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Abstract

In this papera two-step technique is suggested to reduce the reflection of shock waves from a truncated
boundary without significantly smearing the incident shock wave and to suppress spurious oscillations
without significantly affecting accuracy By comparing the results for a one-dimensional case with a well-
known analytical solution, it is shown that the technique works very well.

Intr oduction

This work is motivated by the interests of ship designers to avoid the cost of expensive physical tests by using advanced
commercial finite element codes to demonstrate an acceptable response of structures to shock waves created by underwater
explosions. Many investigators (see for example, Felippa, C.A. & Deruntz, J.A., 1984) have shown that cavitation in the
fluid domain may significantly &ct the response of a structure immersed within it or at its surface. LS-¥YaNidydro-
code, which has the potential to simulate the problem.

The purpose of this work is to investigate techniques used for simulatingebts eff cavitation associated with the
interaction between surface structures and underwater explosions by LS-DYR& .explosions are modelled by shock
waves applied on a part (or possibly the whole) of a truncated boundary of a fluid domhiee issues have been
considered for solving the problem: (1) the boundary condition on the truncated boundary; (2) the need to suppress spurious
oscillations arising from the modelling and (3) implementation of material laws in the fluid. For a truncated boundary
without an incident wave enging from it, a non-reflecting condition can be used directly for reducing the reflection of
shock waves. Howevgelor a truncated boundary where the incident wave is appliedfi@ltif arises. The reason is that
applying the non-reflecting condition, together with the incident wave to the bounelsuits in the incident wave being
incorrectly modified; on the other hand, if the non-reflecting condition is not employed, the shock wave scattered due to the
motion of the structure is inevitably reflected back, disturbing the physical state of therthiscifficulty is solved byan
approach that can deal with the conflict whilst maintaining accuracy to a level that is acceptable from an engineering
standpoint. As is well known (see, for example, Felippa and DeRuntz, 1984), spurious oscillations may occur when
cavitation exists in a fluid domairA common method of suppressing these oscillations is to introduce artificial damping,
as done for instance, by Felippa and DeRuntz (1984). Howtaigrdamping may also reduce physical pressure and
therefore alter the response of the structure, which is clearly not desivatikrhnique is suggested here, which can
effectively suppress spurious oscillations without significantly reducing the pressure. Several material laws that may be
used for the problem are available in LS-DYNAnN investigation of the implementation andeets of these laws is
presented

Problem Description

The problem investigated is a flat plate initially resting on the surface of half space of fluid. In numerical simulation,
the fluid domain is truncated to 150 inch (3.81 m) down below the plate, and a shock wave, represented by a step exponential
decay functionp p e / :(decay timep,: peak pressure), is applied to the truncated boundarghown in Figure 1.

This is efectively a one-dimensional problem, and so a column with four elements in each layer is considered with
symmetrical conditions imposed on all four vertical surfaces of the coléththe parameters are the same as those used

by Felippa and DeRuntz (1984), as giveMable 1, which were presented in Imperial unit there and are also presented in
Sl equivalent unit here.

Table 1

Imperial unit Sl equivalent
Density of fluid 9.3455E-05 Ib sédn™ 1000 kg/n
Density of plate 5.3297E-04 Ib sédn™ 5700 kg/ni
Sound speed in fluid 57120 in/sec 1450 m/sec
Atmospheric pressure 14.7 psi 1 MPa
Peak pressure of shock wave 103 psi 7.1 MPa
Decay time of the shock wave 0.9958E-03 sec 0.9958E-03 sec

The following considerations led to this example being chosen:

1) An analytical solution for it has been obtained by Bleich and Sandler (1970), which can be used for validating the
numerical results.

2) The techniques suggested through this problem are also valid for two- and three-dimensional problems.
3) Itis simple and suitable for a & number of numerical investigations on PC machines.



4) The structure may be considered as the central part of a vgeythmee-dimensional structur&herefore, the
results obtained from it can shed some light on the response of sugh thtae-dimensional structure.

The cavitation is assumed to occur whem p, p, O p,or P, ,pvhiedg, are the total and atmospheric
pressure, respectively apglis the diference between them, including the incident, scattered and hydrostatic pressures d
to water density and plate weight. In the cavitation region, the total pressure is made to go to zero.

A shock wave represents a jump in the medium's physical quantities, such as pressure, density andnekaitiye
disturbance produced by a shock is theoretically discontinuous. Due to the discqntimagyical analysis may not yield
reasonable solutionsTo resolve this, an artificial viscous term (called artificial bulk viscosity) is usually added to the
physical pressure so that the shock discontinuity is changed into a rapidly varying but continuous transition wave. In
DYNA, the following expression for bulk viscosity is used (Hallquist, J.O., 1998):
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where €,, is the strain rate of deformatiQn{i=1,2) are artificial damping coéfients; is the density of fluidg is
sound speed of fluid;is characteristic length of an element , given ¥ = 3\/7 (V, isthe volume of a element). It should
be noted that the instantaneous values, afandl may be used, and spdepends not only 08, a®€j  but also on their
higher orders.

Boundary Condition

As mentioned above, the physical fluid domain is truncated for the purpose of computation, and the incident wav
applied to the truncated boundakyhen the incident wave reaches the plate, it will be reflected and scafteeeteflectd
and scattered waves travel back to the bound&ysically the pressure should be transmitted through the boundary
However if no proper condition is employed in numerical analysis, these waves are inevitably reflected back, contamina
the physical flow If, on the other hand, a condition is applied to the bountggther with the incident wave, the incitlen
wave will unrealistically be modified from the beginning. Numerical investigations for the one-dimensional problem ha
been carried out for these two cases, and the vertical velocities of the plate are shown in Figure 2, together wittythe ve
obtained by a proper technique discussed heldivcan be seen that if a non-reflecting condition is not applied on the
boundary then when the reflected wave from the truncated boundary reaches the plate, the calculated velocity becc
considerably lager in the latter half of the period than the much more reasonable result shown in the Figure 2. If on
other hand the non-reflecting condition is implemented from the very beginning, together with the incident pressure,
velocity is significantly reduced in the first half of the period. Cledhlg results obtained in these two cases would&ot
considered acceptable.

It should be noted here that thisfifilty is not only associated with the one-dimensional problem but also exists for
two- or three- dimensional cases. In these latter cases, the boundary where the incident wave is applied may not t
whole of the truncated boundahut is certainly a part of the boundaryor a truncated boundary (as shown in Figure 1)
without an incident wave, a non-reflecting condition can be used from the beginning. Hameher part of the truncated
boundary where the incident wave is applied, the sarfieuly as discussed in the previous paragraph will arise.

An approximate approach is suggested in this work to resolve thisilyf. In this approach, the whole computational
process is divided into two stepAt the first step, the incident shock wave is applied to the truncated boundary (or a pa
of it) until the pressure becomes a small fraction of its peak value without any imposed condition to deal with the reflect
Then, the restart facility of LS_DYN& utilised for the calculation of the second step, in which the non-reflection condition
is imposed on the boundaryt is necessary that the first step stops before the scattered waves from the structure reach
boundary (see Figure 1)he longest time for this step is given 7, <2L/c , whasethe shortest distance between
the truncated boundary and the structure. In addition, the calculated time for the first step should also sat
T, 2 —tIna for the incident pressure with an exponential decay like the one used in this analysis.ifNtite ratio of
instantaneous incident pressure at a tirfeethe pressure when it is at its peakshould be a small value appropriately
selected, such as 0.04. For given values afid , the computational domain must beglrenough to meet these two
requirements. For example, ifis set to be 0.04, the length of the computational dorhashould be lager than 91 inch
(2.31m) from the above inequalities.



The resultant velocity of the plate obtained by this technique has been plotted in Figure 2 as a doftée liasult
agree well with the discrete values obtained from the analytical solution given by Bleich and Sandler (1970), as shown in
Figure 3, which implies that the proposed techniqtect¥ely resolves the ditulty discussed above. One may notice that
a lager oscillation exists in Figure 2 than in FigureThat is because a fgar level of damping is used in the second step
for the results shown in Figure 3The reason why dérent damping is employed is presented bel@ddthough the
effectiveness of this two-step technique in the two- or three-dimensional cases is not presented here, it is considered that it
should also be applicable in those cases, as long as similar treatment is used for the truncated boundary where the incident
wave is applied.

It should be noted that this technique is not suitable for cases where the applied wave is a step function without decay
Fortunately this is unlikely situation with shock waves in water

Suppression of spurious oscillations

As is well known, the occurrence of cavitation can induce spurious pressure oscillations (see, for example, Felippa &
DeRuntz, 1984), which can be translated into the spurious oscillations in the response of the structure, as shown in Figure
4. A common method of suppressing these oscillations is to introduce an appropriate damping value. For example, Felippa
& DeRuntz (1984) added a tertBic’s h, time steps, strain rate and, an appropriately selected damping fic&nt) to
a pressure expression.

In LS-DYNA, two approaches may be employed to introduce the damping term. One of them is through using the bulk
viscosity given in Equation 1As discussed above, the main purpose of using bulk viscosity is to resolvefithdtylif
associated with the shock induced discontinuitymainly plays a role in the region ahead of the shock wave, whe&ré
but does not have anfeft at the region behind the shock wave whgre 0 is usually satisfiedAlthough cavitation occurs
after the shock, these spurious oscillations can induce a negative strain rate (i.e. the first case in Equation 1) and thus can
be reduced by using the bulk viscosifyhe bulk viscosity term witkQ,= 0 in Equation (1) is very similar to the term used
by Felippa & DeRuntz (1984)The diference is that there is no restriction on strain rate in their widnk.other approach
is through using the damping cbiefent in a material law The specific technique for this purpose depends on which
material law is used. In this section, it is assumed that the optio *HIAASTIC_FLUID (Keyword Manual, 1999) is
employed, in which the pressure and deviatoric stress are expressed as:

p=-Kg, (2a)

S, =V.Icpé, (2b)

where K = ¢ is the bulk modulus of flliid,; is the strain rate as beforé)is the deviatoric strain rat& is the
deviatoric stress and, is an selected damping ctefent.

Figures 5 to 7 illustrate the velocities of the plate obtained by usifeyatif methods for suppressing the spurious
oscillations. It can be seen from these figures that using the two methods with proper values of parameferdinedy ef
reduce the spurious oscillations, and the oscillations become smaller as the damfitigntsefre increased. Howeyer
the peak of the structural response is decreased at the same time when the danficiegtsdafall cases are increased.
This makes the computational results deviate from their analytically derived values. For example, when th&/yaue of
increased from 0.015 to 0.225, the peak values of the velocity is reduced from 29.7 in/sec to 28.3 in/séarjiigisntife
noticeably from the analytical value of 29.76 in/sec than with the lower vaMg ddne reason for this may be that the
application of damping to the fluid domain from beginning leads to dispersion or dissipation of the shock wave.

Therefore, it is necessary to seek a better way to remove the spurious oscillations without signifiemtithg af
accuracy To this end, it is worth noting that spurious oscillations are associated only with cavitation, and therefere a lar
value of damping coétient is required to suppress these oscillations just for this stage of process. Given this, it is
suggested that the problem is calculated in two steps, in a similar manner to that proposed for dealing with the boundary
condition in the previous section. In the first step, a very small dampinficemdf (for example the real viscosity of the
fluid) is used, while in the second step ay&rvalue is employed. Clearlghe first step must stop before the spurious
oscillations occur From several numerical tests, it is proposed that the computation time for the first step can be set as



T,s= L/c + 0.5 for this purpose. Bearing in mind that the period of the first step in the previous case, with the truncat
boundary condition, must satisfy the relationship: IN T, 2L/ c, then the computation time for the first step in this
instance should be chosen according to the following formula:

T, =L/c+0.51
- Thha<T <2L/r

®)

This can be satisfied by adjusting the valueLafnce the valuesand are specified.

Utilizing these techniques for the one-dimensional problem, one can obtain results that correlate well with the analy
solution of Bleich and Sandler (1970), as shown in Figure 3. In this figure, the parameters for the firstisteh20E:
03sec,V.=1.307E-12Q,; =0.0 and Q,=0.0; while in the second step they arg=0.5,Q,=0.0 andQ,=0.0. Other values
of these parameters may also be used in the second step to obtain similar Y&heltsplotting the analytical solution, the
difference in starting time has been considered. For the analytical solution of Bleich and Sandler (1970), the shock \
hits the structure at= 0; while in the computation reported here, the shock wave needs to propagate though the wh
computational fluid domain before it reaches the structure. In order to make the two starting times correspond tqg each ¢
the time for the analytical solution is adjusted when plotting Figure 3 so that the time corresponding to the peak value o
analytical solution is the same as that of the LS-DYi#nerical result.

Discussions on the implementation of material laws

In addition to the material law given in Equation (2), there are other laws available in LS-DYNA, which can be utilise
to simulate the fluid behaviour associated with the interaction between structures and shock waves created by under
explosions. The discussions in this section will be devoted to two other material laws.

The first is the elastic-plastic hydrodynamic law represented in LS-DYN# keyword
*MAT_ELASTIC_PLASTIC_HYDRO. In this landeviatoric stresses are given by:

Sii =2u wgu 4)

where , is the dynamic coétient of viscosity of fluid. When this law is applied to a material with the possibility of
plastic deformation, this modification is automatically made if the calculated stress exceeds specified yield/biass.
applying it to a fluid, the plastic deformation does not need to be considBsextoid modification in this case, the yield
stress required in this law should be set to a vegelaalue, far beyond the range of possible stresBeis. is chosen to
be 1.E+30 in this simulation. Equation (4) alone does not provide information for pressure and so is not enough to deter
the stress field, unlike the keyword *MAELASTIC_FLUID. An equation of state (EOS) is required together with this
law to calculate the pressure. Several options for pressure computation are available in LSTD€N#lowing equation
is used in this work:

p=C,+CA+C, A +CA +(C, +CAE, )

where o-1; E, isenegy; C; (i=0,1, 5) are the hydrodynamic constar@sis set toC; = o with the other
four being zero in the following investigation.

The diference between this material law and that represented by keyword BIASTIC FLUID comes from two
sources. One is the expression of deviatoric sti&l$isough Equation (5) is very similar to Equation (2b), the ficiehts
before deviatoric strain rate could not be equivaldtitat is because 2,is a constant throughout the whole computation
process while the value bflc may change with time althoudh is kept as a constaniThe other reason for the fiifence
between the two laws is due to the fact thaf( 1) in Equation (5) is not generally equal togNn Equation (2a)
unless the stain rate is very small.



An investigation has been carried out by numerical tests on the prediction using the material law represented by
*MAT_ELASTIC_PLASTIC_HYDRO with EOS in Equation (5). Figure 8 illustrates the results feretit values of
together with the analytical solution. It shows that whgis gmall, spurious oscillations are not suppressed; on the other
hand when it is big enough to suppress the oscillations, the computational velocity tendgéofdivethe analytical result
That means that the use qf @lone may not &ctively suppress the oscillations without reducing the accuracy of results,
unlike the use ofV, in previous formulation of material law (i.e. *MAELASTIC_FLUID). The reason for this may be
due to the dference between the two laws, particular théed#nce in the coé€ients before deviatoric strain rate. Irder
to improve the performance using this Jdurther investigations were carried out by combiniriga$ of the bulk viscosity
term Q. in Equation 1 and jgabove. The combination of these two terms gives satisfactory results, as is shown in Figure
9.

The null material lawrepresented by keyword *MANULL, is considered next. In this model, the strength of the
material is neglected and deviatoric stresses are not calculated. Nevertheless, it allows the inclusion of an equation of stat
for the estimation of pressure (Equation 5 is used in the following). In addition, an optional viscous stress may be computed
by the formula:

Oy = ‘ugu (6)

as is given in the theory manual of LS-DYNA, wheggs the fluid Cauchy stresses andsithe viscosity coéitient.
The main diference between Equation 6 and Equations 2b and 4 is due to the sfydssir(g calculated, instead of
deviatoric stressy)).

A number of numerical tests with various parameters have been carried out in order to investigate the performance of
this law in simulating the shock wave propagation in the fluid and the response of the one-dimensional Sthectaselts
are not presented here for brevity and since they are broadly similar to the results presented here. From theseresults it ca
be concluded that a similar performance can be obtained for thi$ *MWBLL law to that using *MA_ELASTIC_FLUID,
i.e. Equation 2, when the values\qfand pare the sameThis is surprising since the two parameters are not even of the
same dimensions - one of them is non-dimensional and the other has the dimension dficte@toéflynamic viscosity
When the two parameters have the same value as in this thepealculated values of stresses in Equation 2b should be
several times lger than those from Equation 6 if the two formulas are correctly given in the manual of LS-DMNEA.
inconsistency may not obstruct the application of the material law but one should be aware of it wheg alvahséfor 1.

Cavitation effect

For the problem considered in this work, thieetf of cavitation is well know since it has been discussed by Bleich and
Sandler (1970) theoreticallyWhat is considered here is how to use LS-DYfdAnvestigate the cavitationfe€t. In all
three material laws discussed above, there is an option to set the value foprasmire (see Keyword Manual, 1999).
During the calculation, the pressure is forced to be equal to thé preéesure when the calculated pressure is smaller than
the latter Therefore, when it is intended to consider thHeatfof cavitation, the cutbpressure must be set to a reaisti
value, such as atmospheric pressure, as discussed #fieme.it is intended to exclude thdesdt of cavitation, this value
should be set at a & negative value, such as -1.0E+20, which greatly exceeds the possible range of pressure in a typical
problem.

Figure 10 presents the vertical velocity and displacement of the plate with or without the pressire Theaotsults
with the pressure cut foire obtained using exactly the same parameters as for Figure 3, while the results without the
pressure cut-6fare obtained by setting the cutqiressure equal to -1.0E+20 and keeping all the other parameters
unchanged. For comparison, the analytical solution for velocity is also included in Figure 10(a). It can be seen that the
numerical results correlate well with the analytical solution for both the cases, namely with and without considering the
effect of cavitation.



Summary

Investigations have been carried out on techniques used for simulating by LS4b¥ Kfects of cavitation associated
with the interaction between structures and underwater water explositnws-step technique has been suggested in order
to resolve the difculty associated with the application of a boundary condition on truncated boundary and with tr
utilisation of artificial damping to suppress spurious oscillatioFise computational time of the first step for this purpose
is determined by a formula based on the speed of sound, the length of the fluid domain and the decay time of an inc
shock wave. In addition, a discussion has been presented on the implementation of three material laws and on the nr
of studying the déct of cavitation. The results show that with the use of the technique, LS-D¥&thefectively simulate
the response of a structure excited by a shock wave with cavitation conditions arising.
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Figure 2Vertical velocity of the plate due to diffeent implementation of the boundary condition
(Solid line: without condition; Dashed line: with non-reflecting condition from beginning;
Dotted line: with non-reflection condition at the second step)

x10°

Figure 3 Vertical velocity of the plate obtained by two step technique (solid line) and comparison
with analytical solution (*) given by Bleich and Sandler(1970)
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Figure 4Vertical velocity of the plate without suppiession of spurious oscillations
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Figure 5 Influence of bulk viscosity on vertical velocity of the plate by changing witth. =1.307E-12 and
Q. = zero (Solid line with peak=27.6 in/secQ, =1.8E+04; Dashed line with peak = 29.0 in/sec: =0.3E+04,)
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Figure 6 Influence of bulk viscosity on vertical velocity of the plate by changing witW.=1.307E-12 and
Q:= zero (Solid line with peak=27.0 in/secQ,=0.5; Dashed line with peak = 29.3 in/se€),=0.1)

Figure 7 Influence of viscosity in material law on vertical velocity of the plate with an); and Q,being zeio
(Solid line with peak=28.3 in/secV.=0.225; Dashed line with peak = 29.7 in/se®=0.015)



Figure 8Vertical velocity of the plate obtained using elastic-plastic hydydynamic law with different damping in
second step (Solid line: =5, Q= 0 andQ,=0.0; Dashed line: 4y=500,Q,= 0 andQ,=0.0;

Dotted line: p,=5000,Q;= 0 andQ.,=0.0; *: analytical solution)

Figure 9 Vertical velocity of the plate obtained using elastic-plastic hydvsdynamic law with different parameters in
second step (Solid line: 4=500,Q,= 0 and Q,=0.5; *: analytical solution)



Figure 10(a)Vertical velocity of plate

Figure 10(b) Displacement of plate

Figure 10 Effects of cavitation (Solid line: with cavitation effect; Dashed line: without cavitation effect; * and +:
analytical solutions by Bleich and Sandler)



