(Preprint) AAS 14-285

NUCLEAR EXPLOSION ENERGY COUPLING MODELS FOR
OPTIMAL FRAGMENTATION OF ASTEROIDS
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Bong Wiel

This paper examines both Tillotson and Jones-Wilkins-Lee (JWL) based energy
coupling models, that are often used by various hydrodynamic codes for simu-
lating the effects of high energy explosives. A subsurface nuclear explosion has
been known to be 20 times more efficient than a contact burst. Both in-house and
commercial AUTODYN hydrodynamic codes are used to validate such a known
high efficiency factor of subsurface nuclear explosions. Several test cases are pre-
sented, illustrating good agreement with the AUTODYN software. In addition,
a new approach for modeling high energy explosives is presented and compared
with analytic results and simulations by AUTODYN. Our preliminary results in-
dicate a maximum efficiency factor of only 11 when comparing subsurface versus
contact blasts.

INTRODUCTION

Responding to threats from near-Earth objects (NEOs) with short warning times is a complex
problem. Late detection of such threats provides a short response window, limiting most of the
conventional, non-nuclear approaches. A nuclear explosive device (NED) is the only viable option
against such impact threats with short warning times. However, this option needs thorough exam-
ination prior to execution, by identifying mission critical parameters which ensure the complete
disruption of the asteroid. Determination of the NED yield and energy coupling to the target body
is necessary to ensure mission success. A low energy coupling may result in partial fragmentation
of the NEO due to its rubble like nature, increasing the probability of a collision with the Earth.

The Asteroid Deflection Research Center (ADRC) at Iowa State University has dedicated its
research efforts to identify and answer such issues. A HAIV (Hypervelocity Asteroid Intercept
Vehicle) concept is under development, which utilizes a kinetic impact followed by a nuclear sub-
surface explosion. The HAIV concept is being developed for NASA Innovative Advanced Concepts
(NIAC) Phase 1 and 2 studies.>* -6
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This paper provides an extension to the hydrodynamic modeling work completed in the past,
which used a graphics processing unit (GPU) accelerated planar smooth particle hydrodynamic
(SPH) algorithm. A new explicit hydrodynamic software called AUTODYN by ANSYS is cur-
rently being utilized to model and optimize the efficiency of the HAIV approach. AUTODYN pro-
vides both Lagrangian and Eulerian modeling frameworks in 2D and 3D, and allows visualization of
solutions in real time. In addition, a validated material library is included for accurate material prop-
erties. AUTODYN also aids in simulation setup time by including geometry manipulation tools and
built-in grid generators. Additionally, this paper investigates another new approach, which utilizes
high-order (order of accuracy 3" or higher) numerical methods developed in computational fluid
dynamics (CFD). The correction procedure via reconstruction (CPR), developed by Huynh'? and
extended by Wang," is implemented and tested against both analytical and AUTODYN solutions
in one and two-dimensional blast wave problems.

METHODS

This section discusses the modeling of hydrodynamic simulations and the basic formulation of
the SPH and CPR methods. The data for material models was extracted from previous works of
literature in the field and documentation provided by ANSYS. The explosive device chosen in most
simulations is Trinitrotoluene (TNT). Energy coupling is modeled via two methods: Direct energy
deposition and Jones-Wilkins-Lee (JWL) equation of state. The direct energy deposition model
was initially used in the in-house GPU SPH algorithm and was implemented in AUTODYN for
comparison. The implemented CPR method currently uses only the direct energy deposition model
for simulations.

Blast Optimization and Energy Deposition

A series of studies are currently underway to investigate the energy coupling by the explosive to
the asteroid. The energy deposition schemes below are tested and employed for a wide variety of
2D and 3D SPH simulations presented in this paper.

Direct Energy Deposition (DED). Upon specifying a yield for the payload (e.g., 100 kilotons),
total energy of the device is calculated in Joules using the specific internal energy of TNT. The
specific internal energy of nodes is then calculated by dividing the total energy by the nodal mass.
The specific internal energy calculated is an input to the simulation as an initial condition. This
method produces an isotropic explosion, converting a fraction of its internal energy to kinetic energy,
which will be coupled to the target body. Material properties are governed by Tillotson equation
of state throughout the simulation for both target body and the explosive device. The Tillotson
equation was also used in the in-house GPU SPH algorithm, but is not yet implemented in the CPR
method.

JWL Equation with a Detonation Mechanism. A specific detonation mechanism (point source or
line source) along with an initiation time governs the energy distribution and coupling. These simu-
lations and explosion models are currently under testing with multiple material models for the target
body. Rock material characteristic models, which encapsulate the brittle and rubble like nature, are
implemented to further test the blast dynamics. Optimized results will be used in calculating an
efficiency factor for a subsurface explosion compared to a surface blast. The 20 times efficiency
factor was extracted from a study published by National Research Council (NRC) based on a series
of tests conducted by the Department of Energy.'? According to the empirical curves presented in
Figure 1, subsurface detonations yield an increase to the energy coupling efficiency when compared
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Figure 1. Efficiency Plot

to surface blasts. The scaled depth-of-burst (DOB) used in Figure 1 is defined as

DOB = % (1)

where z is the buried depth and Y is the device yield.

Validating the above mentioned efficiency factors will aid us in the design process when determin-
ing required impact velocity for the kinetic impactor and required mass of the detonation payload,
thus improving overall mission efficiency. Energy coupling to the target object is determined by the
following factors:’ material characteristics of the target, target resolution, blast modeling scheme
and simulation framework (e.g., FEM/SPH), and buried depth of the explosive device.

SPH Formulation

The SPH method is a Lagrangian particle physics method, initially used to solve astrophysics
problems. It is formulated with the basic fluid dynamic equations smoothed over a kernel function
W for a calculated or specified smoothing length. The kernel function, usually specified as a cubic
spline, modifies the basic fluid dynamic equations via averaging to obtain the following conservation
of mass, momentum, and energy equations (the first equation defines the velocity vector)
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Variable definitions can be found in the Notation section. Numerical integration of the above equa-
tions can be performed by using a leap frog or a Runge Kutta method. AUTODYN also incorporates



an adaptive time step calculation along with density limiters to ensure the robustness of the simu-
lation. Smoothing length of the simulation is updated with each time step for faster and accurate
results.!

CPR Method

The CPR method was developed to improve the efficiency of other high-order methods previously
developed for CFD simulations. These include the discontinuous Galerkin (DG),'3 416 spectral

volume (SV),1%-22 staggered grid (SG) multi-domain,'”-'8 and spectral difference (SD)?%-2! meth-
ods. The CPR method solves the following hyperbolic equation law
dq of Og
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where f and g are the flux vectors. The state vector, q € Pk(V;) (q belongs to the space of
polynomials degree k on element ¢ of volume V'), is
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where p is the density, u and v are the velocities along x and y directions, and e is the total energy
per unit volume. The inviscid-flux vectors are
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where the pressure, under the ideal gas law, is p = (v — 1)(e — $p(u® + v?)). The CPR for-
mulation closely follows DG to a point. The derivation changes the formulation from an integral
one (as completed in DG), to a differential formulation. Full derivation of the method! results in
a “penalty” term for the normal flux difference across element interfaces. A “correction field”, 4,
forms a “lifting operator” which results in the following equation
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where ¢ and j denote each element and solution point respectfully. Unlike the SPH method, the CPR
method requires a computational grid, with solution points set interior to each element. Solution
points are chosen to coincide with the elements interfaces and flux points, reducing interpolation
costs. While this simplifies the derivation, the flux may not necessarily reside in the space P*(V}),
since the flux derivative is approximated by polynomials of degree k or less. Hence, the divergence
is projected into the proper space via the projection term 11;. Formulation of the correction field as
well as correction coefficients have already been completed.?® Current implementation uses quadri-
lateral elements, resulting in an efficient calculation of the correction field, since the operations are
completed in a one-dimensional manner.
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Figure 2. Tillotson Equation of State (Image courtesy of AUTODYN Manual 14.5)

Material Modeling

A multitude of material modeling options consisting of different equations of states, strength, and
failure models are under investigation in order to capture the accurate material characteristics during
the hypervelocity impact and nuclear sub-surface explosion. The NED yield is currently modeled
via TNT material properties. The Jones-Wilkins-Lee (JWL) equation of state is specified for the
explosive material, while the target is modeled by Tillotson equation of state. Capturing the material
behavior is crucial, as these characteristics determine the failure method, particle velocities, and
energy coupling factors. Such parameters can be used to determine appropriate guidance parameters
(e.g., impact angle and location) and the orbit determination of HAIV spacecraft. Sections below
provide an overview of some equations of state that are currently under testing.

Tillotson EOS. The Tillotson equation of state is used to predict metallic material behavior dur-
ing hypervelocity impacts. This equation addresses material phase changes, compressions, and
expansions during the energy transfer. The Tillotson equation of state is defined for four regions
located to the right of the Hugoniot curve. Figure 2 depicts the four regions that define shock
compression.?

Within region I, the material is represented in a compressed state. The vertical line extends up to
1000 Mbar and the pressure is given as

b
P =(a+ w—o)npoe—i-A,u—i-B,uQ @)
Region II defines material characteristics under shock due to energy that is less than the sublimation

energy. The pressure here is

b
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At region III, the pressure is just the mean pressure between regions Il and IV given by
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where x = 1 — % Material parameters, such as a, b, «, 8 and ey, are fitting parameters for the
Tillotson equation of state. The parameter A is considered the Bulk Modulus and B represents the
compressive term.’



Table 1. Shock Equation of State Properties

Parameter Definition Water
£0 Initial Density | 1000 kg/m?
C Sound Speed 18.0 (GPa)
Yo Gruneisen coefficient 0.5
a Volume correction coefficient 0.0
S1 Fitting coefficient 2.56
So Fitting coefficient 1.986
Ss Fitting coefficient 1.2268
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Figure 3. JWL Equation of State

Shock Equation of State. The shock equation of state was developed under empirical relations.
The equation represents characteristics of underwater explosions. Definitions of parameters and
respective values for water are given in Table 1, along with the pressure calculation described by
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where p = p% — 1.

Jones-Wilkins-Lee (JWL) Equation of State. This equation was developed from various empir-
ical relationships obtained from experiments conducted with high energy explosives such as TNT.
Pressure of the explosive gas is given by

wn, _ & wn, k2
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where A, B, R1, R2 and w are coefficients obtained from experiment and 7 represents density ratio
between the gaseous products and original material. Specific internal energy of the material is de-
noted by e and py is the initial density of the material. A graphical representation of the relationship
between pressure and volume is given in Figure 3(a).> The JWL equation for TNT is shown in
Figure 3(b),> where the three terms of Eq. (11) are plotted along with total pressure.
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Figure 5. 1D TNT Simulation

CODE VALIDATION
Detonation of 1D Bar of TNT (AUTODYN)

1D bar of TNT was detonated from the middle, allowing the shock to propagate symmetrically
to the end of the explosive device. Pressure, velocity, and density were recorded from the axis of
symmetry to the end of the bar at 14 microseconds simulation time. The simulation setup is shown
in Figure 4. Pressure, density, velocity and internal energy results extracted from the AUTODYN
solution given above are compared with the SPH results.! Simulated results agree with the curves
presented in the paper in a very satisfactory manner. A small peak in AUTODYN results can be ob-
served where the change in slope occurs. This could be due to a modeling difference (grid resolution
or smoothing length) that can only be identified by comparing both algorithms.

In the absence of another material interface, the shock wave reflects from the edges and travel
towards the center of the device. Total energy in the explosive remains as internal energy during the
initial shock propagation. During the second stage of the detonation process, most of the internal
energy transforms into kinetic energy due to rapid gas expansion. In the presence of another ma-
terial, such as water, air or rock, the shock wave travels to the material, where a refraction wave



occurs, whose magnitude depends on refraction index of the given material. The shock wave may
deteriorate depending on the material characteristics, and some of the shock energy is lost through
material interfaces and in fragmentation.

Sods Shock Tube (CPR)

Prior to comparing the CPR method to the AUTODYN program, the implementation must be
verified, specifically the ability to capture shock waves. Due to the nature of high-order methods,
they become oscillatory and unstable in regions of high gradients (shocks). To remedy this problem,
artificial viscosity or slope limiting are frequently used. Artificial viscosity requires specifying the
amount of viscosity to add. Adding too much will cause the shocks to become smeared and inaccu-
rate, but too little and instability occurs. In addition, second order derivatives are introduced, which
need to be discretized for the given numerical formulation. Slope limiting is more straightforward,
but the high-order accuracy of the method is lost (as slope limiters are generally 1°¢ or 2" order).
The results presented use a slope limiter coupled with a shock detector similar to that presented by
Persson and Peraire,?* with slight modification. The solution (of order k) is defined as

a=) aip; (12)
=1

where n(k) is the number of expansion terms and ¢; are basis functions. Next, define a solution
only including terms up to n(k — 1) such that

a= ) aii (13)

then, a indicator for smoothness can be defined as

where (x, *); is defined as the standard inner product in element . In this paper, evaluation of & is
completed via interpolation (the solution is interpolated to solution points a degree lower) instead
of recomputing the high-order coefficients. This changes the scaling of J; which is currently under
investigation. To test the sensor, simulation of Sods shock tube with a standard minmod limiter is
completed and compared to the analytic solution. The domain is discretized from [0, 1] with p = 1.0
andp = 1.0 forz > 0.5 and p = 0.125 and p = 0.1 for z < 0.5 with u = 0 everywhere. At time
t = 0.2 the density and pressure are compared against the analytic solution. Excellent agreement is
shown between the pressure and density.

1D Interacting Blast Waves (CPR)

To further test the shock capturing of the high-order method, another one-dimensional case is
considered. The domain is discretized from [0, 1] with reflecting boundaries. From 0.1 < < 0 the
pressure is p = 1000, while from 1.0 < z < 0.9 the pressure is p = 100. The density and velocity
are p = 1.0 and u = 0 everywhere. This causes two blast waves to eventually collide, creating high
gradients and providing an excellent test for the limiter and shock sensor implemented. Results
for pressure and density are given at several time levels, with a comparison® of the density at
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Figure 7. Interacting Blast Waves at t = 0.0076

the final time. Good agreement is illustrated in the density comparison. The shock detector and
limiter appear to be working well together, as the solution is only limited near high gradients, while
maintaining a high-order of accuracy throughout the remainder of the domain.

Underwater Explosion Simulations (UNDEX)

Water was introduced as a material interface in order to compare energy coupling results. Pressure
data was obtained through a gauge point located at x = 0.25 m. A simulation setup is provided in
Figure 10. Results obtained from AUTODYN shows a 0.5 ms lead. This lead was observable for

both material models for water. This could be due to certain modeling schemes such as material
boundary treatments and variable smoothing length schemes. An impact separation scheme and
a variable scheme can be implemented in AUTODYN, but this makes the simulations prone to
numerical instabilities. Implementation of a sound contact algorithm solves most of the lead-lag
issues but introduces some stagnation in the material interfaces. Applying penalty schemes also
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Figure 11. 1D air blast comparison.

improve material interface treatments.

AUTODYN and CPR Comparison 1D

A one-dimensional air blast test case was conducted to compare results from the methods. The
domain was discretized from [0, 10] with a specified energy source from 4.5 < x < 5.5 of e =
4.3 x 10 joules and e = 2.0 x 10° joules throughout the remainder of the domain (corresponding
to a 1 atm pressure). The density was set at p = 1.225 kg/m®. As shown in Fig. 11, the pressure,
density, and internal energy from AUTODYN and CPR match extremely well.

AUTODYN and CPR Comparison 2D

A two-dimensional case was also simulated to further test the methods. The initial conditions
are similar to the 1D comparison test, only the blast is a circle with radius of 0.5. Comparing the
pressure and density plots exhibit some differences. The AUTODYN simulation illustrates some
spikes in the pressure solution not captured by the CPR method. Future work is needed to investigate
this issue.

11



0 2 4 6 8 0 2 4 6 8
X X

(a) Density at t = 0.3 p seconds (b) Density att = 0.9 p seconds
Figure 12. 2D Air Blast Simulation (CPR)

35
2E+06 |-
sk CPR CPR
————— AUTODYN AUTODYN
. 1.5E+06 -
%2.5 - g
5 1E+06 [ ]
£ g
8 | 4 =~
1.5F
f\ 500000 |
1k
i
\\\I\\\L!\‘J\I\\\I\\ I NNNTRNNUY S NESTNIS VAN ST R
0 2 4 8 0 2 4 6 8
Position (m) Position (m)
(a) Density at ¢t = 0.3 p seconds (b) Pressure at ¢ = 0.9 p seconds
Figure 13. 2D Air Blast Comparison
UNDEX 2D

A 2D axial symmetric simulation was also completed with the following setup. Axis of symmetry
is shown in dash lines. A gauge point was set close to the boundary to record pressure. Mie-
Gruneisen equation of state (EOS) was implemented to represent water. Recorded pressure response
from the AUTODYN solution is compared with experimental results along with solutions obtained
from another SPH algorithm.!!

PRELIMINARY RESULTS AND ANALYSIS
2D Planar Simulations (JWL)

2D planar simulations were conducted for sub-surface and contact explosions. The explosive
mass was 1.25 tons, governed by JWL equation of state, with a granite material target whose mate-
rial parameters were governed by Tillotson equation of state. Simulation setup is shown in Figure
15. The material properties of granite and TNT are given in Table 2. AUTODYN material libraries

12
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were used to obtain TNT characteristics. Granite parameters were obtained from Marinova et al .
Pressure solutions obtained from the AUTODYN simulations are presented in Figure 16.

Once the device is triggered, explosive chemical energy, initially stored as internal energy, con-
verts into kinetic energy, generating an isotropic displacement pattern. Percentages of this energy
conversions are given in Table 4. The JWL model consists of a trigger time along with a point
source detonation and assumes gaseous behavior (ideal gas) for the end products of the detonation,
creating a rapid expansion. A point source was placed in the middle of the device as particles and
an initial shock wave propagating from the center was observed upon triggering the device. Energy
coupling to the target from the explosive device was compared between contact and subsurface ex-

plosion cases. The explosive efficiency of the subsurface explosion compared to contact scenario
was computed to be around 7X.

2D Planar Simulations (DED)

These simulations consisted of a spherical target constructed from granite, modeled by the Tillot-
son equation of state. For the direct energy deposition method, the 1.25 ton device was modeled as
high energy granite particles, still governed by Tillotson equation of state. A subsurface explosion
with the device buried at the center of the target was simulated which was followed by a simulation

13



Table 2. Tillotson Equation of State Properties

Parameter Granite
A 18.0(GPa)
B 18.0 (GPa)
a 0.5
b 1.3
« 5.0
B8 5.0
) 16.0 MJ/kg
€s 3.5 MJ/kg
el 18.0 MJ/kg

Table 3. JWL Equation of State Properties

Parameter Value

A 373.77(GPa)

B 3.7471(GPa)

R1 4.15

R2 0.9

w 0.35

C-J Detonation velocity 6930 m/s
C-J Energy per unit volume 6(GJ/m?)
C-J Pressure 21 (GPa)

of detonating the device slightly above the surface of the target. Energy coupling percentages were
obtained for the granite target and presented in Table 5. Energy coupling from direct energy de-
position is significantly lower than the coupling factors obtained by using JWL. Overall efficiency
between sub-surface and contact simulations for DED method seems to be around 8X.

2D Axial Symmetric Solver

A axial symmetry solver was utilized to generate representative 3D solutions for the 2D planar
simulations shown above. Both contact and sub-surface explosion simulations used JWL and DED
detonation models. Pressure solutions for JWL are shown in Figure 18, while the DED solutions
are in Figure 19. Energy coupling factors with respect to the total yield of the device for both cases
are presented in Table 6.

For the subsurface explosion that utilizes JWL model, 46.8% of the total energy coupled to the
asteroid remained as internal energy, while 53.2% caused nodal displacement as kinetic energy. A
significant amount of energy (45% from the initial yield) remained in the explosive nodes as internal
energy. As per the corresponding contact burst, 53% of the total energy coupled remained as internal
energy. About 95% of the total yield of the device remained in the explosive particles as internal
energy for the contact blast simulation. Efficiency of the subsurface blast with respect to contact
explosion is computed to be 11X.

Table 4. Subsurface vs Contact - JWL

Simulation scenario | Kinetic Energy % | Internal Energy % | Total Energy Transferred %

Subsurface 46 54 | 47
contact explosion 50.0 50.0 | 7

14



PRESSURE (Pa)
2,646e+09

2.362e+09
2.077e+09
1.793e+09
1.509e+09
1.225e+09
9.402e+08
6.560e+08
3.717e+08
8.740e+07
ied1spbQeiras

Cycle 500

Time 5.000E-004 s

Units m, kg, s

PRESSURE (Pa)
2.646e+09

1.852e+09
1.588e+09
1.323e+09
1.058e+09
7.938e+08
5.292¢+08
2.646e+08

certact giodegsph_only

Cycle 5000
Time 5.000E-004 s
Units m, kg, s

Figure 16. Pressure Solutions (JWL)

Figure 17. Pressure Solutions (DED)

As predicted in the 2D planar simulation, energy coupling seems to be significantly low for DED
simulations when compared to the JWL simulations. Majority (roughly 73%) of the total yield of
the device remained in the designated explosive nodes for the subsurface explosion, while 98% of
the device energy didn’t couple to the target during the contact blast. The explosive efficiency was

calculated to be 10X.

According to these simulations, a significant percentage of energy remains in the explosive de-
vice. However, in an actual nuclear blast or a conventional explosive usage, a significant portion
of total energy (35% to 45%) turns into thermal radiation.® The SPH framework employed by AU-
TODYN lacks thermal radiation modeling and therefore most of the energy in the explosive device
remains in the assigned particles as internal energy. However, the JWL explosion model seems to
be predicting higher energy coupling factors and efficiencies when compared to the direct energy

deposition method.

Table 5. Subsurface vs Contact (DED)

Simulation Scenario

Kinetic Energy %

Internal Energy %

Total Energy Transferred from Explosives %

Subsurface
Contact Burst

47.5
53.7

52.5

46.3

26
3

15



Figure 18. 2D Axial Symmetry (JWL): Before and After Subsurface Explosion

Figure 19. 2D Axial Symmetry (DED): Before and After Subsurface Explosion

CONCLUSIONS AND FUTURE WORK

The AUTODYN software demonstrates the ability to solve the problems as posted in this paper.
Simulations under JWL explosion modeling showed higher energy coupling to the target bodies
when compared against the direct energy deposition methods. More research is required to better
understand the modeling differences between these two methods. Additionally, a new approach
utilizing a high-order method, appears to not only capture shocks accurately, but exhibits good
agreement with the AUTODYN software.

Future work is desired in understanding the modeling of the energy coupling and transfer to a tar-
get body through JWL models and energy sourcing. Different strength and material models should
also be investigated, specifically rubble or porous materials. From multi-dimensional simulations,
a comprehensive grid study should be completed to better understand the relationship between en-
ergy coupling and grid resolution. Simulations of ground shocks are also desired to validate the
efficiency in Figure 1. Finally, development of the CPR method should continue, to better under-

Table 6. Subsurface vs Contact - Axis Symmetric

Simulation scenario Kinetic Energy % | Internal Energy % | Total Energy Transferred from NED %
Subsurface (JWL) 53.2 46.8 55.4
contact explosion (JWL) 47 53 4.75
Subsurface (DED) 46.94 53.06 23.27
contact explosion (DED) 47 53 2
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stand the modeling and having an additional numerical technique to solve such problems.
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NOTATION
Table 7. Variable Definitions
Variable Description
X Position vector
P Pressure
p Density
e Internal energy
v Velocity vector
m mass
I Artificial viscosity
1 Particle of interest
J Index of the beighboring particle
N Total number of neighbors
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