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Abstract

Verification and validation (V&V) are necessary processes to ensure accuracy of the com-
putational methods used to solve problems key to vast numbers of applications and industries.
Simulations are essential for addressing impact cratering problems, because these problems often
exceed experimental capabilities. Here we show that the FLAG hydrocode, developed at Los
Alamos National Laboratory, can be used for impact cratering simulations by verifying FLAG
against two analytical models of aluminum-on-aluminum impacts at different impact velocities
and validating FLAG against a glass-into-water laboratory impact experiment. Our verification
results show good agreement with the theoretical maximum pressures, with relative errors as
low in magnitude as 1.00%. Our validation results demonstrate FLAG’s ability to model various
stages of impact cratering, with crater radius relative errors as low as 3.48% and crater depth
relative errors as low as 0.79%. Our mesh resolution study shows that FLAG converges at
resolutions low enough to reduce the required computation time from about 28 hours to about
25 minutes. We anticipate that FLAG can be used to model larger impact cratering problems
with increased accuracy and decreased computational cost on current systems relative to other
hydrocodes tested by Pierazzo et al. [30].

1 Introduction

Impacts have had a lasting impression on the solar system since its beginning. Evidence of impacts
exists in the numerous craters that cover the solid bodies in the solar system [21]. Closer to home,
approximately 50 meteroids with diameters greater than 10 cm enter Earth’s atmosphere daily,
while those with diameters greater than 2 m enter the atmosphere several times per year [8]. Most
of these smaller objects disintegrate in the atmosphere [8]. Objects with diameters larger than 20
m have the potential to cause substantial damage through megaton-scale airbursts. These objects
enter the atmosphere about once per century [8]. Objects with the potential to have catastrophic
effects occur less frequently: every 1000 years for objects with diameters around 100 m; every
100,000 years for objects with diameters around 1 km; every 100 million years for objects with
diameters around 10 km [2,26]. Artificial impact missions such as Deep Impact and the Lunar
Crater Observation Sensing Satellite (LCROSS) have provided insight into the impact cratering
process, allowing observations of ejecta, impact plumes, temperature, and crater dimensions [1,19].
The forthcoming Double Asteroid Redirection Test (DART) mission will test kinetic impactor as-
teroid deflection by impacting Didymos-B with a 500 kg impactor at an impact velocity of about
6 km/s and measuring the resulting change in orbital period [35]. However, missions of this nature
occur infrequently, and the spatial scale of these problems prohibits experimentation. As a result,
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scientists must rely on numerical methods to study impact cratering.

The process of forming impact craters can be divided into three stages: contact and compres-
sion; excavation; modification. The initial stage involves the impact of the projectile with the
surface, resulting in a transfer of energy and momentum. The materials in the target and projec-
tile compress, resulting in shock waves [27]. During excavation, the shock wave expands through
the target material, weakening into an elastic wave. Target material may be vaporized, creating
a vapor plume affecting any surrounding atmosphere, or projected out of the crater, creating an
ejecta blanket [27]. During the modification stage, debris ceases to flow up and out of the crater
and instead flows downward toward the center of the crater, known as crater collapse [27]. The
ability to accurately model these stages opens the door to investigate many outstanding questions
about our universe such as the ages of target surfaces, erosion on target surfaces, relative ages
of different geologic features, and duration of crater retention [17,31]. However, one of the only
measures of accuracy we have to compare model results is through comparison to the geometry
of the craters left following impacts from solid projectiles, although mineral phases can provide
insight into pressure history if samples are available. As seen from the formation process, crater
size and geometry depend on many factors, among them the size, velocity, and composition of the
impactor, the composition of the target, and local gravity [21]. The impact cratering process in-
cludes a strength-gravity transition. The circumstances surrounding the impact determine whether
crater formation is dominated by gravity or by material strength [29]. For the latter, solid material
properties are essential to understanding how impact craters form. Hence, accurate numerical sim-
ulations of impacts and the resulting craters require codes that are able to capture shock dynamics
as well as model how materials react under shock conditions.

The FLAG hydrodynamics code (hydrocode) [9-11], maintained and developed at Los Alamos
National Laboratory, is a multiphysics research code with access to various physics models and a
diverse set of numerical methods. FLAG relies on a finite volume formulation to compute contin-
uum mechanics solutions (namely through approximating solutions to the Euler equations) using
either a staggered-grid or cell-centered hydrodynamics algorithm. FLAG utilizes a fully unstruc-
tured grid, allowing an arbitrary polyhedral mesh, that can accommodate physical processes in 1,
2, and 3 spatial dimensions [20]. Several mesh optimization methods are available such as adaptive
mesh refinement (AMR), and advection through arbitrary Langrangian-Eulerian (ALE) [12]. Fur-
thermore, FLAG is a fully parallel code, and the user can indicate the number of processors per
dimension or allow FLAG to make this determination [20].

FLAG has an extensive library of tools and models to account for material behavior under vari-
ous loading conditions allowing it to model gases, viscous materials, and solids. A particular feature
of FLAG is that it incorporates material equations of state (EOS) in both analytical and tabular
forms [20]. The EOS relates pressure, density, and internal energy. A material’s EOS accounts for
compressibility effects such as shock heating and density changes and is a critical component for ac-
curately modeling shock wave propagation through materials [13]. FLAG has been previously used
to study a variety of shock physics problems such as multiphase effects in shock-driven particle-gas
instabilities [7], ejecta formation and transport [15], and Rayleigh-Taylor instabilities and spallation
in simulated plate impact experiments [14,36]. FLAG has been verified and validated for a number
of applications with simulations of the Noh problem [12], the Sedov problem [12], the Sod shock
tube [12], and comparison to flyer plate experiments [32]. However, FLAG has not yet been used
to model impact craters. In this work, we demonstrate that FLAG can be used for such prob-
lems through use of two verification and validation (V&V) problems common in planetary science.
These problems were first presented by Pierazzo et al. to test several hydrocodes used for impact
cratering simulations [30]. These V&V problems test both the early stages of impact cratering,
dominated by thermodynamic properties rather than material properties, and crater evolution over
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time, which is affected by the impactor and target materials along with gravity.

Code verification problems demonstrate that an algorithm solves the problem as intended, while
code validation problems test its ability to match experimental data. The verification problem that
we rely on here models an aluminum sphere impacting an aluminum target at 5 km/s and 20
km/s [30]. These aluminum-aluminum impact problems test a code’s capability to capture key pro-
cesses in the early stages of impact cratering, namely the contact and compression, and initial parts
of the excavation stages that are driven by shock wave propagation. How well a code captures shock
physics occurring during these early stages of impact cratering can be determined by calculating
quantities such as the maximum shock pressure, shock pressure decay, temperature, and internal
energy [30]. The verification simulations are run as strengthless because material strength plays
a much larger role in the later stages of excavation and modification during a crater’s formation,
rather than the early stages which are studied with this problem [30]. The validation problem
involves a laboratory experiment of a glass sphere impacting a water target, with data points mea-
suring the evolution of the resulting crater radius and depth over time [30]. This validation problem
tests a code’s ability to model the kinematics of impact cratering, in addition to processes active
in the later stages of crater formation such as material flow and ejection [30]. Although water does
not display stress and damage in the same way as solid materials, the crater formation process is
evident in the water’s displacement. Together, these V&V problems allow for evaluation of both
early and late stages of impact cratering, involving thermodynamic properties and material behav-
ior under shock conditions. In addition to the V&V analysis, we conduct a mesh resolution study
on FLAG using the aluminum-on-aluminum verification problem. We discuss the mesh resolution
in terms of cells per projectile radius (cppr), following the same resolutions used by Pierazzo et
al. [30].

As mentioned previously, these V&V problems were first used to test hydrocodes by Pierazzo
et al. [30]. In this work, several hydrocodes that have been and continue to be used for impact
cratering simulations were tested. While an in depth discussion of all of these methods is beyond
the scope of this work, we briefly mention the key features of each code tested previously. Many
of the previous codes studied were purely Eulerian formulations. While there are advantages of
this method such as handling vorticity and shear without the risk of mesh tangling, it is more dif-
ficult to account for material strength, damage, and deformation than in Lagrangian approaches.
ALE frameworks, as that used in FLAG, can be quite advantageous for impact cratering simu-
lations because they can accommodate both vorticity and solid material properties. Of the eight
codes tested by Pierazzo et al., half are multidimensional (1D, 2D, and 3D) Eulerian approaches:
SOVA [34], ZEUS-MP2 [18], CTH [25], and RAGE [16]. These codes have different features valu-
able to cratering problems including framework that can accommodate multi-material problems,
radiation hydrodynamics, and AMR. More similar to FLAG, iSALE [3,22], ALE3D [33], and AU-
TODYN [4,6] are all ALE codes. iSALE, however, is limited to 2D and was developed primarily
to model fluids flow at a wide range of speeds. ALE3D is based on a finite element formulation
rather than finite volume, and can address problems in 2 and 3 spatial dimensions. AUTODYN
is perhaps the most similar in approach to FLAG as it is a coupled finite difference code with 2D
and 3D capabilities with Lagrangian, Eulerian, ALE. AUTODYN additionally has smooth particle
hydrodynamics (SPH) techniques, but it is expensive, and the source code is unavailable to users.
Finally, SPH [5] was also included by [30] and is a multidimensional (1D, 2D, and 3D) SPH code
without an underlying grid. For the verification problem, the hydrocodes tested by Pierazzo et
al. [30] had an average peak shock pressure of 40.4 GPa in the 5 km/s vertical impact, with a low of
28.4 GPa (ZEUS-MP) and a high of 48 GPa (SOVA). In the 20 km/s vertical impact, the codes had
an average peak shock pressure of 379 GPa, with a low of 335 GPa (ZEUS-MP) and a high of 411
GPa (SOVA) [30]. For the validation problem, the tested hydrocodes mostly had errors less than
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15% in early time (less than 3.5 ms), with the exception of SOVA (25%) and ZEUS-MP (50%) [30].
Codes run at resolutions of 5 cppr underestimated the radius by 11% and depth by 14%, while
codes run at resolutions of 10 cppr underestimated the radius by 7% and depth by 10% [30].

In this work we add FLAG to the list of hydrocodes that have been verified and validated for
impact cratering simulations. FLAG combines many of the desirable features found in other codes
commonly used in planetary science. For example, FLAG is massively parallel, conservative be-
cause of its finite volume approach, and is capable of solving problems in 1D, 2D, and 3D. Because
of its parallelization, FLAG provides accurate results at reduced computational cost, lending itself
to solving large problems like those found in planetary science [20]. Furthermore, FLAG has AMR
capabilities, radiation hydrodynamics, allows the user to select the unit set, and can accommodate
multi-material cells. Beyond these features, FLAG allows the user to choose from a variety of
material models including a diverse set of EOS, both analytical and tabular, and various strength
models describing plastic flow, work hardening, and damage in solid materials under shock condi-
tions. Hence, FLAG offers a wide range of methods to capture the important physics at play in
impact cratering.

2 Verification

To verify FLAG, we consider an aluminum impactor striking an aluminum target at impact veloc-
ities of 5 km/s and 20 km/s. The aluminum impactor is a sphere of diameter 1 km. Because the
same material comprises both impactor and target, the particle velocity for the target and impactor
are the same, and this value is equal to one-half the impact velocity [28]. We use Al-6061 for both
the target and impactor material, and we determine the maximum pressure analytically for such
an impact in one dimension to be 58.725 GPa for an impact velocity of 5 km/s and 506.25 GPa for
an impact velocity of 20 km/s using Equation (1):

P = po(Co+SUp)Up, (1)

where P is the maximum pressure in GPa, pg is the initial density (2.7 g/cm3), Cy is the sound

velocity at 0 pressure (5.35 mmpys), S is the linear EOS coefficient (1.34), and U, is the particle
velocity (1/2 impact velocity) [28].

We use FLAG to simulate these impacts in 1D, 2D, and 3D using Al-6061. For 1D simulations,
we use a Mie-Griineisen linear EOS for both target and impactor to better match the 1D analytic
solution. For 2D and 3D simulations, we use a SESAME tabular EOS for both impactor and
target [23] to stay consistent with the verification simulations in Pierazzo et al. [30]. We choose
a resolution of 40 cppr, equivalent to a cell side length of 12.5 m. We use Eulerian (static) tracer
particles located 200 m into the target for the 5 km/s impact and 685 m into the target for the 20
km/s impact. For artificial viscosity, we use a Barton model [24] with quadratic coefficient 2 and
linear coefficient 0. We use free boundary conditions.

For the 1D simulations in FLAG, we use a projectile of 1 km and a target of 10 km, which allows
us to measure peak pressure and shock pressure decay while avoiding boundary effects. For the
EOS, we use 2700 kg/m? for the reference density, 890 J/kg/K for the specific heat, 5350 m/s for
the sound speed, 2.0 for v, and 1.34 as the linear coefficient [28]. We initialize the aluminum with
density 2.7 g/cm?® and an energy of 0 J. We use a pure Lagrangian approach for these simulations.
For the 5 km/s impact, we obtain a maximum pressure of 63.68 GPa at the point of impact with a
relative error of 8.44% with respect to the analytical solution. For the 20 km/s impact at the tracer
particle, we obtain a maximum pressure of 521.93 GPa with a relative error of 3.01%. We attribute
these deviations from the analytical solution to the effects of artificial viscosity, not included in
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Equation (1). Figure 1 shows the pressure wave in the FLAG simulation 0.7 seconds after the 20
km/s impact.
Similarly in 2D, the aluminum projectile is a circle of diameter 1 km, and the aluminum target

Time = 0.700000

Pressure (Pa)

[ —TT—
0.000e+00 3.395e+10 6.790e+10 1.018e+11 1.358e+11

Figure 1: Pressure wave for FLAG simulation of 1D aluminum-on-aluminum 20 km/s impact 0.7
seconds after impact.

is a rectangle of length 25 km and width of 10 km. The surrounding material is air with length and
width of 25 km and 23.5 km, respectively. The air is treated as a y-law gas, with v = 1.4. We ini-
tialize the air with a density of 1.2922x1073 g/cm? at 273 K. For these simulations, we use FLAG’s
ALE capabilities to relax the mesh by geometry. Whenever a zone has an angle measure less than
or equal to our specified threshold (15 degrees at first and 30 degrees when needed), we relax the
mesh at that zone and up to three zones away. Simulated results for the stages of contact and
compression, and excavation are shown in Figure 3 for the 5 km/s impact. In this case, we obtain
maximum pressures at the tracer particle 200 m below impact ranging from 51.02 GPa to 55.77 GPa
depending on mesh resolution, with deviations from the 1D analytic solution ranging from -13.12%
to -5.15%. In comparison, the mean maximum pressure from the results of the eight codes tested
by Pierazzo et al. [30] was 40.4 GPa with mean deviation from the analytic solution of -33.3%. We
also examined the maximum pressure at a tracer particle at the point of impact, with values rang-
ing from 56.29 GPa to 61.16 GPa and deviations from the analytic solution ranging from -4.15%
to 4.15%, with a best case of 59.58 GPa and deviation of 1.46%. The cases with the smallest (in
magnitude) errors in peak shock pressure at impact and 200 m into the target are listed in Table 1.
Figure 2 shows the pressure wave of the FLAG simulation 0.161265 seconds after the 5 km/s impact.



Time = 0.161265 Time = 0.161265

Pressure (Pa) Pressure (Pa)
3.660e+10 l 3.660e+10 l
2.650e+10 2.650e+10
1.640e+10 1.640e+10 /“
6.306e+09 6.306e+09
0.000e+00 0.000e+00 .

Figure 2: Pressure wave for FLAG simulation of 2D aluminum-on-aluminum 5 km/s impact
0.161265 seconds after impact for the entire target (left) and zoomed to show detail (right).

Time = 0.000000 Time = 0.062781 Time = 0.277937
. e }
Time = 0.395394 Time = 0.612983 Time = 1.600000

Figure 3: Stages of impact cratering in 2D FLAG simulation of an aluminum projectile (brown)
impacting an aluminum target (green) at 5 km/s, zoomed in to show detail. The time is displayed
in seconds.

200 For the 20 km/s impact, we obtain maximum pressures at tracer particles located 685 m into
201 the target ranging from 388.64 GPa to 407.99 GPa depending on mesh resolution, with deviations
202 from the 1D analytic solution ranging from -23.23% to -19.41%, which can be compared to a mean
203 maximum pressure of 379.0 GPa with mean deviation from the analytic solution of -27.5% obtained
204 by Pierazzo et al. [30]. We also measured the maximum pressure at impact and 200 m into the
205 target, as in the 5 km/s impact, and found the highest pressure value 200 m into the target. At
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this point, the maximum pressure of FLAG simulations ranged from 466.98 GPa to 494.81 GPa,
depending on mesh resolutions, with deviations from the analytic solution ranging from -7.76% to
-2.26%. The maximum pressure does not occur at the point of impact because we are measuring
pressure with a static tracer particle. The higher impact velocity in this simulation results in the
crater forming more quickly, and after the first time step, the point of impact no longer contains
any target material. Using a Lagrangian tracer particle that moves with the material, we obtain
the maximum pressure of 559.44 GPa, with a deviation from the 1D analytic solution of 10.51%,
at the tracer particle initialized at the point of impact. The cases with the smallest (in magnitude)
errors in peak shock pressure 200 m and 685 m into the target are listed in Table 1.

For the 3D FLAG simulations, the projectile is an aluminum sphere of diameter 1 km, and the

2D FLAG Simulation 1D Analytic Solution FLAG Pierazzo et al. Mean [30]
Maximum Pressure, 5 km/s 58.725 GPa 55.77 GPa 40.4 GPa
200 m into target
Percent Deviation - -5.15% -33.3%
from 1D Analytic
Maximum Pressure, 5 km/s 58.725 59.58 GPa -
point of impact
Relative Error — 1.46% -
Maximum Pressure, 20 km/s 506.25 407.99 GPa 379.0 GPa
685 m into target
Percent Deviation - -19.41% -27.5%
from 1D Analytic
Maximum Pressure, 20 km/s 506.25 494.81 -
200 m into target
Percent Deviation - -2.26% -
from 1D Analytic

Table 1: Maximum pressure of FLAG simulation of aluminum impacting aluminum from Eulerian
(static) tracer particles located in the target. The results shown are from the tracer particle
locations used by Pierazzo et al. [30] as well as the location of the maximum pressure obtained
from 20 tracer particles approximately evenly spaced in the target.

target is an aluminum rectangular prism of length 25 km, width 10 km, and height 10 km. The
surrounding material is air with length 25 km, width 23.5 km, and height 10 km. We simulated
impact velocities of 5 km/s and 20 km/s and impact angles normal to the target surface and at a
45-degree angle. We ran all 3D simulations using a resolution of 5 cppr, resulting in approximately
8.3 million zones. We used FLAG’s ALE capabilities to relax the mesh by geometry. We set our
angle threshold to be 30, 45, or 60 degrees, as needed, and relaxed up to five zones away. For the 5
km/s normal impact, the maximum pressure occurred at the point of impact and measured 52.39
GPa with a deviation from the analytic solution of -10.79%. For the 20 km/s normal impact, the
maximum pressure occurred 200 m into the target and measured 555.74 GPa with a deviation from
the analytic solution of 9.78%. The 45-degree angle impacts do not have an associated analytic
solution. Nevertheless, FLAG was able to complete these simulations, producing results consistent
with impact craters. For these oblique impacts, the impactor breaks apart, with pieces of the
impactor ending up more than 5 km outside the crater. The 5 km/s oblique impact simulation is
shown in Figure 4. Figure 5 shows the pressure wave 0.732070 seconds after impact for the same
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simulation. These simulations ran on 360 processors. The 5 km/s normal impact took about 5.75
hours for the pressure wave to propagate 10 km into the target, and the 20 km/s normal impact
took about 6.5 hours.

t=0.530462 s t=1.021689
—
‘ 5.5 km ‘

Figure 4: Visualization of 3D FLAG simulation of an aluminum sphere (brown) impacting an
aluminum target (green) at 5 km/s at an impact angle of 45 degrees relative to the surface of the
target.

t=0.732070 s

Pressure (Pa)
0.0e+00 5e+7 le+8 1.5e+8 2e+8 2.5e+8 3e+8 3.3e+08

| | | B |

Figure 5: Pressure wave for FLAG simulation of 3D aluminum-on-aluminum 5 km/s 45-degree
impact 0.732070 seconds after impact, shown looking into the crater from above.

One possible explanation for the lower percent deviation from the analytic solution with FLAG
is its ALE capability, which reduces advection between cells. FLAG’s interface reconstruction
prevents numerical diffusion, which may also contribute to the lower errors in 1D and deviations
from the 1D analytic maximum pressure in 2D and 3D. FLAG’s Lagrange step also conserves
internal energy [9,10]. The advancement of interface reconstruction algorithms since the results
from Pierazzo et al. [30] were first reported may help reduce such deviations. In the hydrocodes
tested by Pierazzo et al [30], the best result for the maximum pressure was 48 GPa for the 5
km/s impact and 411 GPa for the 20 km/s impact, resulting in respective deviations of -18.26%
and -18.82% relative to the 1D analytic solution. Running these simulations in FLAG resulted in
respective errors of 8.44% and 3.01% in 1D and deviations from the 1D analytic solution of 1.46%
and -2.26% in 2D and -10.79% and 9.78% in 3D. We attribute the higher error in the 1D 5 km/s
simulation to artificial viscosity, which has a greater effect in lower velocity impacts. The different
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EOSs used by Pierazzo et al. [30] likely contributed to the differences in results among the codes.
One hydrocode tested by Pierazzo et al. [30], RAGE, also used a SESAME tabular EOS. Comparing
these two codes, both implementing the SESAME EOS, we see a maximum pressure of 35.5 GPa
in RAGE and 55.7 GPa in FLAG. The RAGE maximum pressure deviates from the 1D analytic
by -39.55%, while the FLAG maximum pressure deviates from the 1D analytic by -5.15%. Thus,
variations in the results among the codes are unlikely to be solely because of the choice of EOS.

2.1 Mesh Resolution Study

We conduct a mesh resolution study to determine at what resolutions FLAG converges for both
impact velocities in the 2D aluminum-on-aluminum verification problem. To do this, we measured
the shock pressure decay 10 km into the aluminum target by placing 20 approximately evenly
spaced tracer points normal to the target surface, with the first located at the point of impact and
the last located 10 km into the target. We recorded the pressure at each tracer point and plotted
the maximum at each point. Mesh resolutions 5, 10, 20, and 40 cppr were tested, and the results
are shown in Figure 6.

The shock pressure decay convergence of the hydrocodes tested by Pierazzo et al. [30] ranges
from 20 cppr to 80 cppr for both impact velocities (see Figure 7), while FLAG appears to converge
at 10 cppr for the 5 km/s impact velocity. For the 20 km/s impact velocity, FLAG performs well at
10 cppr, but the difference between the 10 cppr resolution and higher resolutions is evident. This
may be a result of the increased material deformation that occurs at higher impact velocities, which
requires more precise physics modeling. From this study, we can expect reasonable results using
a 10 cppr resolution for lower impact velocities. For higher impact velocities, a higher resolution
may be necessary, although 10 cppr may be sufficient in some cases. The convergence at coarser
resolutions could be a result of how FLAG handles multi-material zones. FLAG keeps interfaces
sharp so numerical diffusion is not an issue at interfaces. FLAG also does not enforce pressure-
temperature equilibrium (PTE), which allows zones to have two distinct materials with distinct
pressures and temperatures. This aides in the implementation of the EOS, as multi-material zones
will deform based on the bulk moduli of the materials in the zone. These features allow FLAG to
run a coarser mesh without numerical smearing, heating, and cooling [9, 10].

The lower resolution required for FLAG simulations means the computational cost of these
simulations can be greatly reduced. Figure 8 shows the computation time for the pressure wave to
propagate 10 km into the aluminum target. The highest resolution, 40 cppr, ran for approximately
28 hours, while the 10 cppr resolution simulation ran for approximately 25 minutes. For the 5 km/s
impact, which converged at 10 cppr, using FLAG reduces the computational cost considerably. All
5 km/s impact simulations ran on 108 processors, and all 20 km/s impact simulations ran on 144
processors.

3 Validation

To validate FLAG for impact cratering, we use the same validation problem as in Pierazzo et
al. [30], a laboratory experiment of glass impacting water. In this experiment, a glass sphere of
diameter 2 mm impacts a rectangular target of dimension 76 cm x 38 cm x 23 cm. The target
as a 1.25 cm aluminum liner, with the remaining volume filled with water. The impact velocity is
4.64 km/s.

Table 3 in Pierazzo et al. [30] shows the experimental data for crater radius and depth over
time. The first data point occurs 0.191 ms after impact, and the last occurs 83.187 ms after impact.
The crater obtains its maximum radius of 14.357 cm at the last data point and its maximum depth
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Figure 6: Shock pressure decay of aluminum-on-aluminum verification problem with resolutions
ranging from 5 to 40 cppr. (a) For an impact velocity of 5 km/s, FLAG appears to converge at
a resolution of 10 cppr. (b) For an impact velocity of 20 km/s, FLAG appears to converge at a
slightly higher resolution, although at 10 cppr, results may be sufficient in some cases.
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Figure 7: Fig. 1 from Pierazzo et al. [30], showing the shock pressure decay for a variety of tested
hydrocodes for the aluminum-on-aluminum verification problem. As indicated by the figures, the
majority of hydrocodes tested converged at 20 cppr or higher for the 5 km/s impact and at 20 cppr
for the 20 km/s impact. This figure was approved for reproduction in this article by John Wiley
and Sons under license number 4431420196094.
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Figure 8: Computational times for FLAG simulations of the pressure wave propagation 10 km into
target in an aluminum-on-aluminum verification problem. Simulations of the 5 km/s impact ran
on 108 processors, and simulations of the 20 km/s impact ran on 144 processors.

280 of 12.1 cm at the penultimate data point, 65.335 ms after impact. These experimental data are
200 displayed in Table 2.

Time (ms) | Radius (cm) | Depth (cm)
0.191 1.608 2.35
0.382 2.297 2.6
0.764 2.963 3.32
1.146 3.423 3.85
1.91 4.112 4.61
3.436 5.031 5.39
5.72 6.064 6.41
9.516 7.098 7.514
15.18 8.316 8.83
22.666 9.487 9.7
31.9 10.636 10.602
44.553 11.807 11.46
65.334 13.3 12.1
83.187 14.357 12.054

Table 2: Experimental data of crater radius and depth over time for the glass-on-water validation

problem.

201 In order to avoid boundary effects in the validation problem, we use a computational mesh
202 extending from 0 cm to 36.75 cm in the z direction and 1.25 cm to 1000 ¢cm in the y direction.
203 Because of the relatively small size of the glass impactor compared to the water target, we vary
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318

the mesh resolution, using a finer mesh around the impactor and a coarser mesh far from impact.
Our zone sizes range from 0.02 cm, equivalent to 5 cppr, at impact and 0.5 cm, equivalent to 0.2
cppr, at the boundaries. To further reduce the computational cost, we omit the aluminum liner
and only include the right half of the water, choosing a 2D axisymmetric mesh. The glass impactor
is a semicircle of radius 1 mm, positioned at the top of the water at initialization. The surrounding
air extends to a height of 10 m to avoid top boundary effects. The 10 km boundary is high enough
to prevent the ejected water from contacting the top boundary and splashing down into the crater
while the crater is forming. We implement a constant gravity of -9.8 m/s? in the y direction. Figure
9 shows the problem at initial time.

This problem was considerably more computationally expensive than the aluminum verifi-

(a) (b)

Figure 9: Glass into water validation problem at initial time of FLAG simulation showing the glass
impactor (white), water target (blue), and surrounding air (grey). (a) The entire computational
space for the glass into water validation problem. (b) Glass into water computational space, zoomed
to show detail.

cation problem. The small size of the impactor relative to the target limited the resolution size.
Many of the hydrocodes tested by Pierazzo et al. [30] did not run to completion, and, instead,
the authors displayed the crater dimensions that coincided with the first several experimental data
points. Because of the computational intensity of the problem, we ran our simulation up to 9.516
ms, which encompasses 8 experimental data points. The hydrocodes tested by Pierazzo et al. [30]
used resolutions ranging from 5 cppr to 20 cppr for this validation problem. We used a resolution of
5 cppr at the point of impact, which is the coarsest resolution tested in the verification problem. We
chose such a coarse resolution because of the computational cost as well as the relative size of the
impactor when compared to the target. Finer resolutions cause the adaptive time step to become
arbitrarily small, prohibiting the simulation from providing meaningful results in an acceptable
time frame. We ran our simulation in blocks of 10 hours on 360 processors. The first 10-hour run
resulted in 7 data points. The second 10-hour run provided the 8th data point. An additional 11
10-hour runs produced no additional data points. In addition to the coarse resolution, we chose to
run this simulation using FLAG’s Eulerian mesh relaxer to prevent tangling during the excavation
stage of crater formation.
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319 Because we used a coarse mesh, we anticipated that the FLAG simulations results would un-
20 derestimate crater dimensions as had hydrocodes tested by Pierazzo et al. [30] when run with the
321 5 cppr resolution. At this resolution, these codes underestimated the crater radius by about 11%
322 on average and underestimated the the depth by about 14% [30], while FLAG overestimated the
23 crater depth by an average of 2.44% and underestimated the radius by an average of 6.2%. The
324 overestimation of the depth could be a result of the axisymmetric boundary condition, which tends
35 to result in jets that are too thin and penetrate too far because movement is allowed in only one
326 direction and will be dominated by gravity. We measured the crater radius at 0.1 cm below the
327 initial water line, and we measured the crater depth 0.3 cm to the right of the crater’s center. The
38 results of the FLAG simulation as well as the corresponding experimental data are listed in Table
30 3 and shown in Figure 10.

FLAG Simulation vs Experimental Data, Crater Radius FLAG Simulation vs Experimental Data, Crater Depth
7 Experimental Data 81 Experimental Data
=%¥— FLAG simulation =%¥— FLAG simulation

Radius (cm)
Depth (cm)
w

T T T T T T T T T T
0 2 4 6 8 0 2 4 6 8
Time (ms) Time (ms)

(a) (b)

Figure 10: Experimental data and FLAG simulation results for the glass-on-water validation prob-
lem for crater radius (left) and crater depth (right) over time. The FLAG simulation had an average
relative error of about -6.2%, and the depth had an average relative error of 2.44%.

Time | Experimental FLAG Relative | Experimental FLAG Relative
(ms) | Radius (cm) | Radius (cm) | Error Depth (cm) | Depth (cm) | Error
0.191 1.608 1.68713 4.92% 2.35 2.23934 -4.711%
0.382 2.297 2.20879 -3.84% 2.6 2.7669 6.42%
0.764 2.963 2.81574 -4.97% 3.32 3.44335 3.72%
1.146 3.423 3.30393 -3.48% 3.85 3.91973 1.81%
1.91 4.112 3.87845 -5.68% 4.61 4.57374 -0.79%
3.436 5.031 4.62491 -8.07% 5.39 5.52639 2.53%
5.72 6.064 5.12498 -15.49% 6.41 6.03864 5.79%
9.516 7.098 6.179 -12.95% 7.514 7.868 4.71%

Table 3: FLAG simulation results of glass-on-water impact validation problem with relative errors,
round to two decimal places. The codes tested by Pierazzo et al. had an average error of about
-11% for radius and -14% for depth [30].
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The depth-to-radius ratios of both the FLAG simulations and experimental data are listed in
Table 4 and shown in Figure 11a. The resulting FLAG simulation crater 1.145 ms after impact,
reflected about the axis of symmetry, is shown in Figure 11b.

We implemented FLAG’s subcycling capability on this validation problem in order to obtain

Time | Experimental FLAG Relative Error
(ms) | Depth/Radius | Depth/Radius

0.191 1.461 1.327 -9.17%
0.382 1.132 1.253 10.69%
0.764 1.120 1.223 9.20%
1.146 1.125 1.186 5.42%
1.91 1.121 1.179 5.17%
3.436 1.071 1.195 11.58%
5.72 1.057 1.178 11.45%
9.516 1.059 1.273 20.21%

Table 4: FLAG simulation results of the depth-to-radius ratio compared to experimental data for
the glass-on-water validation problem.

FLAG Simulation vs Experimental Data, Depth/Radius

1.454 Experimental Data
’ —%— FLAG simulation
1.354
£ 1304
)
=
B 1259
a
1.204

1154

1.054
0 2 4 6 8
Time (ms)

(a) (b)

Figure 11: (a) Depth/Radius ratio of experimental data and FLAG simulation for the glass-on-
water validation problem. (b)

FLAG simulation crater 1.146 ms after a 2 mm diameter glass sphere impacts a water target at
4.64 km/s, reflected about the axis of symmetry.

more accurate results without increasing the mesh resolution, which proved too computationally
intensive. Subcycling allows for extra iterations during the mesh remapping process. This method
provided fewer data points for the same computational time, but the results for the early simulation
time resulted in errors as low as -0.17%. The average error for the crater radius was -5.04%, and
the average error for the crater depth was -5.03%. Subcycling resulted in a nearly identical average
error for both the crater radius and crater depth.
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4 Conclusions

Based upon our verification and validation problems, we conclude that the FLAG hydrocode can
be used for impact cratering simulations. We have shown through our verification problem that
FLAG captures the important shock dynamics in early stages of crater formation, and we have
shown through our validation problem that FLAG matches experimental data with a low relative
error. These problems have been accepted by the planetary science community as adequate tests
for hydrocodes. FLAG simulated the verification problem of aluminum into aluminum producing
maximum pressure values close to the analytical solutions, with errors as low as 4.2% compared
to a mean error of 33.3% in results from the hydrocodes tested by Pierazzo et al. [30]. The
mesh resolution study demonstrated FLAG’s potential to handle impact cratering problems at
coarser resolutions than other hydrocodes, reducing the computational time from 28 hours to 25
minutes. The validation problem of a glass impactor and water target was used to measure FLAG’s
ability to match experimental data. The FLAG simulation of this problem gave promising results
despite a very coarse resolution, with errors an order of magnitude better than other hydrocodes
tested at the same resolution [30]. FLAG’s variety of EOS options, multiple material models, ALE
capabilities, and relatively good run times contribute to its accurate modeling for both theoretical
and experimental physical problems. These V&V problems tested FLAG’s Lagrange, ALE, and
Eulerian features, demonstrating FLAG’s reliability for a variety of problem approaches.
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