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Abstract

Studying the effects of a fast-moving copper jet penetrating through a high explosive material has become more achiev-
able because of the new computational capabilities provided by large-scale, massively parallel 3D Smoothed Particle
Hydrodynamics (SPH) calculations. In this exploratory visualization, we demonstrate the capability of using SPH to
better capture the jet breakup and fragmentation. When comparing our visualization of the SPH simulation dataset to
a jet penetration experiment, we can see a good qualitative match between the SPH calculations and the jet penetration
experiment. Furthermore, this visualization provides scientific insight into the jet erosion as it moves through the high
explosive material and the post-penetrating jet dispersion. This insight allows our scientists to improve current Arbitrary
Lagrangian-Eulerian (ALE) jet disruption models.
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1. Introduction

For the past several decades, considerable effort in ex-
perimental, analytical, and numerical modeling has been
done to capture jet penetration and breakup phenomenon,
but this has remained challenging to model and match
with experimental data [1, 2, 3, 4]. Due to advancements
in high performance computing (HPC), we evaluated the
use of Smoothed Particle Hydrodynamics (SPH) in this
application space in an effort to advance computational
capabilities and improve jet disruption and fragmentation
modeling. These new developments in computational ca-
pabilities have allowed us to run massively parallel, high
fidelity 3D SPH simulations and new experimental data
have allowed us to evaluate the performance of SPH as a
predictive and efficient modeling and simulation capabil-
ity.

When comparing our visualization of the SPH simula-
tion dataset to a jet penetration experiment (Figure 1 and
Figure 2), we can see a good qualitative match between
the SPH calculations and the jet penetration experiment.
Furthermore, our visualization provides scientific insight
into the jet erosion as it moves through the high explosive
material and the post-penetrating jet dispersion. This in-
sight allows our scientists to improve current Arbitrary
Lagrangian-Eulerian (ALE) jet disruption models.

2. SPH Modeling of a Jet Penetration Experiment

SPH is a mesh-free method that uses Lagrangian parti-
cles with an associated smoothing length and kernel func-
tion to represent continuous fields [5, 6, 7]. Due to its
mesh-free nature, one benefit of this method over existing

pure Lagrangian and ALE methods is its ability to handle
high deformation simulations without encountering mesh
tangling issues, while still remaining Lagrangian. Further-
more, SPH is particularly well suited for handling mate-
rial fracture and has been shown to give a good descrip-
tion of a continuum model transitioning into a fragmented
state [6, 8].

When a hypervelocity jet hits an inert or explosive ma-
terial, the force of the impact will hollow out a hole. In
turn, the material at the jet tip will be forced aside. In
a reference frame co-moving with the stagnation velocity,
this ”eroded” jet material forms a backsplash around the
penetrating jet [1, 2]. Modeling this backsplash using an
ALE method requires significant mesh relaxation in order
to prevent the mesh from tangling and high resolution to
maintain good resolution in the backsplash region. SPH
methods handle this material flow naturally: the parti-
cles flow with the backsplash material and have no mesh
tangling difficulties since there is no mesh.

When the jet penetrates high explosive (HE) material,
the detonating HE will push the backsplash back towards
the jet. The impact of the backsplash material on the jet
is a possible cause of the jet disruption observed as the
jet exits the HE [3]. Previous work has used ALE simu-
lations [4] and analytic models [2] to study this interac-
tion. We have performed extensive convergence studies on
a model problem of a jet moving through an inert mate-
rial, which has been shown to have good agreement among
ALE codes and analytical modeling [1]. We then perform
3D SPH calculations using the extreme environment of a
detonating HE material in order to test our SPH models
and compare with previous work done in this area [2, 3, 4].

To create this visualization, we set up a novel pipeline
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Figure 1: Jet penetration experiment versus simulation. On the left is an instance of the jet penetration experiment and on the right is the
visualization of the corresponding timestep from the SPH simulation dataset.
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Figure 2: The initial timestep for the jet penetration simulation
dataset. This visualization consists of the copper shaped charge jet
(Jet), the high explosive material (HE LX14), and the steel back
plate (Steel).

where a validated shaped charge jet geometry and velocity
profile were used as inputs into the 3D SPH calculation.
The SPH simulation consisted of 10.1 million particles and
the simulation ran on 1440 processors for a total runtime of
178 hours. The results are then compared against new ex-
perimental data from a jet penetration experiment and an
ALE simulation in order to augment and validate our mod-
els. In particular, we compare late time experimental and
simulated radiographs and characterize post-penetration
jet dispersion and breakup, which we present in the sec-
tion below.

2.1. Comparison with Experimental and Simulated Radio-
graphs

Figure 3 compares three late-time radiographs at the
same time instance. We can see that at this time, the
jet has penetrated through the HE material and out the

backside of the steel plate. The top image shows the ra-
diograph taken from the experiment, and a red box zooms
in on the jet beyond the edge of the back plate, which is
shown in the image directly below. The bottom two im-
ages show simulated radiographs created in HADES [9], a
radiographic simulation code that can create simulated ra-
diographs from the 3D SPH and 2D ALE calculations. For
the SPH calculation, the problem is set up computation-
ally in the SPHERAL [10], a capability embedded within
ALE3D [11], a Lawrence Livermore National Laboratory
(LLNL) multiphysics simulation code, and the ALE calcu-
lation is set up in ARES, another LLNL multiphysics ALE
code [12]. We calibrated the images based on the known
heights and lengths of objects in the field of view at initial
time and determined that parallax effects were small. Fur-
thermore, we define the location x∗ = 0 to be the back edge
of the steel plate before deformation. In the images, we
can see that the jet tip location in the ARES simulation
emerges much sooner compared to the experimental and
SPH simulated radiographs, indicating that the jet erosion
is not adequately captured in the ARES simulation. An
important characteristic of jet disruption is the spreading
out (i.e. dispersion) of the particulated jet after exiting
the HE material and steel back plate. Qualitatively, we
see that the experimental and SPH simulated radiographs
both show more dispersion in the images compared with
the ARES simulated radiograph, where the jet remains
unphysically coherent. Furthermore, we can see a coher-
ent (undisrupted) portion of the jet in the experiment,
which is located around x∗ = 10.0± 0.2 cm, after which the
jet shows more disruption downstream. The SPH radio-
graph captures the location of the coherent part of the jet
quite well; it is located at x∗ = 9.8 ± 0.1 cm in the radio-
graph. This suggests that the SPH simulation could be
modeling the jet dispersion mechanism more accurately.
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High performance computing and the ability to run these
high-fidelity 3D calculations enable us to use SPH as an
exploratory and explanatory tool for understanding fun-
damental jet breakup phenomena.
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Figure 3: Experimental and simulated radiographs at a time in-
stance for a jet penetration experiment. Zoomed in plots of the (a)
experimental radiograph, (b) ARES simulated radiograph, and (c)
SPH simulated radiograph at the same locations. The dashed green
vertical line indicates the jet tip location of each case.

3. Visualization Method

VisIt’s [13] advanced movie making capability was used
to visualize the jet penetration simulation dataset in this
environment. VisIt, a distributed, parallel scientific visu-
alization and graphical analysis tool for data defined on
two- and three-dimensional meshes, can be deployed on a
wide range of compute platforms. These platforms range
from laptops to the world’s most powerful supercomput-
ers. VisIt offers data interfaces to more than one hundred
data encoding formats and contains many visualization
and analysis tools for all major data and grid types typi-
cally found in simulations. More succinctly, VisIt provides
a visualization and analysis platform that is well suited
to leverage current and next generation high performance
computing (HPC) resources.

LLNL’s RZTopaz Linux HPC Cluster was used for our
evaluation. RZTopaz has 748 Intel Xeon E5-2695 nodes
with 36 cores/node (2.1 GHz) and 128 GB of memory/n-
ode. The nodes are connected with an Intel Omni-Path
100 Gb/s interconnect.

3.1. Workflow
When creating a complex visualization, it is important

to develop a systematic approach that allows for the re-
peatable creation of important steps just in case you want

to go back and change some aspect of your visualization.
Our systematic approach for creating the jet penetration
visualization involved rendering the raw images of the sim-
ulation dataset over time and then overlaying components
like plots, annotations and titles. The advantage of this
approach is that it allows those components (plots, an-
notations, titles, etc.) to be changed without having to
regenerate the raw frames. Generating the raw frames is
typically the most compute intensive part of this process.
Here are the salient steps we took to create our jet pene-
tration visualization:

1. Render images of the jet penetration dataset for each
timestep.

2. Create PyDV1 compatible, one-dimensional curve
datasets for the jet mass and tip location. The jet
mass represents the total mass of the jet inside a do-
main of interest and the tip location represents the
location the the jet tip.

3. Render curve images for each timestep.
4. Composite the jet penetration images, curve images,

and annotations (legend, text, etc.).
5. Create a title frame with titles and logos.
6. Create a final sequence of images that starts with the

title slide and fades into the animation over time.
7. Encode the final image sequence into a movie.

3.2. Configuration Files
Three important configuration files were used to control

and provide input to the visualization process. These three
files included a .visit2 file, a JSON (JavaScript Object No-
tation)3 file and an input file (*.in). The .visit file was used
to group multiple jet penetration simulation datasets, con-
taining a single timestep, into a single file. The JSON file
stored the simulation time for each timestep to synchronize
the curve frames to the animation. VisIt’s command-line
interface (CLI) was used to retrieve the simulation times
from the dataset’s metadata. Finally, the input file (*.in)
was used to customize the rendering and compositing pro-
cess.

3.3. Rendering Images
Each frame of the jet penetration visualization was

rendered using VisIt’s CLI interface and custom Python
scripts. Slurm [14] was used to schedule the rendering
task to run on LLNL’s RZTopaz Linux HPC Cluster us-
ing two compute nodes with a total of seventy-two pro-
cessors. Slurm is an open-source cluster management and
job scheduling system for Linux clusters that’s used as the
primary workload manager at LLNL. The rendering task

1https://pydv.readthedocs.io/en/latest/
2https://visit-sphinx-github-user-manual.readthedocs.io/en/

develop/gui_manual/WorkingWithFiles/Supported_File_Types.
html?highlight=.visit#creating-visit-files

3https://www.json.org/
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starts VisIt and has it open the database files listed in
the .visit file. It then creates a pseudocolor plot for each
material, sets the variable limits and applies the clip op-
erator to the high explosive and steel plots. The wave
colormap, produced by Samsel et al. [15], was applied to
the high explosive plot to clearly identify the primary and
secondary shock waves. The wave colormap was also used
to show, more distinctly, the change in density over time
for the high explosive material. Figure 4 shows the den-
sity plot of the twenty-fifth timestep rendered from the jet
penetration simulation dataset.

3.4. Creating Plots
Curve files for the jet mass and jet tip location, for

each timestep, are created from the JSON file that stores
the simulation times for the jet penetration dataset. The
curve plots are rendered from these curve files using the
qplot module within VisIt’s CLI. The qplot module uses a
PropertyTree, specified in the input configuration file, to
describe all the options for the plots. The root Proper-
tyTree defines the properties of the image and the coordi-
nate axes. The root PropertyTree also contains a list of
PropertyTrees to describe the plots in the rendered image
and the annotation properties for the curve plot. Individ-
ual curve images are rendered for each timestep and are
shown in Figure 5.

3.5. Compositing
Compositing is accomplished using a data flow network

that composites the images, plots and adds the annota-
tions. The data flow network consists of filters that have
zero or more inputs and an output. All of the filter inputs
and output are file names. The filter will read the files
specified in the inputs, perform some type of operation on
the data read from the files, then generate an output file
and send the name of the output file to the output. There
are three types of filters:

• Source filters that have an output but no inputs.

• Regular filters that have one or more inputs and a
single output.

• Sink filters that have inputs but no outputs.

Figure 6 shows the inputs and output for the over filter,
which was used extensively for the compositing. The data
flow network used for the jet penetration visualization is
shown in Figure 7. The filters for the jet penetration data
flow network perform the following functions:

• background - Create a black background.

• jetsph_file - Output the name of the jet penetration
image file.

• jetsph_over - Overlay the jet penetration image on
the background.

• jetmass_file - Output the name of the jet mass curve
image file.

• jetmass_over - Overlay the jet mass curve image on
the composite image.

• tiplocation_file - Output the name of the tip location
curve image file.

• tiplocation_over - Overlay the tip location curve im-
age on the composite image.

• annotate - Add annotations to the composite image.

• rename - Rename the composite image.

Figure 4 shows the composited image for the twenty-fifth
timestep that was created using our data flow network.

4. Conclusion

Qualitative analysis of using an all SPH simulation to
model jet behavior in a jet penetration experiment has
shown to capture material breakup, jet erosion, and jet
post penetration better than current simulations. Our
visualization allows domain experts to explore the jet
breakup and fragmentation as it penetrates the high ex-
plosive material and to better understand post-penetration
jet dispersion (radial velocities). The insights gained from
our visualization will be used to better inform current Ar-
bitrary Lagrangian-Eulerian jet disruption models.

This work was a collaboration between a group of physi-
cists and computer scientists. The collaboration resulted
in the creation of novel and complex pipelines and work-
flows that allowed SPH simulation datasets to be visual-
ized and post-processed using HPC resources and tools like
VisIt.
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Figure 4: Composited image of the jet penetration simulation dataset for the twenty-fifth timestep. This composited image was created using
our data flow network.

Figure 5: Curve plots for the jet mass and jet tip location, respec-
tively, rendered for the twenty-first timestep. The jet mass is calcu-
lated for a specific domain of interest and decreases over time since
the jet is breaking up and leaving the domain of interest.
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