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ABSTRACT

There has been lately an increased interest in the numerical simulation of water-filled missiles or
projectiles. The modern NPPs have to be designed to withstand an impact of a large passenger aircraft.
Full fuel tanks comprise a substantial proportion of the total mass of the craft and thus contribute to the
impact load. Furthermore, part of the fuel may enter the building and cause fires inside it. It is of great
interest whether the fuel has a hydro-dynamic effect to the force-time function in addition to mere mass
flow. Another interest lies in the fate of fuel, how much of it deflagrates as a fire ball, how much of it
burns as pool fires outside or inside of the building.

Within an international project called IMPACT managed by VTT projectiles of various types have been
shot against target plates, e.g. steel pipes have been filled with water and shot against a target system
which measures the impact velocity and force. This paper deals with finite element (FE) simulations of
those tests. The water is modelled in three different ways; as solid elements, as Smoothed Particle
Hydrodynamics (SPH) particles or as material flow in Eulerian mesh. The steel pipe is modelled with
shell elements and failure criteria. The main simulation results, such as the impact force, the initial
velocity of the water front and the deformed shape of the missile, are all compared with the corresponding
experimental values.

Some sensitivity studies have been made, but only analyses conducted with methods, mesh size and
parameter values that have been found to work adequately are considered here. This is only a preliminary
study which shows the capabilities of some different modelling approaches on a fairly general level.
Furthermore, only two experimental tests are considered. In one test (named SFP13), the projectile was
empty, while in the other (SFP10), it was filled with water. Otherwise the test arrangements were very
similar. The tests have been reported earlier in more detail by Vepsé (2014).

FORCE PLATE TEST WITH EMPTY PROJECTILE

A hollow and empty missile-like projectile was shot against a target system which measures the impact
velocity and force. The projectile hits a force plate, which is a 70 mm thick steel plate behind which there
are three force transducers (see Figure 1). This target system is studied by Kaunisto (2011) in his Master’s
Thesis.

The projectile was essentially a cylindrical stainless steel (grade 1.4432) pipe with a length of 2.10 m, a
diameter of 204 mm and a wall thickness of 2 mm. The total mass and the recorded impact velocity were
42.1 kg and 134.3 m/s, respectively, in this test SFP13. Both the target and the projectile are modelled
with linear 4-node shell elements, and the test properties are followed in detail with FEM. The number of
elements for the target and projectile are 10 440 and 12 808, respectively. The steel is modelled as elastic-
plastic material with von Mises yield surface. The FE analyses are conducted with Abaqus/Explicit code
version 6.13.
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Figure 2 shows a FE mesh detail of deformed projectile and force plate with frame (above) and a detail
showing von Mises stress distribution approx. 0.1 s after the impact when the projectile has already
bounced back. Photo of the real final deformed shape is also shown in the photograph.

249

249

221

Trans{]uceﬂ

‘
N '

Transgﬁucer 2

221

Midpoint of the force plate

i
EEE

mEE) S

o
| |
w
=
[}
| ]
Il
u

221
)

Transducer 3

Front surface of the force plate

Figure 1. Schematic front view drawing of the force plate (left) and FE model of the force plate with
frame (right).
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Figure 2. FE mesh detail of deformed projectile and force plate with frame (above) and a detail showing
von Mises stress distribution (simulation of test SFP13 approx. 0.1 s after the impact). Photo of the real
deformed missile is also shown.
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Figure 3. Measured and simulated forces in test SFP13.
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Figure 4. Measured and simulated averaged forces in test SFP13.

Figure 3 shows measured and simulated forces in test SFP13. The red curve is the simulated contact force
between the projectile and the target. The blue light curve is the simulated force in the transducers, thus
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comparable to the test result shown with dark blue curve. Since there is some noise in all the curves, they
are averaged. A detail is shown in Figure 4. It can be seen, that according to the simulation the contact
force is a straight curve on average. The dynamics of the whole system affects more the force in the
transducers (or LOAD CELL, as in legend), since the target is not completely rigid. The behaviour of the
missile could be well reproduced with the simulation, the contact force agrees with the analytical curve
introduced by Riera (1968), but the detailed force-time function in the transducers is a more difficult task.

Also an impact to a rigid plate target was simulated. The contact force-time function was found to be very
close to the one simulated in case of flexible force plate system.

FORCE PLATE TEST WITH WATER-FILLED PROJECTILE

A hollow missile-like projectile was fully filled with water and shot against a target system. The projectile
is essentially a cylindrical stainless steel pipe with a length of 1.13 m, a diameter of 204 mm and a wall
thickness of 2 mm. The total mass and the recorded impact velocity were 51.1 kg and 137.0 m/s,
respectively, in this test SFP10. The amount of water was 37.3 kg. The number of elements for the target
and projectile are 400 and 8 452, respectively. The effect of water on the impact force is difficult to assess
merely by comparing the two considered tests, since the total mass is different. A hydrodynamic water-
hammer effect is difficult to assess, since there is not any comparative test, where the water would have
been replaced with solid material with same density.

Water-filled missiles have been tested also earlier at VTT and several articles have been published on
those tests and corresponding analyses. Some general experimental findings of similar tests to the ones
considered here have been stated by Silde et al. (2007/2011). The liquid spurts out of the missile when the
container fails, leading to dispersal around the target. The liquid forms a fairly “flat” and circular splash
pattern. The initial discharge speed of the liquid front is mostly higher than the impact velocity of the
missile. It has been found to be between approx. 1 and 2.5 times the impact velocity. The behaviour was
similar also in test SFP10. Figure 5 shows two frames from the high-speed video footage. They are taken
approx. 2 ms and 6 ms after the impact. At 6 ms, the liquid front has propagated at least 1 m and the strips
of the steel pipe are approx. 0.5 m long. It means that the average liquid front velocity during the first 6
ms is approx. 170 m/s. The initial discharge speed has to be clearly higher. Projectile fragments gathered
near each other are shown in Figure 6.

Since the modelling of water is a relatively challenging task itself, the FE simulations are done with the
target modelled as a rigid plate. The contact force between the projectile and the rigid target is used as a
result and shown in Figure 7. The water is modelled in three different ways; as linear solid elements, as
SPH particles or as material flow in Eulerian mesh. In each case, the same hydrodynamic material model
in which the material's volumetric strength is determined by an equation of state (EOS) is used for the
water. The number of elements/particles for the water (and also the surrounding volume in the Eulerian
mesh) in case of solid, SPH and Eulerian elements are 47 672, 190 688 and 468 000, respectively.

Smoothed particle hydrodynamics (SPH) is a numerical method that is part of this family of meshless
methods. For these methods one does not define nodes and elements as would normally be defined in a
finite element analysis; instead, only a collection of points are necessary to represent a given body. In
SPH these nodes are commonly referred to as particles. The method has received substantial theoretical
support since its inception by Gingold and Monaghan (1977), and the number of publications related to
the method is now very large. For instance, a similar test has been simulated using SPH by Heckotter
(2015).

The pure Eulerian analysis capability in Abaqus/Explicit allows for effective modelling of applications
involving extreme deformation, including fluid flow. The Eulerian capability can be coupled with
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traditional Lagrangian capabilities to model interactions between highly deformable materials and
relatively stiff bodies, such as in fluid-structure interactions. In this case, the water and the surrounding
volume (considered as almost vacuum) is modelled as an Eulerian mesh, and the missile and target are
modelled as a more traditional Lagrangian mesh.

The steel material of the projectile was given failure criteria, since in the test the projectile was torn into
many fragments as shown in Figure 6. The element is removed from the model after it has exceeded
plastic strain level of 100%. This allows the projectile to fracture into pieces and the water to spurt out.

Figure 6. Projectile fragments gathered after test SFP10.
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All the simulations were successful and the energy balance was maintained. Figure 7 shows the measured
force in test and corresponding simulated forces with different methods. A detail of the first 6 ms is also
shown. The impact velocity was slightly lower in the simulations (134.3 m/s — the same as in test SFP13
with an empty missile) than in the test SFP10 (137.0 m/s). The recorded curve shown in dark blue curve
has the certain oscillation due to the dynamics of the force plate system. The simulated curves all have a
very high peak at the start of the impact that is not observed in the test. Otherwise the general level of the
force is of similar magnitude in all the simulation cases and in the test. The duration of the impact is also
almost same, approx. 13 ms, in each case. Notice that the duration was more than 20 ms in the case of an
empty missile (Figure 4). In case of solid elements for the water (green curve), the simulation terminated
at 2.2 ms due to distortion of the elements.
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Figure 7. Measured force in test SFP10 (137.0 m/s) and corresponding simulated forces with different
methods (134.3 m/s) and a detail of the first 6 ms (below).

Figure 8 shows the deformed projectile shapes approx. 2 ms after the impact in each simulation case. In
each case, the projectile has already started to break and the water is bursting out. In the two first cases,
the colour tells the velocity in horizontal X-direction in the middle plane where the models are cut here
for illustrative reasons. Depending on the location, the velocity of the water front is approx. between 80
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m/s and 160 m/s in both cases. In the coupled Eulerian case on the right, the red and blue colours
represent water and air, respectively.

Figure 9 shows the same results at 6 ms after the impact. In both cases, the water has propagated approx.
from 40 cm to 80 cm, depending on the location. This is somewhat less than observed in the test (see
Figure 5). The maximum velocity of the water front is still up to 160 m/s in some locations. That is in
agreement with the earlier experimental findings. Also, the missile deformation agrees well with the
reality.
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Figure 8. Deformed projectile shapes approx. 2 ms after the impact with solid (left), SPH (centre) and
Eulerian (right) elements assigned for water.
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Figure 9. Deformed projectile shapes approx. 6 ms after the impact with SPH (left) and Eulerian (right)
elements assigned for water.
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CONCLUSION

An impact of a projectile without water can reliably be simulated with FEM. When the water is included,
the simulation gets more demanding and there are more variables that affect the results. Water can be
modelled with traditional solid elements, in which case the start of the analysis is realistic but after that
the simulation terminates due to numerical problems. SPH seems to be the best way to model water, but
the simulation times usually get really long.

According to these preliminary analyses, the model behaviour is similar at the start of the impact with all
these different modelling approaches. The simulated behaviour, such as projectile deformation and water
dispersal, is in fairly good agreement with the experimental tests. However, more simulations have to be
compared with more tests with different parameter values in order to draw more reliable conclusions both
on general and on detailed level.
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