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HYDRODYNAMIC RAM MODELING WITH THE IMMERSED BOUNDARY METHOD 

M. W. Lewis 
B. A. Kashiwa 

R. M. Rauenzahn 
Los Alamos National Laboratoryt 

Los Alamos, NM 

ABSTRACT 
We have modeled a hydrodynamic ram experiment conducted at 

Wright-Patterson Air Force Base. In the experiment, a projectile 
traveling at 200 Wsec impacted and penetrated a simulated airplane 
wing containing water. The structure consisted of composite panels 
with stiffeners and rivets, and an aluminum panel. The test included 
instrumentation to measure strains, accelerations, and pressures. 

The technique used for modeling this experiment was a multi- 
fluid compressible finite volume approach. The solid fields, namely 
the projectile and the plates which comprised the structure, were 
represented by a set of discrete, Lagrangian-frame, mass points. 
These mass points were followed throughout the computation. The 
contribution of the stress state at each mass point was applied on the 
grid to determine the stress divergence contribution to the equations 
of motion and resulting grid-based accelerations. This approach 
has been defined as the immersed boundary method. The immersed 
boundary method allows the modeling of fluid-structure interaction 
problems involving material failure. 

We implemented a plate theory to allow the representation of 
each plate by a surface of mass points. This theory includes bending 
terms and transverse shear. Arbitrary constitutive models may he 
used for each plate. 

tBy acceptance of this article, the publisher recognizes that the 
U.S. Government retains a nonexclusive, royalty-free license to 
publish or reproduce the published form of this contribution, or to 
allow others to do so, for U.S. Government purposes. This is work 
performed under the auspices of the U.S. Department of Energy. 

Here we describe the immersed boundary method as we have 
implemented. We then describe the plate theory and its implemen- 
tation. We discuss the hydrodynamic ram experiment and describe 
how we modeled it. We compare computed results with test data. 
We finally conclude with a discussion of benefits and difficulties 
associated with this modeling approach and possible improvement 
to it. 
NOMENCLATURE 
Scalars: 
h - platethickness 
K k e  - momentum exchange rate between materials k and l! 
m k  - mass of material k 
N - numberofmaterials 
p - equilibration pressure 
t - time 
V k  - volume per unit of k mass 
V - volume 

- first-order interploation function, point-t-vertex 
(1) Sv,c - first-order interploation function, vertex-twell 

Z - mixture compressibility Ck 6 k V k P k  

P k  - material k compressibility G -1 &!k 

p k  - material k mass per unit of total volume 
p! - density of pure material k G 1 
6 k  - material k volume fraction zi P k V k  

Vectors: 
nk - material k plate normal 
P k  - material k total momentum 
r k  - material k normal rotation rate 
x k  - positionof m k  

s k , p , v  (0) - zeroth-order interploation function, point-t+vertex 

Vk 8P 

V k  
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xc - position of cell-center 
x ,  - position of cell-vertex 
u k  - momentum per unit of k mass (velocity) 
v - volume-averaged velocity e k u k  

Second-rder tensors: 
F k  - material k response function 
1 - identity tensor 
I(s) - in-surface identity tensor 1 - nn 
nk - material k frame rotation rate 
s k  - symmetric rate of material k strain 

w k  - antisymmetric rate of material k strain 

b k  - stress in material k 

i [ V U k  + vu:] 
E 4 [ v u k  - VU:] 

1. INTRODUCTION 
The purpose of this article is to outline a method for computer 

simulation of the hydrodynamic ram problem and to illustrate its 
performance by way of comparison with experimental data. 

Hydrodynamic ram is a fluid-structure interaction problem, in 
which a projectile impacts a fluid-filled container. The scenario 
is that of a munition interacting with the fuel tank of a vehicle. 
Projectile momentum may be sufficient to penetrate one container 
wall and then rapidly transmit pressure forces to other walls of the 
container by means of coupling with the internal fluid. Hence the 
fluid may interact with the projectile in such a way that damage to 
the container may be worse than if the container were empty, or only 
partly filled (Zukas et d., 1982, p. 397). 

There are two main difficulties in performing the dynamical 
simulation of the hydrodynamic ram problem. The first is that the 
container walls are typically very thin compared to the dimensions of 
the container. Qpical wall thickness may be measured in millimeters 
while the container may be measured in meters. This means that 
a computational grid resolving both scales would be awkward, 
to say the least. The second difficulty is one associated with 
accuracy. Because damage to the container is of primary interest, 
the full response of the wall material to its straining history must be 
computed with minimal error. 

The resolution problem is handled here by treating the container 
walls with classical plate theory. Hence the thickness of the wall is 
not resolved, except in an integral sense, so the grid spacing can be 
selected on the basis of the container discussions alone. The accuracy 
problem is handled here by integrating the plate equations in the 
Lagrangian frame of reference, while the conservation equations for 
the fluid in the container are integrated in a fixed Eulerian frame. 
This provides optimal accuracy for both the structure and the fluid 
in which it is immersed, in addition to retaining a full two-way 
coupling between the fluid and the structure. 

Section 2 is a summary of the conservation equations used for this 
study. Section 3 is an outline of the solution method, in which both 
Lagrangian and Eulerian reference frames are used. Section 4 has 
a description of the experiment, carried out at Wright Laboratory; 

the computer model of it; and simulation results compared to the 
measured data. Section 5 is a brief summary, with comments on our 
continuing work. 

2. FORM OF THE CONSERVATION EQUATIONS 
The conservation equations to be integrated by way of the 

method outlined in Sec. 3 have been developed elsewhere (Kashiwa 
& Rauenzahn, 1994). For convenience the equation system is 
summarized here, using a layout that illustrates the manner in which 
the mixed Lagrangian-Eulerian calculation is to be performed. 

To begin, we consider N material “classes” indicated by 
subscript k. Let the equation of state for each class of material 
be represented by v k  = V k ( p ) ,  so we shall ignore effects 
of thermal expansion, just to get started. (In general, thermal 
effects need not be excluded.) With this assumption, the state of 
material class k at a point is completely determined by the vector 
{ m k ,  u k ,  v k ,  b k ,  x k } .  Evolution of the state vector, for the case 
in which materials do not change class (no physical or chemical 
reactions among materials), is given by the system 

given the kinematic condition x k  = u k ,  the system in Eq. (1) is 
closed, insofar as the Lagrangian motion is concerned (assuming 
that models for the momentum exchange rate K k e ,  material 
response function F k ,  and rotation of material-frame axes R k  are 
furnished). Equation (la) simply states that the mass is fixed along 
the Lagrangian trajectory determined by U k ;  (lb) states that the 
acceleration density is the sum of a gradient of the equilibration 
pressure, plus a divergence in a full material stress relative to the 
equilibration pressure, plus an interaction term due to “collision” 
with materials of other classes; (IC) is simply a definition of 
the Lagrangian derivative, in which the time-dependent part is 
expressed in terms of the equilibration pressure; (1 d) says the stress 
change in general coordinates is due to the stress change in material 
coordinates, plus the change due to rotation of the material frame; 
(le) is the closure model for volume fraction; and (If) is to be 
considered the multimaterial equation of state. 

The relationship between the Lagrangian rates of Eq. (1) and the 
state at any other point in space is given by a generalized Liebnitz 
rule 
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where d,/dt is the rate of change within a volume V whose surface 
moves through space with an arbitrary velocity u,. Clearly the Q k  
are total quantities associated with the volume, such as mk and 

pkuk dV = mkuk. Of course we have the two important limits 
of Eq. (2), urn = Uk whereby d,Qk/dt = Q k ,  which is the 
Lagrangian limit; and urn = 0, which is the Eulerian limit. In 
the Lagrangian limit, one recognizes that the kinematic condition 
x k  = uk applies to the state vector; in the Eulerian limit x k  = 0, 
and Eq. (2) becomes a “mapping” rule that converts the rates of 
change along uk, to the rates along u,. 

The momentum exchange coefficient Kke is supposed to model 
the rate at which materials will approach the same velocity due to 
physical interaction. If this rate is infinitely fast, interpenetration 
of materials is typically precluded; if the materials are initially 
separated, they remain separated for all time. For impact problems 
such as hydraulic ram, the infinite-rate assumption applies--except, 
of course, in the case of modeling, say, fragments of the container 
created by the impact. In that case one would suppose that fragments 
of a certain size might be created due to failure of the container 
material; these fragments may then interpenetrate the fluid by 
interacting via a finite-rate (a drag law). For the calculations 
shown here, the infinite-rate model is used throughout (although 
the formalism does not require such a limitation). 

The particular material response function F k  used here for the 
structural materials, is described in Sec. 4. For the fluid class, the 
stress (q + PI) is essentially a deviatoric stress, which may be 
modeled with a Newtonian form (either molecular or turbulent in 
nature). For the problems shown here the fluid deviatoric stress is 
neglected. 

The rotation of material axes Rk is determined using polar 
decomposition as described by Dienes (1987). The numerical means 
by which this is done is described in Sec. 3. 

The term ap/& in Eq. (IC) is eliminated by taking the partial 
derivative of (If) and using (la, IC). The result is (with sums over 
all materials) 

This renders (IC) 

in which up (E ekpkokuk) /z. Hence the Lagrangian rate of 
change in the specific volume can be expressed in terms of gradients 
in the field variables, exactly. 

All of the foregoing applies uniformly to points of fixed mass, in 
any material class. Now we need to introduce the evolution equations 
for material points of a special type, namely, points representing the 
center-of-mass motion of a plate having finite thickness. For this, 
we appeal to classical plate theory, which we summarize briefly here. 
First, let us assume that the velocity field in the plate is represented 
locally by 

w = 4% P )  + zr(QI, P)  (5 )  

where w is the total velocity at a point in the plate, whose center-of- 
mass velocity is u, a function of the orthogonal coordinates (a, p) 
in the surface of the plate; z is the perpendicular distance from 
the mid-surface of the plate; and r is a vector whose direction is 
perpendicular to the local plate normal n. The resulting velocity 
gradient tensor for w, neglecting curvature of the plate, is 

VW = [VU + zvr] I ( ~ )  + rn , 

which is to be used to determine the evolution of the in-plate stress 
at any z location, associated with a given plate mass point. The 
equation of motion for the plate mass points is Eq. (16), in which 
the stress is now averaged over the plate thickness 

(7) 

Hence it is clear that the state vector for plate mass points is 
now {mk, uk, Vk,  crk ( z ) ,  xk, nk, rk}. In practice, the stress is 
replaced with a discrete number of stress “layers” at various positions 
z within mk; plus the plate normal nk and its rate of rotation rk 
have been added to the list. Evidently nk = r k  is one condition, 
and the other is a rotational acceleration equation for rk. Schreyer 
(1997) gives, for the material-frame rotational acceleration, 

where the averaged moment Mk is defined 

(9) 

So the plate model is seen to be overlaid on top of the model 
treating homogeneous materials, in a multimaterial system. The 
multiple stress layers, the plate normal for each mass point, and its 
rate of rotation are the only essential extensions to the state vector 
that are required. In exchange for this added bit of complexity, 
the need to resolve dynamics through the thickness of the plate has 
been removed. The center-of-mass velocity, plus the normal and 
rotation rate furnish a complete velocity prescription, whose layer- 
wise gradient is used to form the local rate of strain needed to update 
the stress in each layer, using the same material response apparatus 
already available for homogeneous materials. 

3. Immersed Boundary Method 
This section contains a numerical recipe for integration of the 

equation system provided in Sec. 2. We refer to this recipe as the 
Immersed Boundary Method, although it contains elements taken 
from other schemes, as well as some elements that are new. To 
exhibit what-is-what in this regard, we provide a summary of the 
steps involved with advancing the state vector a single increment in 
time At. 
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1 
To begin let us denote the state vector at any typical mass point 

by adding the subscript p for a given discrete mass and subscript n 
for time t = nAt 

{Mk",p7 u ; , p ,  $ p ,  4 , p ,  x;,p} 7 

{ M t P ,  u;,~, u ? , ~ ,  bE,p,e, x;,~, n?,p, C , p >  . 
The goal is to find the state at time (n + 1)At for each discrete 
mass. The steps are as follows: 

(1) Interpolate both the Lagrangian state data and the Eulerian 
state data into a common frame of reference, that common frame 
being furnished by a grid of control volumes. As will be seen 
shortly, details of this particular step are new. The data needed 
in this common frame are P;,~, U ; Z , ~ ,  vE,,, where we use the 
subscript c to denote values at each grid control volume. 

(2) Satisfy the equation of state (If) by finding p: such that 1 - 
P;, ,Vk, , (pp)  = 0. This is the equilibration pressure (Kashiwa 

& Rauenzahn, 1994) &d is a grid-based quantity. Compute the 
pressure change according to Eq. (3) and save the corresponding 
change in specific volume charge via Eq. (4). 

(3) Evaluate the acceleration due to the material stress using the 
discretization method of Sulsky & Schreyer (1996) and interpolate 
the result to the grid. 

(4) Compute the velocity change, on the grid, using the control- 
volume method described by Kashiwa et al. (1994), with the 
acceleration from Eq. (3) included as a source. This step emulates the 
Immersed Boundary Method (Peskin, 1977) by, in effect, injecting a 
source of momentum from the Lagrangian field(s) into the Eulerian 
field(s). It goes one step further by providing the corresponding 
thrust force of the Eulerian field(s) back on to the Lagrangian ones. 
This is how the full two-way coupling is accomplished in this 
method. 

(5) Interpolate the velocity change, position change, and specific 
volume change from the grid to the Lagrangian marker locations, 
using the method of Brackbill & Ruppel(l986). 

(6) Evaluate the velocity gradient, at each Lagrangian mass point, 
and advance the material stress for each point, again using the 
discretization method of Sulsky & Schreyer (1996). For plate mass 
points, this update is performed for each discrete layer, within the 
mass point, according to its position z ,  within the plate. Rotate 
the normal using the time-n rotation rate and advance the rate of 
rotation using a straightforward extension of the Sulsky-Schreyer 
scheme applied to the equation for rotational inertia (8). 

(7) Finally, for the materials integrated on the Eulerian frame, 
apply the mapping rule (2) to the quantities { m k , c r  m k , c u k , c ,  
m k , c v k , c } .  Note that the right side of Eq. (2) has already been 
evaluated, so this is the final step in the procedure. The particular 
discretization used for the Eulerian advection operator has been 
described (Kashiwa et al., 1994). 

The basic idea behind the foregoing method is the following. 
All materials states evolve according to the same conservation laws. 

and for plate mass points, 

We elect ot keep track of some material states in a fully Lagrangian 
frame of reference; for others we elect to use an Eulerian frame. The 
frame that is chosen depends on whether the history of the straining 
motion is most important (as in the structure), or if the instantaneous 
distributions of mass and momentum or most important (as in 
the fluid). The evolution of the material state, given by Eq. (l), 
requires calculation of various gradients in the field quantities. The 
computational grid of control volumes serves as a common 'scratch 
pad' on which to compute the necessary gradients, for both the 
Lagrangian and the Eulerian materials. Interpolation functions are 
used to transfer the data between the various refererence frames, and 
the 'scratch pad'. 

The basic interpolation function (also called a 'shape function') 

of each material. We use a so-called tensor product grid exclusively 
(2d quadrilateral, 3d hexahedron) in this work. Hence the shape 
functions satisfy, for each cell, 

is the first-order function s k , p , v  (1) assocated with each mass-point, 

where the sum is over the eight vertices making up the (arbitrary) 
hexahedron. One of the important features of the method of Brackbill 
& Ruppel(l986) is the use of this same shape function to distribute 
data from the mass-points at xp to the grid-specific points x,. 
The important, and also unique, feature of our step (1) is that the 
foregoing interpolation is used to bring both the Lagrangian data 
and the Eulerian data to the grid. Hence every Eulerian material is 
represented by a single (variable) mass-point, located at the center 
of every grid cell; every Lagrangian material is represented by a 
series of (fixed) mass-points, any number of which may reside in a 
cell. 

Because we require cell-centered density data for the grid-based 
gradient calculations, we use a two-part method. In the first part data 
is distributed from x p  to x,; and in part two from xv to x,. (This 
corresponds, approximately, to a second-order interpolation from 
xp to x,.) Hence we have, respectively, the total material mass, 
total material volume, and total material momentum, located at the 
grid cell centers: 

With these, we can readily compute the necessary densties by 
taking various ratios: 

v c  = Ck vk,c 
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which completes step (1). (Note that s,$ = 1 / 8 ,  because x, is at 
the center of each cell defined eight xW.)  

Step (2) is a straghtforward discretization of (lc) using (le), (If) 
and (3): 

The quantity 6k,c(p) is the specific volume that satisfies the 
equation-of-state, at pressurep; it differs from V E , ~  as a result of the 
equilibration process. The quantity pn + Apis, in effect, an estimate 
of the equilibration pressure at t = (n + 1)At. This estimate is 
necessary for the numerical stability of the explicit, forward-time 
integration scheme, used here. 

Step (3) requires finding the acceleration due to the material 
stress, interpolated to the grid. The Sulsky-Schreyer method, 
applied to Eq. (lg), converts an integral over all volume into a 
discrete sum over the mass-points, which yields a vertex-centered 
acceleration; we follow this summation with a second one that 
distributions the vertex acceleration to the cell-center. Hence, 

(0 )  Notice that the vertex-centered mass is mk,, = E, mk,v~v ,C,  
which uses a zeroth-order shape function (also known as 'nearest- 
grid-point' interpolation). The reason for this selection is to keep 
the left and right sides effectively of the same order; the gradient 
operator on the right lowers the shape function by one order. (In 3d 
we have ,!$; = 1 / 8 ;  each point has the same weight within a cell, 
regardless of its location within the cell.) 

Step (4), in semidiscrete form, is: 

where = ut,, + Auk,c is called the Lagrangian velocity. 
Note that the momentum exchange term is written in terms of 

the Lagrangian velocity, which makes the grid-based momentum 
equation a cell-wise implicit system of equations for u:,~. It is this 
implictness that permits the use of rhomentum exchange rates that 
may be arbitrarily large. 

Step (5 )  requires that the cell-based changes to be projected 
back to the Lagrangian mass-points. This is accomplished using 
the two-part interpolation process, in reverse. First the cell-data is 
interpolated to the grid vertices, using an arithmetic average; this 
vertex-centered average is denoted by angle brackets. The second 
step is simply a sum over those vertex averages, weighted by the 
linear shape function corresponding to the particular location of the 
candidate mass-point. For Eulerian materials, no such interpolation 
is necessary; the data is already located where it is needed (at the 
cell-center). 

Step (6), for the Lagrangian materials, is taken directly from 
Sulsky & Schreyer (1996). The mass-point centered rate of strain 
is computed via, 

which then yields the symmetric rate of strain that is needed by the 
material response function, whose evaluation yields an intermediate 
stress, denoted by an over-tilde 

This intermediate stress is then rotated by applying a rotation that 
comes from the polar-decompostion of the strain increment. That 
is, 

Step (6)  for the plate mass-points is all new. The rate of strain is 
now 

which is used in evaluation of the material response, for each stress- 
layer within the mass-point. Now the rotation need not be estimated 
at all, since it is known from the primitive equations themselves. 
That is, n k , p  = rk,pnk,p, and the normal becomes simply 
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f i k , p  = + 
k >P % p /  If%pl 

nn+l = 

The last piece of step (6) is to update the rotation rate. For this, 
we integrate the rotational intertia equation over the volume of the ’ 
plate, and apply the Sulsky-Schreyer discretization method. Hence, 

from which the discrete from emerges 

Thus the change in rotation rate becomes, 

Note that this update includes the acceleration due to moments and 
shear acting in the material frame, plus a rotation of the material 
frame. 

Finally step (7) is a straightforward application of the advection 
operator acting on the mass, linear momentum, and specific volume 
of the Eulerian materials. There is one thing new about this, which 
may not be completely obvious. That is, we advect the specific 
volume, as a relevant part of the state vector, and then use the specific 
volume to define the total material mass density in step (1). Hence 
the density is determined entirely by the state vector, rather than the 
usual ratio of a mass to the volume of a grid cell, whether the material 
is followed in the Lagrangian frame, or the in Eulerian frame. It 
would appear that the foregoing definition of grid-based density is 
the only appropriate way to accomplish the full arbitrariness of the 
reference frame selection. 

4. The Experiment 
The Wright Laboratory (WL) test panel is a box-unit simulating a 

wing-tank from a fighter aircraft. The box is composed of aluminum 
spars and bottom-plate with a composite top-plate. Figure 1 shows 
the box instrumentation with pressure (Kistler) and floating-type 
gauges within the liquid volume.Strain gage placement on the top 
panel (Le., both top [T] and bottom [B] surfaces) is shown in Figure 2. 

The test panel was subjected to orthogonal penetration by a 
23 mm API round at a velocity of 2000 ft/sec in the center of the 
top panel. Data from accelerometers, pressure gauges, and strain 
gauges were taken. 

Plan View 
1“ I 

kction View 

Figure 1. Pressure gage placement. 
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Figure 2. Strain gage placement on composite panel. 

The Model 
A 3D version of the CFDLIB code with thin shell modeling capa- 

bility (Kashiwa and Lewis, 1997) was used to analyze a simplified 
version of the experiment. A description of the simplifications made 
to analyze the problem follows. 

To reduce complexity and computational expense, the panel and 
supporting box were modeled as being made entirely of an isotropic 
elastic-plastic material with elastic constants, yield strength, and 
failure strength and strain consistent with homogenized, isotropic 
properties in the 45’ direction (relative to the main axes of symmetry 
of the top panel). Additionally, stiffeners were not included in this 
model. The material constants available for the plies are described 
above, and those used in the isotropic elastic-plastic model are 
presented in Table 1. The material was assumed to have an average 
specific gravity of 1.6. 

There was some confusion in Wright Laboratory documentation 
of the tests regarding the the depth of the water-filled box. The model 
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Young's Modulus 

Table 1. Isotropic Elastic-Plastic Constants 
Used for Shells 

49 GPa (490 kbar) 
Poisson's Ratio 

I u u  
0.233 

.^" - 
Young's Modulus 

used a depth of 6.5 inches instead of the 18-inch depth (to the best of 
our knowledge) of the actual test item. When this discrepancy was 
discovered, we chose to continue with the 6.5-inch depth because 
of the additional computational cost needed for modeling the larger 
domain. 

The projectile was modeled as an isotropic elastic-plastic mate- 
rial. The properties used are shown in Table 2. The specific gravity 
used was 7.833. 

200 GPa (2000 kbar) 

Table 2. Isotropic Elastic-Plastic Constants 
Used for Projectile 

Yield Strength 248 MPa (2.48 kbar) 
Hardening Modulus 

Strain at Failure - I 
202 MPa (2.02 kbar) 

A quarter-symmetry model was used, with the origin placed at 
the center of the entrance hole for the projectile in the top panel, 
even with the top surface of the panel. A sketch of the geometry 
used is shown in Figure 3. The shell thickness used throughout was 
0.262 cm (0.103 in). No stiffeners were modeled, although such 
stiffeners can be modeled with this approach. The volume between 
the two largest plates was filled with water with a volume fraction 
of air of which facilitated an approximation of cavitation 
behavior. 

There is a slight discrepancy between this model and a true 
quarter-symmetry model. This arises because of the boundary 
conditions applied. In its current state, the analysis code does not 
have a capability for including boundary conditions on rotational 
degrees of freedom. This capability is now being added to the code. 
Other boundary conditions applied on the velocity fields included 
reflective boundary conditions at the planes of symmetry, and no 
outflow at the other bounding planes. 

The plate and projectile part of the model was generated by using 
a surface mesher to generate finite element models of the plates and 
projectile. The nodes of that model were then translated as input 
for the code and initialized in the code for mass properties and shell 
thicknesses. Figure 4 is a plot of the model used. The mass points 
representing the plate and projectile are shown as spheres. 

Comparison of Computed Results with Recorded 
Data 

Phenomenologically, the computation demonstrates features of 
the real problem. In particular, the penetration r.f the bottom plate 

Figure 3. A sketch of the wingbox testpanel as modeled for the 
CFDLIB analysis. Dimensions are in inches. 

of the box after initial deformation by the shockwave is realistic 
(Fig. 5). In general, though, analysis results did not match the test 
data well. There are a number of reasons for this. We enumerate 
them here. 

The model was of a 6.5-inch deep panel, while the test data 
appears to be from an 18-inch deep panel. This has a significant 
effect on the shockwave reflections within the test panel. 
Stiffeners were not included in the model. These stiffeners make 
the real top panel much stiffer, and increase natural frequencies 
associated with the plate dynamics. This effect can be seen 
clearly in Fig. 6, a plot of actual accelerometer data from the 
top panel at y = 8.0 in. and z = 0.0 in., and computed 
z-direction acceleration at the same point. 
The difference in thickness between the top panel and the interior 
walls of the box was not modeled. 
The bottom aluminum panel and its attachment to the interior 
walls were not properly modeled. The structure and attachments 
were modeled as continuous plate with the same properties as the 
top panel. 
The computational zone size was quite large compared to some 
of the problem elements. Each computational cell was 0.92 x 
0.80 X 1.34 inches. These dimensions are on the order of the 
projectile diameter and the entrance hole radius. As a result, 
some of the local flow field details around the tip of the projectile 
are not adequately modeled, and the particles around the entrance 
hole interact with the projectile. 
The boundary conditions on the test panel did not include 
vertical displacement constraints on the outside edges or rotation 
constraints along symmetry planes. 
A tme cavitation model was not included. 
A quarter-symmetry model was used, although some of the 
test data indicate that such symmetry did not truly exist in the 
experiment. 
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Figure 5.  A plot of material point locations as the bottom plate of 
the test panel ruptures. 
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Figure 6.  Computed z-direction accelerations at z = 0.0 in., 
y = 8.0 in. on the top panel and measured acceleration at the 
same point on the test article. The dominant frequency of the test 
data is significantly higher than that computed, reflecting the higher 
stiffness of the true test object. Also note that the test data appears 
to be clipped at acceleration levels of less than 4000 g's. 

9) Fracture is not currently included in the model used for the 
test panel plates. A simple softening relationship is used to 
model the loss of load-bearing capability. This tends to lead to 
material straining past its loss of load-bearing capability instead 
of breaking. This can best be seen in Fig. 7, showing computed 
vs. actual strains at (z = 0.0 in., y = 11.0 in.) on the top 
surface of the test panel. 

Figure 4. A plot of the model used. The mass points representing 
the plate and projectile are shown as spheres. 
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Figure 7. Strains measured and compared at IZ: = 0.0 in., y = 
11.0 in. on the top of the test panel. The test data are plotted with 
solid lines with markers. In the computation the plate at this point 
has lost its ability to carry load, but no fracture model is used. 

5. Summary 
A numerical method is described for fluid-structure interaction 

problems, in which the structure immersed in a fluid domain is very 
thin compared to the size of the domain. For these thin structures, 
a Lagrangian discretization is employed, wherein an underlying 
grid is used to compute gradients needed for advancing the state. 
Preliminary results showing comparison to 3d experimental data are 
shown. 
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