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ince the events of September 11, 2001, the possibility of an intentional act targeting the chemical

rocess industry has become realistic. It is, therefore, a great concern to be able to predict the

mmediate consequences of such an act. This study is intended to improve our knowledge about the

equence of events that occurs when a high-speed bullet (41000ms�1) penetrates a vessel filled with

oxic liquid. We find that, prior to liquid ejection, several well-defined phases occur, including the

henomenon known as the ‘‘hydraulic ram.’’ This paper focuses on projectile–target interactions and
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1. Introduction

An important concern in risk management is the effect of
projectile impact on a vessel holding a toxic liquid. Such an event
may occur as part of an intentional attack that targets the
chemical process industry.

1.1. Intentional act

According to Baybutt and Ready (2003), September 9, 2001, is
an important date for risk assessment in the chemical industry.
Prior to this date (Bajpai & Gupta, 2005) risk assessment focused
on unintentional acts, such as human errors, technical failures,
and natural calamities. Now, however, oil refineries, fertilizer
plants, and petrochemical facilities are targets for terrorists. The
military guide to terrorism (TRADOC, 2007) lists several weapons
that could be used in intentionally destructive acts; grenades
appear to be a likely possibility.

1.2. Projectile

According to Mott and Sneddon (1963) and Gurney (1943),
who have performed tests on grenade effects (blast and
+33466782701.

n).
fragmentation), the velocities of projectiles (steel or aluminium)
created by fragmentation range between 1350 and 1600ms�1.
Fragments have an average mass of 0.80 g from grenades
commonly used by terrorists (TRADOC, 2007).

Besides grenades, another way to severely damage a structure
is to use a jet-shaped explosive charge. These devices provide
impact velocities between 1500 and 1700ms�1 (GlobalSecurity,
2008) with a projectile density close to that of copper (Zernow,
1997).

1.3. Target

According to Chamayou (1997), who has worked on storage
problems in the chemical process industry, it is possible to
define particular families of products that are stored in atmo-
spheric tanks. Then a global range of physical and chemical
properties of fluids can be identified, as illustrated in Fig. 1.
Moreover, the same study shows us that likely targets have a
characteristic dimension H/F (ratio of height to diameter)
between 10% and 44%. Thus, the characteristics of projectiles,
atmospheric storage tanks, and toxic fluids are all known for those
scenarios that are likely to describe an attack on a chemical
process plant. This knowledge allows us to develop an experi-
mental protocol. However, it is important to define more precisely
the phenomenon to be studied. During impact on a fluid-filled
tank, a high-velocity projectile forms, what specialists have called,
a ‘‘hydraulic ram.’’
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Nomenclature

A projectile cross-sectional area (m2)
Cl sound velocity in fluid (ms�1)
Cp sound velocity in projectile material (ms�1)
Cx drag coefficient of projectile (dimensionless)
dp plug diameter (m)
mp mass of the projectile (g)
ml fluid viscosity (Pa s)
Re Reynolds number (dimensionless)
rl fluid density (kg L�1)
rp projectile density (kg L�1)

rt target wall density (kg L�1)
sl Hugoniot slope coefficient of fluid (dimensionless)
sp Hugoniot slope coefficient of projectile material

(dimensionless)
t time (s)
up projectile velocity after impact (m s�1)
up0 projectile velocity before impact (ms�1)
upf residual projectile velocity (ms�1)
up50 ballistic limit which represents an impact velocity at

which 50% of a series of identical projectiles just
breach the target (m s�1)

Vp projectile volume (m3)
1.4. Hydraulic ram

During the Apollo space project, catastrophic tank failure was
studied (Stepka, Morse, & Dengler, 1965) to understand the
damage mechanism that would be induced when a meteorite
impacts spacecraft fluid cells. Tests were carried out by impacting
water tanks with hypervelocity projectiles (from 1301 to 6400m
s�1). In particular, researchers wanted to evaluate damage
mechanisms caused by a hydraulic ram.

A hydraulic ram is a complex mechanism that involves a
number of events: when a projectile enters a tank, a shock wave
forms, and the high pressure and stresses near the entry point
may cause cracks in the vessel. As the projectile traverses the
fluid, high pressure is generated, and energy is imparted to the
fluid through projectile drag. This increased energy sets the fluid
in motion and forms a cavity. Fluid motion, cavity formation, and
subsequent cavity collapse impose stresses on the tank walls.
Finally, if the projectile has sufficient kinetic energy, it will exit the
tank. As it exits, a local area of fluid is compressed, and cracks are
produced around the exit hole. This phenomenon has been the
subject of several investigations concerning the survivability of
military aircraft fuel cells (Ball, 1976; Holm, 1973; Lundstrom &
Fung, 1976; Mueller, 1974; Townsend, Park, & Devall, 2003). The
processes involved in a hydraulic ram are summarized in Fig. 2;
two steps can be identified.
Fig. 1. Synthesis of liquids propertie
1.
s st
At the time of impact there is a sudden and violent release of
energy, which generates a shock wave.
2.
 During the time that the projectile crosses the fluid, there is an
additional exchange of energy which is not as strong but of
longer duration than that at impact.

This short description demonstrates the complexity of physical
mechanisms that contribute to a hydraulic ram. Other laboratories
have worked on the resulting liquid instabilities (Borg & Cogar,
2007; Borg, Cogar, & Ference, 2000; Borg, Cogar et al., 2001; Borg,
Grady et al., 2001; Borg, Downs, & Lloyd, 2006). Borg has
performed a series of tests based on the same approach
(projectile–target system), principally using an aluminium pro-
jectile (23.8mm diameter) at velocities between 1630 and
6000ms�1 impacting a steel cylinder filled with tributylpho-
sphate (TBP). His work concerns liquid expansion and instability.
Borg managed to model the mechanism of liquid expansion and
subsequent breakup caused by a hydraulic ram. His theory is
based on conservative laws for expansion (Gurney, 1943) and for
breakup (Grady, 1988). He focused particularly on a dimensional
penetration study (Borg, Cogar et al., 2001; Borg, Grady et al.,
2001) and concluded that the phenomenon can be considered as
inviscid. Moreover, he established a clear correlation between
drag and liquid expansion. It is worth noting that the dimension-
less ratio of projectile diameter to target diameter was 25–33%. In
ored in atmospheric tanks.



this case the penetrating projectile was clearly the source of fluid
ejection, as described in Fig. 3.
1.5. Objectives

The aim of our work is to continue such studies, focusing on
volatile toxic liquids, which are expected to be targets of an
intentional act. Full-scale tests were recently carried out at the
Centre d’Etudes de Gramat (CEG) to assess the consequences of an
impact on a tank filled with an industrial liquid. The first aim of
this project was to study the hydraulic ram; in particular, to study
the drag and cavitation phases. An original feature of our approach
is that losses in projectile energy were determined without having
sensors in the fluid. Another feature is that dimensionless ratios of
projectile to target diameters were less than 2%; this is a medium
value compared to laboratory experiments (25–33% in Borg &
Cogar, 2007; Borg, Cogar, & Ference, 2000; Borg, Cogar et al., 2001;
Borg, Grady et al., 2001; Borg, Downs, & Lloyd, 2006) and large-
scale tests (0.003% average ratio between an explosive-device
fragment and an atmospheric tank).

In this paper, we report
�
 measurements of the movement and deceleration of a
projectile after it impacts a fluid-filled vessel, and
�
 compare the subsequent velocity decay to a hydrodynamic
model.

The analysis leads us to propose an analytic model that relates
the drag phase of a hydraulic ram to the physical and chemical
properties of the stored fluid. This first step is expected to
Fig. 2. Proposed outline of hydraulic ram, adapted from Holm (1973).

Fig. 3. Liquid expansion during projectile pen
highlight fundamental parameters that can be used to establish a
complete model for flow and breakup.
2. Apparatus and methods

2.1. Introduction

Tests were performed to reproduce a projectile impacting a
liquid-filled tank. A gun was used to accelerate a sabot device
containing a small spherical projectile. To measure liquid
fragmentation and subsequent evaporation, two devices were
set up:
�

etra
a very high-speed frame recording device (4000Hz), and

�
 a chemical-sensor mesh (1Hz).
In this paper, chemical sensors do not play a role because only
the first milliseconds of the phenomena are analysed; therefore,
the chemical-sensor mesh is not described here.
2.2. Test vessels

The experimental setup is presented in Fig. 4. A cylindrical steel
vessel (diameter ¼ 360mm, height ¼ 622mm, volume ¼ 60L,
thickness ¼ 0.7mm) was slightly attached to two poles, spaced at
contact points between the vessel and two neighbouring pseudo-
vessels. To be representative of industrial storage, the liquid vessel
was not completely filled (height of gas phase ¼ 40mm).

Vessels were commercial 60 L capacity barrels (Manutan).
They were manufactured from steel of thickness 1mm for the
plane parts and thickness 0.6mm for the side cylinders. The
real volume of each barrel was about 63 L (Fig. 5). Consequently,
the dimensionless ratio of projectile to target diameter was less
than 2%.
tion, from Borg, Grady et al. (2001).

Fig. 4. Experimental setup.



Fig. 5. Target vessel.

Fig. 6. Optical measurement of projectile velocity.
2.3. Solution properties

Two types of solutions were used in the experiments. Each
contained urban water either with or without polyethylene glycol
400. Polyethylene glycol 400 is a liquid at ambient temperature
and is a polymer characterized by a high viscosity. Binary
mixtures (containing either 40% or 74% PEG mass fraction) are
representative of common organic liquids that are stored in the
chemical process industry (see Fig. 1); for example, crude oil has a
viscosity of about 4Pa s. The physico-chemical characteristics of
the solutions are expected to influence the system’s response to
impact events.

Densities r (kg L�1) of aqueous solution of polyethylene glycol
400 are given in the literature (Yurquina, Manzur, Brito, Manzo, &
Molina, 2007; Kirincic & Klofutar, 1999). Thus, the properties of
the aqueous solutions employed in these tests are located in the
middle right part of Fig. 1.

2.4. Projectiles

The projectiles used for the impact tests were solid spheres
whose diameters were assumed constant even after impact
(13mm). The projectile material was Denal, which is a tungsten
alloy; the particle mass ranged from 20.1 to 20.2 g. Each bullet was
fired at a distance of 15m from the vessel.

For those tests involving projectiles of diameters smaller than
that of the launch tube bore, it was necessary to use a sabot that
held the projectile during its travel through the launch tube. After
exiting the launch tube, the sabot separates from the projectile
and departs from the projectile flight path, so only the projectile
impacts the target tank.

2.5. Optical apparatus

A high-speed framing technique has previously been applied to
hydrodynamic studies of, for example, diesel jet breakup (Chigier,
1991), water spray (Amielh, Giorgetti, Heichelbech, & Tchiftch-
ibachian, 2006), water entry and supercavitation (Holm, 1973; Shi,
Motoyuki, & Takuya, 2000). In those studies the scene was
illuminated by a background light, which was scattered by the jet.
In our experiment, because of specific conditions due to the gun,
the target was illuminated directly with three spotlights of
3500W each. However, natural sunshine was the major source
of light so, from one test to another, optical conditions were not
the same. The field of view of each camera was within 2.5m and
the focal distance was chosen to provide complete coverage of the
experimental field. Optical aberrations are estimated to be 2% of
maximum full field. The use of a supersensitive 10 bit comple-
mentary metal oxide semi-conductor (CMOS) was chosen for its
ability to capture fast events (Schmitt, Hugenschmidt, & Baca,
2004). The cameras were Photron Fast Cam APX 120K, working at
4000 frames per second at full resolution (1024�1024 pixels).
Video sequences were processed to enhance the projectile
displacement images (Lecysyn, Heymes, Dandrieux, Slangen,
Dussere, Munier, Lapebie, & Le Gallic, 2007); postprocessing
consisted of filtering, eroding, and thresholding of each image
from the shotgun sequences.

2.6. Projectile velocity measurement

The exposure time (equal to the frame recording rate) of the
camera was long enough (compared to bullet time of flight) to
record an ‘‘optical smear’’ (Fig. 6). This optical smear was
highlighted on images from camera #1. The ‘‘optical smear’’
length divided by the exposure time (1/4000 s) provides projectile
velocities. Accuracy depends (a) on optical aberrations, which
were of 2%, and (b) on camera calibration (3mm per pixel), which
gave an error of 12ms�1; therefore, the projectile velocities were
measured with an accuracy of 0.8–1.8%.

As a result, it was possible to measure projectile velocities both
before and after impact; this allowed us to obtain values for the
velocity decay in the vessel. It is important to note that projectile
velocity was not measured in the liquid. Indeed, the average velocity
values were obtained from projectiles in air, where energy loss
due to drag is insignificant compared to that in the liquid system
(at least, over the very short time intervals studied here). This is why
experimental values from this optical technique are assumed to be
the initial and final velocities of the projectile in the target.

3. Results and discussion

3.1. Description of the phenomenon

From the video recordings of each shot, we can obtain an
empirical description of the observed phenomenon. The record-
ings show that catastrophic tank failure can be divided into the
following sequence of events (see Fig. 7):
(a)
 Phase 0 in which the projectile impacts and penetrates the
vessel (less than 0.5ms),



(b)
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Phase 1 in which a liquid jet (snake-tongue geometry) is
ejected (less than 30ms),
(c)
 Phase 2 in which the liquid breaks up, ligaments form, and
drops coalescence with lower velocities than in phase 1 (about
250ms),
(d)
 Phase 3 in which there is gravity flow of the liquid through the
failure hole (a few tens of seconds).
Vaporization is a fourth phase, which is expected to begin
during phase 2 and to continue for a 5min thereafter. It would be
of interest to discuss each of these phases; however, the goal of
this study is to identify static and dynamic parameters that can be
used to correlate liquid ejection, breakup, and vaporization.
Therefore, in this paper we focus on energy input during the
initial phase.
3.2. Projectile velocity experimental values

Six gunshots (Table 1) gave projectile speeds in the range
850–1250m/s at impact on the vessel. Each projectile was fired
into the centre of the vessel. Because of the ratio between target
and projectile diameters, it is assumed that any uncertainties due
to shot misalignment are negligible. Each video sequence was
processed to obtain the optical smear length both before and after
impact. The resulting values for projectile velocity loss in the
target vessel are listed in Table 1 for each shot.

Velocity loss varied from 30% to 40%, depending on experi-
mental conditions. However, there is no clear correlation
between velocity loss and either mixture viscosities or
densities. A dimensional analysis is proposed in Section 3.6 to
get sensitive parameters that can explain the liquid system
response to impact.
Fig. 7. Different phases of liquid discharge.

e 1
rimental values for CEG tests series

up0
(m s�1)

up
(ms�1)

Velocity

loss (%)

PEG 400

(mass %)

ml (Pa s) rl

(kg L�1)

1192 731 39 0 0.176 0.950

1472 881 40 0 0.176 0.950

1003 680 32 40 4.83 1.065

1235 816 34 40 4.83 1.065

1042 645 38 74 23.66 1.077

1044 650 38 74 23.66 1.077
3.3. Modelling decay of projectile velocity after impact

The decay ratio of projectile velocity after impact is plotted in
Fig. 8. A drag Eq. (1) has been used, assuming that the projectile
remained intact and did not deform,

rpVp
dup

dt
¼ �

1

2
CxrlAu

2
p (1)

Two different methods have been used to solve Eq. (1).
In the first method, we integrate (1), assuming Cx is constant

(Stepka et al., 1965). The result is

upðtÞ ¼
up0

1þ 3
4Cxðrlup0=rpdpÞt

(2)

The term Cx(rlup0/rpdp)t is an interesting dimensionless
combination of experimental parameters; it is used in Section 3.5.

In the second method, we solve the differential equation (1)
numerically, like Borg et al. (2000), but using Euler’s method.
From the projectile velocity at time t, we estimate a new value at
(t+Dt) by

upðt þ dtÞ ¼ upðtÞ �
rfluidACxðupÞupðtÞ

2

2mp
Dt (3)

Values for Cx were determined as functions of the Reynolds
number, according to the Brauer relation (Midoux, 1993):

Cx ¼
24

Re
þ
3:73
ffiffiffiffiffiffi

Re
p �

4:83� 10�3
ffiffiffiffiffiffi

Re
p

1þ 3� 10�6Re3=2
þ 0:49 (4)

3.4. Effect of impact into the fluid

In both methods for predicting the projectile velocity through
the vessel, it was assumed that the bullet punctured the tank
wall. To model the instantaneous velocity decay due to impact,
the Hugoniot–Rankine (Borg et al., 2000) relation (5) was added
to (3).

rpCpðup0 � upÞ þ rpspðup0 � upÞ
2
¼ rlClup0 þ rlslu

2
p0 (5)

This is a one-dimensional model based on conservative laws
applied when a gas, initially at rest, is shocked by a piston. In our
experiments, the target is a thin wall (0.7mm) of steel, hit by a
very dense projectile that is assumed to be nondeformable. That is
why it is assumed that the steel wall does not have any influence
on the velocity decay.

Eq. (5) is a quadratic polynomial in the variable (up0�up).
For a spherical projectile made of Tungsten impacting a water-
filled tank, Fig. 8 shows solutions of (5), expressed as the ratio
(up1/up0), for velocities in the range [1000, 1500ms�1]. The
velocity decay varies from 5.1% to 6.4%. This model is used in
the next section for comparison with the hydrodynamic model
given by (2).

3.5. Comparison between experiment and theory

Our experimental results are compared in Table 2 with those
from the above models. The results from (2) (with constant Cx) are
very similar to those obtained from (3) to (5) (with varying Cx);
the differences are less than 5%. This slight discrepancy could be
explained by the predicted loss of velocity due to impact, as
described in Section 3.4. This agreement suggests that taking into
account only drag is enough to explain the velocity loss of the
projectile. Note that these projectile velocities are less than Cl, the
speed of sound in the liquid.

To identify sensitive parameters that can explain the system’s
response to impact, we chose the drag model from Stepka et al.



Fig. 8. Velocity decay of a projectile after impact.

Table 2
Experimental and predicted values

Shot

no.

Experimental values Predicted velocities after

impact (m s�1)

Impact

parameter

(up/u0)

(%)

up
(m s�1)

Constant

Cx
a

Nonconstant

Cx
b

(Cxrlup0/

rpdp)t

1 61 731 748 742 0.90

2 60 881 891 883 0.91

3 68 680 667 648 0.66

4 66 816 821 800 0.75

5 62 645 674 642 0.64

6 62 650 675 643 0.64

a Stepka et al. (1965).
b With Hugoniot–Rankine (Borg et al., 2000).
(1965). These dimensionless parameters are identified:

Impact parameter ¼
Cxrlup0

rpdp
t (6)

and

Velocity decay ¼
up

up0
(7)

Experimental points from the studies of Stepka et al. (1965) are
plotted with our data in Fig. 9. To get a suitable comparison,
experimental values taken before and after the projectile
penetrates the target have been considered to be the same as
those entering and exiting the liquid (modifying t term, assuming
the loss of velocity in air is not significant).

These experimental values and those from the models, for
impact parameters in the range of those in the tests by Lecysyn
et al. (2007), confirm that the velocity decay is between 30% and
40%. Moreover, Fig. 9 shows an inverse relation between projectile
deceleration and impact parameter. This confirms that mixture
properties are not enough to explain the liquid system’s response
to impact. To cover the entire range of liquid properties described
in Fig. 1, more experiments must be performed with other liquids.

Discrepancies between the Stepka et al. (1965) experimental
values and the drag-model predictions could be explained by
discrepancies in the ranges of velocities; in the Stepka et al. (1965)
tests, the projectile was supersonic in the liquid. Such high
velocities are beyond the range of validity of (2).

However, the two points corresponding to shots into a 74% PEG
400 mass-fraction solution do not agree well with the model.
Fig. 10 shows that the composition of an aqueous solution affects
the Reynolds number of the wake of a projectile, but composition
does not affect Cx values. This observation agrees with the Borg
et al. (2000) dimensional analysis, which relates viscosity to
projectile penetration.

3.6. Effect of impact onto target walls

As described by Holm (1973), when a tank is hit by a high-
velocity projectile, dynamic stresses are generated and trans-
mitted through the wall. These stresses are caused by the
puncturing and cratering action resulting from the projectile’s
impact; they take the form of compressive and circumferential
bending stresses in the wall. As the projectile penetrates the
liquid, drag pressure and cavity formation contribute to local fluid
compression near the rear wall; this compression causes cracks in
the tank walls. Thus, only the penetrating action into the front
wall is expected to slow down the projectile. As described by
Morse and Stepka (1966) for a given projectile material, fractures
of tank walls occur at lower impact kinetic energies for smaller
diameter projectiles. Perhaps this can be explained by an
impedance transfer mechanism, which is assumed to be promoted
by two factors: high velocity of sound for the material and a
small-dimension projectile, which better propagates acoustic
shock waves. In any case, the hydrodynamic model (2) predicts
values that agree with the experimental ones; therefore, we
neglected wall–projectile interactions. Such interactions will be
more important in studies of fracture mechanisms.
4. Conclusions

Tests were performed to analyse the consequences of high-
speed impacts of projectiles onto a tank filled with a toxic liquid.
Such an impact results in catastrophic failure of the vessel and
leads to liquid fragmentation within 250ms of impact. In this
study, we measured and modelled the decay of projectile velocity



Fig. 9. Velocity decay in the fluid.

Fig. 10. Cx values as a function of Re.
as it passed through the liquid. Projectile velocities were measured
from sequences of processed images. The results suggest that
projectile penetration is not sensitive to liquid density or to liquid
viscosity (high drag coefficient). A dimensional analysis was
proposed to improve our understanding of the impact phenomena.
To model projectile velocity decay, a drag equation was solved in
two ways: one assuming the drag coefficient was constant, the
other assuming it depends on the projectile velocity. The two
approaches produced very similar results.

The energy loss on impact with the vessel was taken into
account by appealing to Hugoniot–Rankine relations; however,
the resulting energy losses were found to be negligible. The
velocity-decay model agrees well with experimental data, imply-
ing that any loss of kinetic energy during impact is totally
dissipated into the liquid. Dimensional analysis shows that the
projectile velocity decreases from 30% to 40%, depending on
impact parameters.
This analysis constitutes an important step toward under-
standing projectile–target interactions during certain industrial
accidents. In the next step, we intend to characterize liquid
discharge, the fragmentation mechanism, and the consequent
evaporation. The ultimate goal of this project is to obtain an
integrated description from projectile impact to consequences in
terms of container failure, catastrophic liquid discharge, and final
breakup, which would lead to evaporation and atmospheric
dispersion (cloud concentrations).
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