt [11], cited by Knapp et
al. [9], found this relation between drag and cavity diameter:

dmax

dp
=

√
Cx(K)

K(1 − 0.132K1/2)
(7)

This semi-empirical relation shows that when K is small, cavity
dimensions are large, and then the gas phase created in the tank is
important; in fact, the result can be catastrophic ejection of liquid
through the breach formed by projectile impact.

Held [12] has proposed a model, initially found by Szendrei [13],
that applies to supercavitation induced by a jet-shaped charge in a
liquid-filled target. The Bernoulli relation can be used to relate the
static pressure p to the axial growth velocity of a cavity:

p = �lu
2

2
+ �lgh (8)

Szendrei [13] assumed that the axial growth velocity is the same as
the radial one. This has been experimentally checked (Fig. 3). Rear-
ranging (8), the radial growth velocity of the cavity can be expressed
as

drc

dt
= uc ≈ u =

√
2p

�l
− 2gh (9)

Although p changes as the projectile penetrates the liquid, Szendrei
[13] assumed that the force (pAc) applied to the projectile remains
constant; then,

p = p0.
Ap

Ac
≈ p0

d2
p

4r2
c

(10)

If p0 is the initial static pressure, its value is hardly as large as the
pressure of the static undisturbed liquid, which can be neglected.
So, applying the Bernoulli relation,

p = �p(up0 − uc)2

2
(11)

Held [12] assumed that the cavity growth velocity is proportional

to the projectile velocity,

uc = up

1 +
√

�l/�p

(12)
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Fig. 4. Experimental setup for the DGA tests.

his hypothesis applies in this case (Fig. 3), so combining (10), (11)
nd (12) gives

= d2
p�lu

2
p

8r2
c (1 +

√
�l/�p)

2
(13)

ubstituting this expression for p into (9), we find

drc

dt
=

√
d2

pu2
p

4r2
c (1 +

√
�l/�p)

2
− gh =

√
A

u2
p

r2
c

− 2gh (14)

he projectile velocity is given analytically by (4), which we now
rite as

p = up0

1 + (3up0Cx�l/4�pdp)t
= up0

1 + Bt
(15)

o combining (15) with (14) leaves

drc

dt
=

√
A

u2
p0

r2
c (1 + Bt)2

− 2gh (16)

here A and B are given by

d2
p
=

4(1 +
√

�l/�p)
2

(17)

= 3up0Cx�l

4�pdp
(18)

Fig. 6. Position of pressur
Fig. 5. Cylindrical (a) and cubic (b) target vessels with visualization screens.

Finally, applying Euler’s finite-difference relation for small �t, (16)
can be written as

rc(t + dt) = rc(t) +

√
A

u2
p0

r2
c (1 + Bt)2

− 2gh.�t (19)

2. Apparatus and methods

2.1. Experimental device

Tests were performed in which a high-velocity projectile
impacted a liquid-filled tank. A gun was used to accelerate a small
spherical projectile and a high-speed recording device (from 4000
to 50,000 frames per second (fps) with ammonium hydroxide
(Table 1)) was used to record the progress of the projectile through
the liquid. The experimental setup is illustrated in Fig. 4. This exper-
imental device is largely detailed in [16] (Figs. 5–7).

2.2. Projectile velocity measurement

Video sequences were processed to enhance images of projec-
tile displacement [17]; the enhancements consisted of filtering,
eroding, and thresholding each image of shotgun sequences. The
exposure time (1/30,000 s) of the camera was long enough (com-
pared to the time of flight of the projectile) to record an “optical
smear” (Fig. 8). The length of the “optical smear” divided by the time
between two frames (30,000 fps) provides the projectile velocity.

The accuracy of this procedure depends on the optical aberrations
described in the previous section.

Therefore, we were able to obtain projectile velocities both
before and after impact, thereby obtaining the decay of velocity in
the vessel. Note, however, that the projectile velocity was not mea-

e sensors in targets.
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Fig. 7. Light-diffusing screen and top camera.
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Fig. 9. Measuring the growth in diameter of a cavity.

Fig. 10. Schematic of light being refracted as it leaves one medium and enters
another.

F
c

ig. 8. Optical measurement of projectile velocity. At right is a projectile about to
nter the target, at left the projectile is leaving the tank.

ured in the liquid because such measurements would be affected
y optical refraction from the liquid and from the transparent walls;

n cylindrical vessels, velocity measurements in the liquid would be
urther degraded by refraction from the circular walls. Instead, the
verage velocities of projectiles were measured in air, where energy
oss due to drag is insignificant compared to deceleration in the liq-
id (for very short time intervals). Consequently, the experimental
elocities obtained from this optical technique are the initial and
nal velocities of the projectile crossing the tank.

.3. Cavity growth measurement

Cavitation crater diameters were measured from high-speed
maging records (Fig. 9). To quantify the experimental uncertainty,
ight refraction was taken into account, as shown in Fig. 10,

1 sin �1 = n2 sin �2 (20)

ig. 11 shows a two-dimensional interpretation of light refraction

uring these tests. Note that the longer the path followed by light
hrough the tank wall, the more a light ray diverges. Consequently,
he error due to refraction is minimized for points along the tar-
et symmetry axis and maximized for points close to the walls.
owever, the distance from the camera (d) to the target is large

ig. 12. (a, left) Projectile penetration and cavity formation in a cylindrical vessel filled
lealy visible. In both cases the initial projectile velocity was 1255 m s−1.
Fig. 11. Top-view schematic showing refracted light as observed by camera
(adapted from Serradeill [22]).
compared to the diameter (˚) of the tank, and the ratio can be
expressed by

˚

d
= 500

8540
= 6 × 10−2 ≈ sin �2

sin �1
⇒ �1 � �2 (21)

with water. (b, right) Same as in (a) but in a cubic vessel. Here, the shock wave is
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ig. 13. Three phases of a hydraulic ram. (a) A projectile impacts the vessel and pe
he cavity continues to grow even after the projectile has exited the tank. Here the

onsequently, the estimated error is about 6%, to which optical
berrations (2%) must be added.

. Results and discussion

.1. Description of the phenomena

Using the videos recorded during each test, such as in Fig. 12,
e can identify the following phases of the phenomenon: (a) the
rojectile impacts the vessel, (b) the projectile penetrates the vessel
all and a hydraulic ram begins to form (Fig. 12a), (c) the projectile

rosses the vessel in about 800 �s and during this time a cavity
orms (Fig. 12b) and (d) the cavity grows over a period of about
ms (Fig. 12c).

Shortly after impact, Fig. 13a shows a shock wave forming in
ront of the projectile and beginning to propagate through the liq-
id. The optical diffraction of the grid shadow shows that liquid is
erturbed by the shock wave, which moves at cl > up. Then a cavity
orms behind the projectile (Fig. 12b); this is caused by air from
he atmosphere which is entrained by the projectile [8]. The vol-
me of this cavity increases quickly, perturbing thermodynamic
quilibrium [9] and creating a negative pressure with a consequent
ir vacuum in the cavity [18]. Now projectile drag creates a pres-
ure differential between the front and rear of projectile. When
he pressure at the rear of the projectile reaches the liquid vapor
ressure, the cavity is further enlarged. Another significant phe-
omenon occurs when the projectile enters the liquid: a splash

orms at the liquid boundary on both sides of the vessel (Fig. 12c).
his is attributed to the added mass of air and overpressure in the

essel, which leads to ejection of liquid through both the entry and
xit holes.

Cavity growth by air entrainment continues until the diameter is
bout 0.2 m, which is about twenty times more than the projectile
iameter. Then, after the projectile has crossed the liquid, cavity

Fig. 14. Decay in projectile velocity as it crosses various ta
es the wall, (b) a cavity forms and grows behind the projectile in the liquid and (c)
velocity of the projectile was 1255 m s−1.

growth continues until the diameter is about 0.5 m, which is half
the height of the vessel.

It is worth noting that no oscillations (collapse and rebound of
cavity in the wake of projectile) have been identified in this study,
although this phenomenon is classically detected like in [24]. That
fact is probably due to exposure time and pressure transducers
location, not appropriate to visualize or record this oscillation.

3.2. Projectile velocity loss

The model proposed by Stepka et al. [1] for loss of projectile
velocity is compared to experimental points in Fig. 14. In this case,
values for Cx have been computed using the Brauer relation [19]:

Cx = 24
Re

+ 3, 73√
Re

− 4.83 × 10−3√
Re

1 + 3 × 10−6 Re3/2
+ 0.49 (22)

Cavitation drag has not been taken into account for projectile veloc-
ity decay, which seems to be sufficient to explain the phenomenon.
It is assumed that the cavitation parameter is very small; this point
is developed in Section 3.3.

In Fig. 14, the projectile velocity is plotted as a ratio of initial
to final velocities and the independent variable is taken to be the
dimensionless impact parameter (Cx�lup0t)/(�pdp), as proposed by
Stepka et al. [1]. Experimental points were computed from optically
measured velocities for up0 and Cx, liquid densities and viscosities
were taken from [14] and [15]. Eq. (3) can be resolved over x, we
have to introduce it like:

�pVp
dUp

dx

dx

dt
= �pVpup

dup

dx
= −1

2
Cx�lApu2

p (23)
Then separate variables and integrate over x to obtain

up(x) = up0e(−3Cx�lx/4dp) (24)

Knowing the crossing length (tank dimensions reduced by walls
thick) and the average projectile velocity given by (24), the crossing

rget liquids. Error bars are ±10% in both directions.
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Fig. 15. Relation between cavity diameter and cavitation parameter.

Table 1
Density of ammonium hydroxide (kg m−3).

Ammonia mass fraction (%) Temperature (◦C)

.6

.8

t
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t
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s
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t
i
H
T
i
d
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3

t

trial place. Two elements of discussion can be found in [16]:

• A dimensional study has shown that it is possible to analyze the
problem thanks to a set of six non-dimensional numbers;

Table 2
0 5

8 969.5 968
12 956.1 954

ime t can be determined. The experimental points in Fig. 14 fit the
odel, which means that (3) is sufficient to explain the velocity

ecrease and, consequently, the transfer of kinetic energy to the
iquid. In Fig. 14, the 10% vertical error bars account for errors in
he optical measurements (Section 2.2) and the 10% horizontal bars
ccount for uncertainties in liquid densities and viscosities.

.3. Cavitation

Values for the cavitation parameter have been calculated using
he static pressure at the axis level of the projectile path in the tar-
et (≈3(×103) Pa), the liquid vapor pressure (≈2(×103) Pa), and the
ynamic pressure caused by liquid displacement in the vicinity of
he projectile (≈5(×108) Pa); the results were small values for K
≈10−5). This confirms the negligible influence of cavitation on the
rag coefficient (5). However, Fig. 15 shows the relation between
and cavity dimensions, as proposed in (7). Other studies on

upercavitation performed by Self and Ripken [20] at lower veloci-
ies (12–15 m s−1) have shown the validity of the semi-empirical
elation proposed by Reichardt [11]. In this present study, we
ave extrapolated the model and reported our experimental points
Fig. 15), again confirming the validity of the model.

Another aspect of this study was to quantify the dynamics of
he gas phase caused by supercavitation, for growth of the cavity
s expected to contribute to ejection of liquid from the tank. Thus,
eld’s model [12] is compared to our experimental data in Fig. 16.
he model predicts a rapid initial increase in cavity diameter which
s attenuated after 200 �s. The experimental data fit the model well
uring the initial phase, but the data continue to increase at longer
imes while the model predicts that the growth rate slows. Optical
efraction could be a source of uncertainties; however, note that air
rag, described by Shi et al. [8], is not taken into account.
.4. Influence of cavitation on liquid discharge

Preliminary investigations in 2005 (Figs. 17 and 18) suggested
hat cavitation affects liquid ejection morphology. The experi-
10 20 25

967.7 965.1 964.0
953.4 950.1 948.0

mental setup, which is largely detailed in [16] and [21], involved
shooting a high-velocity sphere (velocities close to 1000 m s−1) into
industrial steel vessels filled with water or ammonium hydroxide.
The aim of those experiments was to observe violent liquid ejec-
tion due to impact and tank failure. High-speed video recorders
were used to visualize the phenomenon (Fig. 4).

Two important features were observed during the first 3 ms of
liquid ejection (Fig. 17): (a) the cavity is visible and seems to influ-
ence initial liquid jet morphology and (b) the longitudinal shape of
the breech does not have any effect at this time scale. Side views
in Fig. 18 confirmed these observations: the initial liquid jet mor-
phology looks like a snake’s tongue and is circular. This is why we
have tried to correlate cavitation diameter to the “snake tongue”
diameter. Therefore, this model has been used to predict initial jet
shape as described in Fig. 19.

Fig. 20 synthesizes experimental points from previous tests
(2006 and 2007) in which the experimental setup was the same
as that used in 2005 [21]. The correlation is not ideal, which can
be explained by the fact that cavitation is not the only event con-
tributing to initial jet morphology. Momentum exchange between
the air phase and liquid jet is also expected to play a role. This
has been studied more accurately in a numerical study that uses a
two-dimensional multiphase model [23] (Table 2).

It is important to note that these tests series allow studying the
phenomenon at small scale compared to larger tanks in an indus-
PEG 400 viscosity and density at 25 ◦C.

PEG 400 mass fraction (%) Viscosity (mPa s) Density (kg m−3)

40 4.83 1065.5
74 23.66 1121.5
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Fig. 16. Growth in cavity diameter over time. (top) Target was water and projectile
had an initial velocity of 1419 m s−1. (middle) Target was water and projectile had an
initial velocity of 1388 m s−1. (bottom) Target was 74% PEG in water and projectile
had an initial velocity of 1147 m s−1. Points are experimental data and lines are the
model developed by Held [12].

Fig. 17. Front view of first 3 ms of projectile exiting a liquid-filled tank.

Fig. 18. Same experiment shown in Fig. 17, but viewed from the side. The liquid
being ejected from the exit hole has the shape of a snake’s tongue.

Fig. 19. Growth in diameter of jet ejecting liquid from projectile exit hole.
Fig. 20. Attempt to correlate cavity diameter (model) with diameter of jet (experi-
ment) ejecting liquid from projectile exit hole.

• Numerical simulations could be a way to compute consequences
from this analytical source term approach.

3.5. Hydraulic ram

Overpressure has been experimentally measured using the
immersed pressure probes; values are reported in Table 3. In
Fig. 21 a linear correlation is proposed for relating experimental
values to the calculated shock pressure. Such a linear relation, does
exist between theoretical and experimental values, as published
by Townsend et al. [6]. The experimental approach used in [6] con-
sisted of measuring overpressure (at different points in the target)

induced by a steel projectile on an aluminum tank filled with water.
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Table 3
Velocity and pressure values measured during DGA tests.

Projectile velocity (m s−1) Target Pmax (bar) Time after impact (�s)a

941 Steel vessel filled with water (60l) 116 129
1460 Steel vessel filled with water (60l) + 10% ammonium hydroxide >380 110

971 Steel vessel filled with water (60l) + 10% ammonium hydroxide + 40% PEG 104 109
1273 Steel vessel filled with water (60l) + 10% ammonium hydroxide + 40% PEG 195 139

963 Steel vessel filled with water (60l) + 10% ammonium hydroxide + 74% PEG 102 116
1215 Steel vessel filled with water (60l)
1241 Steel vessel filled with water (60l) + 10% ammoniu

a This value does not take account of accelerometer (MURATA PKS) response time whic
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Fig. 21. Comparison of calculated and experimental shock pressures.

. Conclusions

Tests were performed to reproduce and analyze the conse-
uences of high-speed impacts of projectiles on fluid-filled tanks.
arget-projectile interactions can be explained as a series of three
vents: shock-wave propagation, cavity formation, and energy loss.

Each of these events have can be analytically modeled by
elations based on Hugoniot–Rankine, Newton’s second law and
ernoulli relation.

It has been shown that these models depend on non-
imensional numbers such as Reynolds, cavitation parameter, drag
oefficient. For this set of experimental values, the models have
een validated by experimental data and lead to the following con-
lusions

We expect that analytic descriptions of the phenomena will be
mproved by coupling these experimental results to CFD simula-
ions. For example, such simulations should help us model cavity
ormation, shock-wave propagation, and dissipation of kinetic
nergy from the projectile into the liquid. The results were catas-
rophic failures of the vessels, and our studies have produced a
reliminary step to understand the following liquid discharge.

In future work, we plan to characterize liquid discharge, frag-
entation mechanisms, and subsequent evaporation of vessel

ontents. The overall goal is to attain an integrated description that
tarts from projectile impact and extends to consequences in terms
f container failure, catastrophic liquid discharge, and final break-
p [23] leading to evaporation and atmospheric dispersion (cloud
oncentrations).
cknowledgment
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