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ABSTRACT

Results from the PUFF-TFT code were compared with those from HULL for a
1 dimensional aluminum slab subjected to X-rays from a 5 keV blackbody source.
The source spectra was equivalent to a 1.5 Megaton thermonuclear device detonated
at a distance of 10 km. Code predictions of density, internal energy, fracture
locations, and axial stress were examined. With the exception of the magnitude of
the axial stress, results from both codes were in agreement as to the characteristics
of the material response.
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1. INTRODUCTION

This report discusses the results of a comparative study between two
hydrodynamic computer codes. The purpose of the study was to identify the
similarities and differences in the predicted responses between the PUFF-TFT! and
HULL? codes. The HULL code was used to validate the PUFF-TFET results; HULL
has been used by this group for penetration mechanics studies for several years.
Although the two codes are dissimilar in their approach to solving hydrodynamics
problems, both are capable of characterizing the effect of incident X-rays upon a
medium.

1.1 BACKGROUND

Results for this study were generated using a hydrodynamic computer code,
or hydrocode. Hydrocodes solve the set of differential equations arising from the
conservation of mass, momentum, and energy, coupled with an equation of state
and a constitutive relation. The equation of state relates the materials density
(or volume) and internal energy (or temperature) with pressure. A constitutive
relation describes the particular nature of the material by relating the stress in
the material with the amount of distortion (strain) required to produce this stress.
The constitutive relation may include strain rate effects, work hardening, thermal
heating/softening, etc. .

The formulation of the differential equations follow either Eulerian or
Lagrangian descriptions. The Eulerian description is a spatial description; the
Lagrangian is a material description. In an Eulerian framework, all grid points,
and consequently cell boundaries, remain fixed with time. Mass, momentum, and
energy flow across cell boundaries. In a Lagrangian description, the grid points are
attached to the material and move with the material. In this formulation, mass
within a cell is invariant, but the volume of the cell may change with time because
of expansion or compression of the material.

1.2 PUFF-TFT

The PUFF-TFT code was used to assess the hydrodynamic response from
incident X-rays on a medium. The coupling of the TFT (Thin Film Transport)
module with the PUFFT74 code has been performed by Ktech Corporation. The
- TFT package accounts for the effects of dose enhancement due to the transport
of secondary particles with ranges comparable to the thickness of the thin
material layers and thermal conduction between thin material layers. These two
modifications (among others) more accurately portray the degree of energy sharing
between thin layers, thereby modifying the expected energy depositions based on
normal X-ray interactions and possibly altering the anticipated thermo—-mechanical
response of the medium.

The PUFF74 code,® originally developed in the mid-sixties, has undergone
a number of revisions to become a flexible material response code that includes
the effects of material strength, porosity, and fracture for both homogeneous and
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composite materials. The code calculates stress wave formation and propagation
by numerical integration of the conservation equations in a one-dimensional
Lagrangian coordinate system. In addition to the hydrodynamic equation of state,
which is required for all materials, the code contains an elastic-plastic model for
strength effects, a P-a porosity model for treating irreversible compaction, and four
models for treating strain-rate dependent or dispersive effects.

1.3 HULL

The HULL hydrodynamic code is designed to solve the time-dependent
equations of continuum mechanics: conservation of mass, momentum, and energy.
These equations may be solved using an Eulerian formulation (fixed mesh cell with
moving materials) or a Lagrangian formulation wherein material transfer between
cells is prohibited, but the mesh itself can distort. Additionally, a problem can
consist of both Eulerian and Lagrangian regions.

Geometry options included in HULL comprise both two-dimensional (R~Z and
X-Y) and three-dimensional (X-Y-Z). HULL is currently programmed for 15 types
of constitutive relations such as Gamma-Law gas, Mie-Gruniesion, etc. It provides
capabalility for the inclusion of high explosives as part of the problem via the
inclusion of constitutive relations for both the explosives themselves as well as the
detonation products. The material property library associated with the constitutive
relations contains a significant number of materials including a number of metals,
water, sand, concrete, etc.

The HULL hydrocode can optionally account for material failure in a number
of ways ranging from simple stress or strain criteria to complex failure surfaces.
Additionally, depending on the particular equation of state, the effects of material
melting and vaporization can be included in the calculation.



2. SOURCE SPECIFICATION

A nuclear detonation will heat the device and surrounding material to tens of
millions of degrees Kelvin. Due to this large temperature, blackbody radiation
will occur in the form of X-ray radiation. Approximately 75% of the total energy
emitted during a detonation will appear in this form of emission?.

The differential energy distribution (X-rays/unit energy) associated with

blackbody X-rays can be written

dN(E,kt) = CE?
dE T eEB/¥T _ 1

where N is the number of X-rays with energy £ about dE, kT is the temperature
of the emitting object, and C is a normalization factor®. As the temperature of
the blackbody radiator increases, the emission spectrum hardens. For the purpose
of this study, a 1.5 Megaton thermonuclear device was chosen with a temperature
(kT) equal to 5 keV. The device was assumed to detonate 10 kilometers from the
aluminum slab yielding an X-ray flux of 1.7332x10'" X-rays/cm? incident on the
slab. The average energy of an emitted X-ray for this device temperature is 13.5
keV. This corresponds to a surface loading of 89.56 cal/cm?.

Calculations were performed with the Electron Gamma-Ray Shower Code
EGS4% to determine the energy deposition as a function of depth in an aluminum
slab of thickness 0.16 cm. The preliminary results showed energy deposition rates
large enough to damage the slab if the thermonuclear device was sufficiently large
enough and/or close enough to the spacecraft. The energy deposition profiles
obtained from the EGS4 calculations were used in the HULL hydrodynamics code
to calculate the physical damage (melting, vaporization, blow-off, etc.) to the slab.

The EGS4 calculation was performed using a variable mesh. In particular, a
0.001 cm thick interval was used in the first 0.02 cm, a 0.002 cm thick interval
was used in the next 0.02 cm, a 0.005 em thick interval was used in the next 0.04
em, and a 0.01 cm thick interval was used in the remainding 0.08 cm. The EGS4
calculation analyzed 50,000 source particles incident on the aluminum slab.




3. RESULTS AND DISCUSSION

Two hydrodynamic computer codes, HULL and PUFF-TFEFT, have been used to
assess the thermo-mechanical response of an aluminum slab from incident X-rays
characteristic of an exo-atmospheric nuclear detonation. A blackbody spectrum at
5 keV was normalized to yield a surface loading of approximately 90 cal/cm?. This
corresponds to a 1.5 Megaton detonation at a distance of 10 kilometers, assuming
75% of the energy is in the form of X-rays. The aluminum target was 0.16 cm
thick, with a density of 2.71 g/cm3. In this analysis, the PUFF-TFT code employed
vacuum boundary conditions while the HULL code used low density air to simulate
vacuum boundary conditions. Material properties were obtained from Rice” (p. 16)
and Childs® (p.21).

For a detailed comparison of the two codes capabilities, an examination of
the density, internal energy, axial stress, mass fractions of vapor, liquid, and solid
phases, and fracture locations at six time intervals: 0.1, 0.2, 0.3, 0.5, and 1.0 gsecond
was performed. In addition, the initial energy deposition was also examined.

3.1 TIME = 0.0

The energy deposition calculations are performed for both codes prior to the
initial time step. HULL uses the energy deposited from the EGS4 code as an
impulse. For the HULL code, the aluminum was subdivided into 64 uniform spatial
grid points. PUFF computes the energy deposition from the blackbody spectrum
and surface loading and allocates the energy over a specified time frame. PUFF
employed an automatic zoning procedure that generated about twice as many mesh
cells (nonuniform) as was used in the HULL calculations. For this problem, all of the
energy was deposited within 1 nanosecond. Figure 1 shows the energy deposition
as a function of depth for each code. The calculated energy deposition as a function
of depth is essentially identical for the two codes. The calculated error for EGS is
within +10% (£10).

From the cnergy deposition, the PUFF code flags those cells that have vaporized
or melted. Cell masses are summed and mass fractions computed for each phase. A
rough estimate of the mass fractions in each phase can be made for HULL from the
initial internal energy. Table 1 lists the calculated mass fraction by phase for each
code at time = 0.0. If it is assumed the two phase regions in the HULL calculations
are equally proportioned between the solid/liquid and liquid/vapor phases, excellent
agreement is obtained with PUFF I.e., for HULL, half of the two phase liquid/solid
region can be added to the liquid only portion to yield ~ 22%, as compared to
21.5% from the PUFF code.

3.2 TIME = 0.1usec.

Figures 2 through 4 compare density, internal energy, and axial stress as a
function of depth. Included with the plot of density are vertical dashed lines
denoting fracture locations as predicted by PUFF. Similarly, phase transitions



5

Table 1.
Approximate Mass Fractions by Phase
PUFF HULL
Vapor 2.5%
2¢ 3%
Liquid 21.5% 14%
2¢ - 16%
Solid 76.0% 87%

are marked on the plot of internal energy. These conventions will be continued
throughout this analysis. ,

A close examination of Figure 2 reveals several interesting features. First it
is noted that the ablation wave front from PUFF is much greater than that from
HULL. This is not surprising due to the difference in boundary conditions, i.e.,
vacuum vs. air. Both codes are in agreement as to the solid density, although
PUFF predicts a small increase in density at the location of peak axial stress (see
Figure 4). Both codes also predict a density spike which occurs for PUFF at the
vapor/liquid interface. This liquid wave front is beginning to separate from the
remaining material according to the HULL code. The PUFF code shows early
fracture locations at the liquid/solid interface.

The plots of internal energy (Figure 3) are in good agreement. Here also PUFF
calculates a small increase in internal energy at the peak axial stress location. The
rapid expansion of the ablated material is again evident from the PUFF results. An
attempt was made to correct one of the many differences in the two codes: HULL
includes an ambient component in its internal energy, i.e., at 300K, the internal
energy of aluminum is about 60 cal/g. This was added to the PUFF value for
this comparison. Figure 4 compares axial stress. Although both codes agree on
the location of the peak stress, there is a considerable difference in the magnitude.
This difference cannot be explained at this time, although efforts are underway to
achieve this.

3.3 TIME = 0.2usec.

Figures 5 through 7 compare density, internal energy, and axial stress at 0.2usec.
The HULL code shows a second separation in the liquid region (Figure 5) and a
small drop in density at = 0.08 cm which will become a fracture point. PUFF has
also predicted a fracture at this location. The internal energy is in good agreement
(Figure 6) and the axial stress is again off in magnitude but exact in location

(Figure 7).

3.4 TIME = 0.3usec.

By 0.3useconds, PUFF predicts a large number of material fractures and HULL
is showing several regions of reduced density in the solid (Figure 8). These regions
of reduced density are the Eulerian equivalent of fracture locations. In the liquid
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region, HULL is indicating some strong density oscillations, that may correspond
to waves of material being ablated. The leading liquid wave front is still in good
agreement at this point. This fracture has now shown up in the plot of internal
energy (Figure 9). PUFF’s calculation of internal energy is somewhat larger than
the HULL value and this also, needs to be reconciled. The axial stress wave has
been reflected at this point, and there is little agreement in magnitude or form
(Figure 10). The yield stress was set at 20 kbar, and this has effectively limited the
magnitudes of the axial stress oscillations.

3.5 TIME = 0.5usec.

Conceptually, there is little change at the later times. The HULL density waves
in the liquid region are more numerous and the solid fracture lines more pronounced
(Figure 11). The difference in internal energy has grown, particularly in the liquid
phase (Figure 12). The overall magnitude of the axial stress waves are close, but
there is no association in position (Figure 13).

3.6 TIME = 1.0usec.

At this final time value, there is still good agreement in the density (Figure 14).
Both codes are consistent in the location and magnitude of the leading liquid wave
front and PUFF is showing some oscillations in the liquid region. There is strong
separation in both codes at the liquid/solid interface and further spallation in the
interior of the solid. The HULL solid fracture points have shown up in the internal
energy plot (Figure 15), but there is even less agreement in magnitude. PUFF
predicts a primary and secondary stress (compression) pulse, whereas there appears
to be some form of chaotic behavior in the HULL results (Figure 16).



4. CONCLUSIONS

Two computer codes were used to calculate the thermo-mechanical response of
a 1D aluminum target to high levels of incident X-rays. The X-ray spectra was
similar to that from a 1.5 Megaton thermonuclear device detonated at a distance of
10 km. The objective was to determine the calculational effectiveness of the PUFF-
TFT hydrodynamics module and to gain hands-on experience with the code.

Both computer codes calculated extreme damage levels in the aluminum slab.
Although there was considerable disagreement in the magnitude of the axial stress
before the compressive wave reflected off the back surface and differences in shape
after reflection, the end result for both codes was markedly similar. Density as
a function of depth, fracture locations and times, and mass fractions were all
equivalent. The internal energy compared well at earlier times, but less favorably
at later times. Some differences are to be expected, but the prediction of the
magnitude of the axial stress needs to be more thoroughly investigated. It is not
known at this time which code is correct; perhaps the “true” value lies somewhere
between the two calculated values. Overall, results from the PUFF code were in
reasonable agreement with those from the more complex HULL model, and were
obtained at a much lower cost.
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