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Abstract

We have developed a multidimensional analysis code for reactive shocks (MARS) for investigating various scenarios in
the physical hazard analysis of high energetic materials. In this paper, details of numerical procedures in our code are
presented. To confirm the reliability of the code, some of the one-dimensional test problems, shock tube, high velocity
impact, propagation of blast wave and shock to detonation transition process, are solved. The previous our experiments,
the gap tests are also simulated. By comparison of the experimental and numerical results, it was shown that the
simulation can reproduce three typical results. The first case was that the shock to detonation transition occurs in
acceptor, the second case was the no detonation but rapid decomposition occurs in acceptor and the third one was the
detonation in acceptor occurs by the reflection of the shock wave at the interface of the acceptor and witness steel block.
By the demonstration of reproducibility of the experimental result, it was shown that the code is generally applicable to

the practical explosion problem.
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1. Introduction
A computational fluid dynamics (CFD) simulation plays

an important role in the field of explosion safety
assessment of high energetic materials. We have
developed the CFD code MARSY ¥ (multidimensional
analysis code for reactive shocks) based on a CIP
method? %, and adopted it for the investigation of many
explosion-related problems” ~19. The explosion phenomena
of high energetic materials include ignition by an external
stimulus, various types of detonation transition and
propagation, the rapid expansion of detonation products,
and the propagation of shock waves in various media. The
peripheral materials are subjected to high-speed and large
deformation, and destruction. The blast waves propagate
far from the explosion source and interact with structures
to damage them. Therefore, the code for physical hazard
analysis should employ not only robust and high-speed
algorithms but also various functions, such as the

equations of state, the constitutive equations, the damage
and the burn models. Although many numerical schemes
and models of materials have been proposed and applied
to various problems, many problems remain in simulations
used in physical hazard analysis owing to the diversity of
the phenomena. The combination of numerical schemes,
algorithms and models of materials may be important, so
we are working on the development of a simulation code.

In this paper, the development of a reactive flow
simulation for the estimation of sympathetic detonations in
gap tests is discussed. The governing equations, algorithm,
treatment of the multi-material cell, and reactive flow
simulation in our code are described in section 2. In section
3, we report the results of simple one dimensional
calculations and reactive flow simulations of a gap test on
a high energetic material. By comparison of the
experimental and numerical results, it is shown that our
code can reproduce the results of various gap tests.
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2. Numerical procedure
2.1 Governing equations and algorithm

The governing equations of the multi-material flow!1?
are
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where superscript @ denotes the component of the eth
material, f is the volume fraction of the component, p is
the pressure, g is the artificial viscosity, o is the density, e
is the specific internal energy, and # is the velocity vector.
K* is the bulk modulus of the @th component, K is the
equivalent bulk modulus of all the components, and m is
the mass fraction of each component. Equations (1), (2),
and (3), respectively correspond to the conservation of
mass, momentum, and energy. The advection equation of
the volume fraction, Equation (4), is obtained from
Equation (1) and the assumption that the entropies of the
individual components remain constant during the
advection process.

The algorithm of the CIPY -9 scheme is adopted in our
code. The governing equations are solved with two steps
in each cycle, similarly to the particle-in-cell (PIC)¥
method. Because the same treatment is adopted for each
governing equation, only the mass conservation equation
will be shown below. The first step is a non-advection step
and can be expressed as follows for mass conservation.

A~ —Fev =g )
Here, F¢ is f“0“. Because the CIP requires the spatial
derivatives of the physical quantities in each direction, the
equations obtained by spatial differentiation of the
governing equation for each direction should be solved.
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The subscript 4 denotes the spatial derivative for the ¢
direction. The second step is an advection step, which can
be expressed as follows.
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Because the final profile of F'“ is calculated by Equation
(5), Equation (7) can be solved using the spatial profile.
The original concept of the CIP solver used to solve
Equation (7) is that the spatial profile of physical quantities
that consist of a discrete point in the calculation field is
interpolated by cubic polynomial interpolation to improve
the accuracy of the advection calculation. Because the
spatial derivatives of the physical quantities in each

direction are used during interpolation, the spatial
derivatives are also solved by the equations obtained by
the differentiating the governing equation. After the
advection step, the pressure in each cell is determined
using the EOS to complete the simulation cycle.

Owing to the large discontinuity resulting from
undershoots and overshoots in the CIP method, 0 and e
often take unrealistic values. In this case, the first-order
upwind scheme is used locally instead to obtain the above
variables.

2.2 Determination of the pressure at the multi-
materials cell''?

If a one-component material is used in the cell, the
pressure is simply calculated from the EOS for a single
component, ie, P=P¢(0%e?). On the other hand, if
several-component materials exist in the cell, the
mechanical equilibrium for each component is assumed
when determining the pressure. The following
assumptions are employed in our code. The relaxation
time is very short compared with the time step in the
simulation. Although the volume fraction can change to
attain equilibrium, the total volume and mass fraction are
fixed. The process is isentropic. The relationship between
the pressure in the multi-material cell and the increment
in the pressure of each component can be written as
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Because of the assumption that the total volume does not
change,
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Finally, the pressure in the multi-material cell can be
expressed as,

P=21Pf* /K x (X f/K*)™! (10)
From the assumption that the process is isentropic, the
bulk modulus of each component is
a — __ pa ari — pa a)2
K== (35) — e (o) (1)

Here, subscript S denotes the entropy, v is the specific
volume, and c¢ is the sound velocity.

2.3 Reactive flow simulation for high energetic
materials'

It is difficult to determine the state quantities in
partially reacted high energetic materials by considering
the components of the intermediate products in detail
during hydrodynamic computation. Partially reacted
states have been regarded as simple mixtures of the
unreacted and completely reacted states. The variable 4 is
defined to indicate the degree of decomposition of high
energetic materials and corresponds to the mass fraction
of the detonation products; A=0 corresponds to the
unreacted state and 4 =1 corresponds to the completely
reacted state. Various initiation models have been
proposed. The ignition and growth model™ is one of the
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most useful models and is used in our code to examine the
sympathetic detonation. Its formulation is

%:I(l_A)2/$)774+G(1_A)2/9/12/3PZ (12)
where 7 = vo/v — 1. The parameters z, G, and I depend on
the material properties. Equation (12) is solved using an
algorithm similar to that used to solve the governing
equations. The calculation of the pressure in the partially
reacted state is different to that in the multi-material cell.
It also requires the mixing law because the state is defined
as a mixture of the reactant and detonation products.

The specific volume and internal energy of the reacting
explosive can be represented by linear combinations of
individual components, as shown below.

v=>0=2)vu+Av, (13)
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The third assumption is the mechanical equilibrium,
P=P. ('l/u, elt):Pr (Vr, er) (15)

Subscripts # and 7 indicate the solid reactant and gaseous
product components, respectively. There are four
unknown variables; the specific volumes and internal
specific energies for both components. Another physical
assumption, fourth assumption, is needed to complete the
calculation. In particular, the assumption of thermal
equilibrium has been used as a closed assumption.
However, many assumptions have been adopted as closed
assumptions. A major reason for using assumptions other
than thermal equilibrium is that it is experimentally or
theoretically difficult to obtain accurate information on the
temperature of both the reactant and detonation products.
Therefore, our code employs following assumption as the
closed assumption 19

Eu/Er = Euh/Erx (16)

where subscript 2 denotes the Hugoniot state.

3. Examples of simulation
3.1 One-dimensional test simulations

To confirm the reliability of our code, simple one-
dimensional problems were simulated, the results of which
are shown in Figures 1 to 3. The first problem is a shock
tube!? for an ideal gas as shown in Figure 3. The initial
calculation field consists of high- and low-pressure regions
with an extremely large difference in the internal energy.
The initial density and internal energy are 1.0 and 1.5 for
the left region, and 05 and 1.0% for right region,
respectively. Total number of the cell is 200. Although
these are very rigid conditions, the results of our code
showed great consistency.

Figure 2(a) shows the results of the impact problem of
aluminum and copper. EOS of both materials is the Mie-
Grunisen form EOS with the Hugoniot reference line.
Hugoniot was given by the relationship between the shock
velocity and the particle velocity, and was referred from
LASL Shock Hugoniot data'®. Total number of the cell is
400. In Figure 2(a), it can be seen that the interaction

problem of two different solid materials is accurately
solved by our code.

Figure 2(b) shows the interaction of TNT detonation
products gas and an ideal gas. The EOSs for the
calculation are the Jones-Wilkins-Lee (JWL)972D and the
ideal gas EOSs. The explosion energy and initial solid-
phase density of TNT are set for the initial conditions of
the detonation products gas. Therefore, the initial
difference between the pressures of TNT and air is 80,000-
fold, and the initial difference between the densities is
more than 1000-fold. Although the conditions in the
simulation are very rigid, our code shows great
consistency.

Because the analytical solution was not available for the
initiation of high energetic materials, the results obtained
using the Lagrangian code®?2Y and our code were
compared as shown in Figure 3. The subject of this
simulation was the impact problem of the aluminum vs.
TNT that corresponds to the initiation of high energetic
material. EOSs for unreacted and completely reacted state
for TNT are Hugoniot porous model® and JWL,
respectively. The ignition and growth model was used for
both calculations. For this problem, the Lagrangian code,
which completely maintains the material boundary, is
advantageous to the Euler coordinate system. However,
from Figure 3, the difference between the results obtained
using the Lagrangian code and our code is very small. The
validity of our code has been confirmed for a system that
includes multiple-materials and has severe initial
conditions.

3.2 Reactive flow simulation (sympathetic detonation)

The subject of the reactive flow simulations in this
paper is a numerical reproduction of our previous
experiments®-?, i.e. the gap tests. The gap test has been
done to estimate the sensitivity of high-energetic materials
and is test of the sympathetic detonation. The
configuration is illustrated in Figure 4 as a cross section of
the axisymmetric system. Both the donor and acceptor
charges are RDX-based explosives. The charges are
placed in a PMMA pipe with 26 mm inner diameter and 2
mm thickness. The small PMMA plate is used to adjust
the gap length, and the large plate also serves as a blast
shield for the observation. The steel block was used as
witness block. High speed photography was carried out
during the gap test. Using the information of the
luminescence at the surface of the acceptor holder, go/no
go conditions of the acceptor were confirmed
experimentally. Figure 5 shows a snapshot taken by high-
speed photography when the detonation wave in the
donor charge arrived at the gap material. A part of the
experimental setup was shown.

The 2-dimensional axisymmetric system of MARS was
used. The calculation field was configured according to
experimental configuration as shown in Figure 4. The EOS
for the unreacted component was obtained from this
experimental data. For the detonation products, the
Cheetah? was used to calculate the JWL parameter. The
purpose of this simulation is to construct a reactive flow
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Figure2 Comparison of the numerical and theoretical results for the impact problem and the expansion process of TNT in air
(pressure distribution).
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Figure 3 Comparison of the results for the Lagrangian code
and our code for the impact problem of aluminum
and TNT (shock initiation problem).
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Figure4 Configuration of the experimental setup for the gap
test® 9

(The subject of the reactive flow simulation)

simulation that can reproduce all the gap test results. The
mesh size was set 0.5mm. Comparisons of the result of
high-speed photography and reactive simulations are
shown in Figures 6 to 8. When the gap length was 22 mm,
the acceptor charge was detonated from near the center
as shown in Figure 6. In this figure, white portion in the
acceptor indicates the high density region more than
1500 kg'm 3 This means that the detonation occurs in
acceptor, and the white portion in acceptor corresponds to
the detonation front. The calculation exhibits the density

Acceptor

Steel
block

Figure5 Snapshot taken by high—speed photography when
the detonation wave in the donor charge arrived at
the gap material (PMMA plate).

distribution inside explosive, which cannot be observed by
experiment. A high density point, appears on the surface
of the explosive (arrow in Figure 6(b)), was about 30 mm
from the gap plate and was reasonably in consistency with
the luminescence point at experiment (arrow in Figure 6
(a)). The simulation reproduced the gap test result of the
go condition. When the gap length was 23mm or longer,
the detonation did not occur in the acceptor, and the 23
mm case is shown in Figure 7. In this case, although the
setup is under the no go condition, immediately behind the
shock front the acceptor charge rapidly expands in the
radial direction with the decomposition of the charge. This
observation was reproduced by our code. A start point of
the expansion (arrow in Figure 7(b)) and a expanding
shape outside the pipe were obtained in numerical
simulation and were reasonably reproduce the
experimental results. But a radial deforming velocity
outside the PMMA pipe obtained in numerical simulation
was slightly overestimated compared with that obtained
in the experiment. In the case of a 23mm gap length and
25mm acceptor length, the results are shown in Figure 8.
A rapid reaction was triggered by the reflection at the
witness steel block. Because of the shorter length of the
acceptor charge, the strength of the shock wave that
arrived at witness block is greater than that in the above-
mentioned case, so rapid reaction (detonation) occurs. The
numerical simulation exhibits density profile inside the
explosive and it was confirmed that the incidence of
detonation was reproduced. The reactive flow simulation
accurately reproduced the phenomena under three typical
conditions.

4. Conclusions
Details of numerical procedures in our code were

presented. Our code has employed governing equations
for multi-material flow, which were solved by CIP
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Figure6 Comparison of the results of high-speed photography (a) and the reactive flow simulation (b); gap length 22 mm, length
of acceptor 40 mm 20 us after initiation of donor, go condition. White color in simulation indicates the high density more

than 1500 kg'm ~3,
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Figure7 Comparison of the results of high—speed photography (a) and the reactive flow simulation (b); gap length 23 mm, length
of acceptor 40 mm 37 us after initiation of donor, no go condition.

algorithm. It can apply to the reactive flow simulation. To
confirm the reliability of the code, some of the one-
dimensional test problems were solved. It was shown that
the results of the exact and numerical solution are
consistent. The previous our experiments, the gap tests
were also simulated. By comparison of the experimental
and numerical results, it was shown that the simulation
could reproduce three typical results. Our developing code
can be validly applied for physical hazard analysis of high
energetic materials, especially the reactive flow problems.
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