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IMPACT MODELING WITH SMOOTH PARTICLE HYDRODYNAMICS

R. F. STELLINGWERF and C. A. WINGATE
Los Alamos National Laboratory, MS F645, Los Alamos, NM 87545

ABSTRACT

Smooth Particle Hydrodynamics (SPH) can be used to model hypervelocity impact phenomena via the
addition of a strength of materials treatment. SPH is the only technique that can model such problems ef-
ficiently due to the combination of 3-dimensional geometry, large translations of material, large deforma-
tions, and large void fractions for most problems of interest. This makes SPH an ideal candidate for
modeling of asteroid impact, spacecraft shield modeling, and planetary accretion. In this paper we de-
scribe the derivation of the strength equations in SPH, show several basic code tests, and present several
impact test cases with experimental comparisons.

PHILOSOPHY OF SPH

SPH is a gridless Lagrangian hydrodynamic computational technique. With some care, it can be written in
a fully conservative form. The form of the SPH equations is extremely simple, even in 3 dimensions.
These characteristics, together with the physical “feeling” for the problem that is embodied in a fully
Lagrangian code makes SPH an attractive approach for problems with complicated geometry, large void
areas, fracture, or chaotic flow fields.

SPH was first derived by Lucy (1977) as a Monte-Carlo approach to solving the hydrodynamic time evo-
lution equations. Subsequently, Monaghan and co-workers (Monaghan 1982, 1985, 1988, Gingold and
Monaghan 1977, 1982) reformulated the derivation in terms of an interpolation theory, which was shown
to better estimate the error scaling of the technique. According to the interpolation derivation, each SPH
“particle” represents a mathematical interpolation point at which the fluid properties are known. The com-
plete solution is obtained at all points in space by application of an interpolation function. This function is
required to be continuous and differentiable. Gradients that appear in the flow equations are obtained via
analytic differentiation of the smooth, interpolated functions. Monaghan showed that other well known
techniques, such as PIC, finite element, and finite volume methods could also be derived in this way
through appropriate choice of interpolation technique. SPH is distinguished by the simplicity of its ap-
proach: interpolation is done by summing over “kernels” associated with each particle. Each kernel is a
spherically symmetric function centered at the particle location and generally resembling a Gaussian in
shape. The order of accuracy of the interpolation (and thus of the difference equations) is determined by
the smoothness of the kernel. The kemel is required to approach a delta function in the limit of small ex-
tent. The interpolation is accomplished by summing each equation or variable at any location over nearby
known values at particle locations, each weighted by its own kernel weighting function. Each kernel func-
tion is required to integrate over all space to exactly unity, thus normalizing the interpolation sums. By
appropriately modifying the normalization condition, the same code can easily switch between 1D, 2D,
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3D, spherical or cylindrical geometric configurations. This feature allows code development in 1D or 2D,
with confidence that the same coding will work for all cases if implemented carefully.

There are two SPH codes currently under development at Los Alamos National Laboratory (LANL). The
first is SPHC, which was originally written by Stellingwerf. SPHC is a research tool written in C that runs
on a variety of platforms. The second code is SPHINX, which is a fully vectorized CRAY version with a
more convenient user interface and an integrated X-Windows graphic runtime display. SPHINX will be
the production code used for high resolution 2D and 3D modeling. SPHINX is currently being developed
by Wingate at LANL. The code description and applications discussed below were all run on SPHC, but
the coding and results from SPHINX are similar.

Applications that have been tested on these codes include blast wave stability, laser-plasma interaction,
Rayleigh-Taylor instability, strong shocks, and hypervelocity impact. In the following sections we briefly
discuss the equations solved in SPH, and show several hypervelocity test cases.

FLUID EQUATIONS

SPHC solves the general fluid dynamics equations. The first of these is the continuity equation

where p is the material density and U is the material velocity. We use Greek superscripts to indicate co-
ordinate directions with implied summation on repeated indices: Roman subscripts will be used to label
particles. Summation is not implied on repeated subscripts (the summation sign must appear directly).

The second equation is the momentum equation

dys - 19 508
dyff = 2o @)
Py

where cmﬂ is the stress tensor. This is divided into an isotropic part which is the pressure P and a trace-

less deviatoric stress tensor S°" and is given by:

o = — PP+ 5P, 3)
The final equation is the energy equation:
de 1 af.oB
b 4
dt pG € @

where e is the specific internal energy and € is the strain rate tensor given by

laU"‘+3U'3) 5)
2ax“ ax®

Using the definition of the stress tensor (equation 3) and that the trace of the strain rate tensor is the diver-
gence of the velocity, the energy equation can be rewritten (in perhaps the more familiar form) as:

.(!

de PaUu.+lSaB aB 6
dr ~ P 3x* ©
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The procedure for converting the analytic equations into interpolated SPH equations is described in many
places, for example see Monaghan (1988) or Benz (1989). Here we list the results. The continuity equa-
tion is usually solved in integral form as:

= ijwﬁ (7)

wbcre mllsthcmassofpamelejand W is the smoothing kernel. The kernel could be written as

(|r r,{ h) to indicate its dcpendcnce on the distance between paruclm i and j and its dependence
on the smoothing length h. For simplicity, however, we will write it simply as W;.. The smoothing length
is a measure of the width of the kemel, and may vary from particle to particle. Tﬁe kernel in SPHC used-
in these calculations is a cubic B-spline designated as W4 in Gingold and Monaghan (1982).

The momentum equation in the SPH approximation becomes:
ap af
(o 0 C. \oW..
Ay zm.(; + _,_)__., ®
dr’ i J p? 2 axﬂ

If this equation is multiplied by m; we see that the time derivative of the momentum is exactly symmetric
in / and j thus ensuring exact conservation of both linear and angular momentum.

The energy equation in the SPH approximation is:
af

me“ U)( ' s);; ©

Multiplying this equation by m;, summing over i, and using equation 8, we can prove exact energy conser-
vation for the full system of particles. A rearragement of terms in the energy sum formed from equation
(9) produces a slightly more physical and more stable form of the energy equation, which is the form used
in SPHC, and is also exactly conservative: '

uB

oW
—-Zm(u“ U")( ) 5 (10)
p ox

To obtain the particle approximation for the strain rate tensor we follow Libersky and Petschek (1990) to
get ’

' m aw.. W,
é:tB - % —’((UF—U?)—"-F(UE—U?)—:)' (11)
7 P; axb Y
ELASTIC PERFECTLY PLASTIC STRENGTH MODEL
The strength model installed in SPHC is a basic Hooke’s law model where the stress deviator rate is pro-
portional to the strain rate. This type of model was first used in a smooth particle hydrodynamic code by

Libersky and Petschek (1990). The elastic constitutive equation which relates the deviatoric stress rate to
the strain rate can be found in various places, and is given by

dit.s"” = 2 (F -8"5 ) +SMTRPY 4 sB RO (12)
where |t is the shear modulus, and R is the rotation rate tensor defined by
R*P = %(-iu“-aiu"). (13)
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The SPH approximation to the rotation rate tensor is identical to the SPH approximation for the strain rate
tensor with the plus sign is replaced by a minus sign

1™ W, W,
P _J((U‘.‘- g P u'?-u‘i‘)——"). (14)
! 2; g I i ax? J i ax?
The von Mises yield criterion is used for plastic flow. This criterion Limits the deviatoric stress in the fol-
lowing way. Define a quantity f by
12

(@)
f=min 37) °
where Y, is the yield stress and J is the second invariant of the deviatoric stress tensor

J= %s““s“”. (16)
The deviatoric stress tensor is then limited by

P = 157, 17

PHYSICS AND MATERIAL PROPERTIES

Installation and testing of material property routines and data bases is currently one of the primary areas
of code development for the SPH codes. Current models use a Griineisen equation of state with a custom
temperature/energy relation incorporating solid/liquid/vapor/ion phases. In addition, the codes can access
the LANL SESAME material property library for all available materials. Additional equation of state op-
tions are planned.

Strength models currently implemented are: elastic-perfectly plastic, Johnson-Cook, and Steinberg-
Guinan. Each model accesses its own data base of material properties. Fracture models are discussed in
the following section.

Other physics installed in the SPHC code includes thermal diffusion, radiation diffusion, laser deposition,
laser ablation, ideal magnetohydrodynamics, and neutron production. These capabilities are not used in
’lhc impact tests discussed below.

Numerical technigues in the SPHC code include variable smoothing length and particle division to model

low density regions, arbitrary dimensionality and geometry, ghost particle boundary conditions, and inter-
active run-time graphics (Stellingwerf, 1990).

FRACTURE AND FRAGMENTATION MODELS

The treatment of fracture and fragmentation in a hydrocode continues to be a challenge. We distinguish
here between the two concepts on a purely numerical level:

A fracture model refers to the way that an object “comes apart” during a numerical computation. It may
involve generating new void regions, inserting new interfaces, or other procedures depending on the code

characteristics. These new voids may or may not be capable of rejoining later in the calculation. The cri-
teria for fracture may depend on stress level, stress history, strain level, strain rate, etc.
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In SPH there is no need to artificially insert void regions, since the physical process of stretching a solid
object will naturally produce cracks, spall, and other void regions in the course of the computation. Mate-
rial properties that affect this process are 1) the yield condition for plastic flow, 2) a specified “spall
strength” for each material that acts as a limit to the tensile stress that a material can support, and 3) a
specified maximum “void fraction” that the material can support prior to failure. The exact functional
form of each of these criteria depends on the strength model and the implementation of the fracture mod-
el. The simplest and most promising approach in SPH is simply to set the yield stress and the spall
strength criteria according to an appropriate model for the material and allow the object to respond natu-
rally to the body stresses at each point. The degree of brittleness or ductility of the material can be varied
via the recipe for the variable smoothing length (less allowed variation implies more brittle material), or
by decreasing the tensile forces at some level of void fraction, as measured by the local density (smaller
allowed void fraction implies more brittle material). The preferred model is likely to be different for dif-
ferent materials. Tests of these ideas are currently in progress and will be presented in future publications.

In contrast to the numerical treatment of fracture, a fragmentation model is a phenomenological model of
the characteristics of the debris formed from a certain type of impact The approach of Grady and Kipp
(1987) is an example of this type of model. A fragmentation model can predict the degree of damage at
each point in an object for use by a fracture model, and predict the distribution of masses, shapes, etc. of
debris fragments over a much wider range than the hydrocode alone. Such a model has been tested in SPH
by Benz and Melosh (1992) and is currently implemented in the LANL SPH codes.

BASIC CODE TESTS

The SPH technique has been validated for a variety of simple test cases including rarefaction expansion,
spherical blast wave, shock tube, and the Noh problem (infinite strength converging shock). As an illus-
tration of the code results on such a test, we show in figure 1 the SPH solution for a Riemann shock tube
with an initial density jump of a factor of 4 at a specific time for three different cases of particle resolu-
tion. An artificial viscosity is added to the pressure to handle the shock, resulting in the shock front being
spread over 3-5 particles, but the solution is very close to the plotted analytic result, and is clearly con-
verging as the resolution is increased.

As a test of the strength models, the Taylor Anvil test of an iron rod colliding at 197 m/s with an unyield-
ing surface has been computed. Figure 2 shows the results with the simple elastic-plastic as well as the
more detailed Johnson-Cook strength models. The experimental data are taken from Johnson and Holm-
quist (1988), and are shown as an outline in solid lines. Although both cases represent the data very rea-
sonably, the Johnson-Cook model does a better job reproducing the spreading at the surface and the small
shoulder above the spreading region. Sections of rods taken following experiments show incipient frac-
turing and small void regions near the bottom of the rods. Although the simulation is rather coarse resolu-
tion, the rearrangement of particles near the surface/rod interface represents this effect.
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THIN BUMPER SHIELD COLLISION AT 6.75 KM/S

This section describes a simulation of a spherical aluminum projectile with radius 0.475 cm colliding with
a thin aluminum sheet with thickness 0.0381 cm at a velocity of 6.75 km/s. This test is similar to a very
well documented series of experiments done recently by Piekutowski (1992a,b) at University of Dayton
Research Institute.

This simulation was run using SPHC with about 2500 particles in 2D cylindrical mode. The EOS is Grii-
neisen, and the strength model is elastic/plastic. The spall strength was set to 6 kbar. Figure 3 shows the
initial conditions as well as the material configuration at 5 and 10 ps. This is a particle plot, which indi-
cates the location of the material, with a gray scale to show values of the local density. We see that the
projectile has broken into many fragments with a conspicuous spall “bubble” at the rear surface, and nu-
merous cracks along the direction of motion that have developed as a result of later expansion of the pro-
jectile. The bulk of the material lies in a flattened disk, with what appears to be an intact core. The halo of
Jow density material in front of and to the sides of the fractured projectile is liquid/vapor material formed
from the impacted bumper and a thin shell of the projectile. All of these features are consistent with ex-
perimental radiographs, although details, such as the structure in the liquid/vapor phases, do not corre-
spond exactly. We expect that these details will improve with the planned upgrading of the equation of
state.
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Fig. 3. Snapshots of the spherical projectile/ bumper collision at time = 0, 5,
and 10 ps.

This simulation will be used as the primary test of the fracture/fragmentation scheme as the codes devel-
op. )
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SHIELD / HULL COLLISIONS AT 10 KM/S.

As another example of an SPH impact application, we show models of several aluminum disk impact ex-
periments carried out at Sandia by Chhabildas, et al. (1991).

The first model is of the experiment designated WS-12, or NASA-12. The initial setup for the run is
shown in figure 4 (left). The model was run with 10,000 particles in 2D cylindrical geometry with SPHC.
The EOS is Griineisen, and the strength model is elastic/plastic. The spall strength was set to 6 kbar. The
projectile is a disk of radius 0.95 cm, thickness 0.0868 cm, and velocity 10.0 km/s. The shield is a plate of
thickness 0.127 cm. Both projectile and shield are made of 6061-T6 aluminum. The “hull” or witness
plate was placed 11.43 cm beyond the shield, has thickness 0.32 cm, and was made of 2219-T87 alumi-
num. On the right of figure 4 we show the material configuration at 16 s, just as the debris reaches the
hull plate. In this case the entire cloud of debris is liquid at the vaporization temperature, indicating a
mixed phase region. A dense column extends downward from the shield to the hull with nearly constant
density of about 0.1 g/cc and a linear velocity profile. This column is about 1/2 projectile material and 1/2
shield material, as expected. The central core is surrounded by a halo of lower density material, extending
to a shell of extruded shield at the outer edge. The maximum velocity of the debris is found to be nearly
equal to the impact velocity of 10.1 km/s. This result agrees very well with UDRI experiments (Schmidt,
etal 1992, fig. 13a). A low density shell of material travelling at 14 km/s was observed in the Sandia ex-
periment, but does not appear in this simulation.
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Fig. 4. Left: initial configuration for the simulation of WS-12. Right: configu-
ration at secondary impact at 16 pis.

Figure 5 shows a details of the bull at 16 and 28 ps. At 16 ps the impacting liquid material has fully va-
porized, a liquid layer has formed at the surface of the hull material, and strong hydrodynamic instability
has developed at the interface. At 28 ps the hull is fully ruptured and hot vapor has begun to flow to the
rear of the impact point. The times of hull deformation and rupture agree well with experiment, and both
show a hole diameter of about 2 cm.
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Fig. 5. Detail of the hull showing development of the hole and surface insta-
bilities. Left: at 16 ps, right: at 28 ps. Note change of scale.

Another experiment, designated WS-11, or NASA-11, was also modeled. This experiment was similar to
WS-12 except that the projectile radius was 0.60 cm, thickness 0.0953, and velocity 10.5 km/s. This im-
plies about half the mass of WS-12. Shot WS-11 did not penetrate the hull, although some hull damage
was observed. A model similar to the above WS-12 simulation was run with WS-11 parameters, and pro-
duced a ruptured hull similar to that observed in figure 5. Chhabildas, et al. comment that the projectile
may have been distorted in some or all of the experimental shots, and this may have been the case for shot
WS-11. The model was therefore re-run with a slightly “cupped” projectile, achieved by replacing the
disk with a shallow cone with slope 0.25. Figure 6 shows the configuration for this simulation, again at 16
pis. In this case the hull has not ruptured, since the debris is considerably dispersed at its leading edge. The
exact symmetry of the simulation, however, has formed virtually all of the projectile material into an ar-
row of dense material that is arrayed along the axis of the simulation, and does produce a small hole in the
hull at later time. Asymmetries present in the experiment probably break up this “arrow”, resulting in the
several scattered damaged regions actually observed. A 3-dimensional simulation of this case is planned
to test this hypothesis. The SPH results shown here are in general agreement with the CTH code results
shown in Chhabildas et al. (1991).
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OBLIQUE IMPACTS

The calculations of a sphere obliquely impacting a bumper modeled a NASA impact experiment similar
to EHIC (Schonberg. et al. 1988). The sphere was made of 1100 Aluminum with a radius of 0.476 cm, a
velocity of 7.0 km/s and a 60 degree angle from the normal. The bumper was 6061-T6 Aluminum with a
thickness of (.16 cm. The calculation was done in 3 dimensions using 60,000 particles. The equation of
state used was Griineisen. The strength model was elastic perfectly plastic with a shear modulus of 265
kbar and a yield strength of 0.345 kbar for the 1100 Al and 2.75 kbar for the 6061-T6 Al. The configura-
tion after 20 microseconds is shown in Figure 4, side projection. Some projectile material scraped from
the top of the projectile upon impact has slid along the plate and continued to the left, followed by ejected
target material above the plane of impact. The long feature so formed is travelling ballistically to the left -
there is no boundary beyond that shown in the figure. Below the plane, the projectile material is located at
the left edge of the debris cloud, while target material forms the bulk of the rest of the cloud. This config-
uration is matched almost identically in unpublished experimental results obtained by Piekutowski at
UDRI (experiment 4-1439).
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Fig. 7. Oblique impact model, projectile is a sphere entering at an angle of 60
degrees from the normal moving from top right to bottom left. See text
for details.

SUMMARY.
The technique of Smooth Particle Hydrodynamics shows considerable promise for simulations of hyper-
velocity impacts. Of special interest is its ability to produce and track debris fragments, allowing compu-
tation of secondary impacts over unlimited distances.
The SPH codes at LANL are currently undergoing tests on a variety of applications, and are in the devel-

opmental stage of code and material properties upgrades. The results so far are encouraging, and further
improvemeats should produce a useful and unique tool
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