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Abstract

This paper presents a computational study of the response of generic protective structures to
internal blast waves from high explosive charges. The computations are carried out with the three-
dimensional program MSC/DYTRAN, with efplicit treatment of the fluid-structure interactions
inherent to the problem. The modelled generic structures include frangible panels for blast venting
and internal partitions for blast wave deflection. The structural description includes both a thin shell
approach for thin walled containers and a solid finite element representation for concrete type
structures. The flow of the detonation products and the ambient air is described employing an
Arbitrary-Lagrange-Euler (ALE) approach. This approach also allows internal partitions to be
attached to the ALE mesh without degrading the computational efficiency.
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1. INTRODUCTION

Determination of the response of a structure subjected to an internal explosion requires the
combination of two disciplines: structural dynamics and fluid dynamics. Both disciplines have to be
applied in regimes of considerable complexity due to the nature of the problem. Consider first the
structural dynamics. Due to the intense load, large deformations are to be expected, with
corresponding nonlinear material behavior, including possible fracture. The fluid dynamics problem
poses comparable difficulties: as the structure is loaded significant displacements may occur, and
thus the flow boundaries are dynamically modified (in contrast with classical fluid dynamics with
fixed boundaries). Furthermore, the flow field contains extreme discontinuities at the start (orders
of magnitude in terms of pressure and density), creating strong shock waves which are
subsequently diffracted by obstacles and/or reflected from the structure walls. In view of these
complexities, the dynamic response of structures to loads which originate from the coupled motion
of an adjacent fluid are now commonly designated as “Fluid-Structure Interactions”.

The design of protective structures in the past relied heavily on semi-empirical and experimental
data collected by workers in the field. The main source of information was the American TM5-1300
manual [1]. The information in this manual gave general information on the design, but the lack of
specific data for a particular application may result in over-conservative designs.

For vented structures, with or without frangible panels, Reference [2] furnishes experimental
data obtained by the Naval Civil Engineering Laboratory (NCEL) at Port Hueneme, CA. Some
simplified mathematical models for the effects of frangible panels may be found in [3]. A more
recent study [4] combined theoretical results and experimental data and reduced them to a single
“working curve” using similarity methods.

The use of detailed flow calculations for determining the loads resulting from internal explosions
in rigid structures was presented in recent seminars of the DoD Explosives Safety Board [5-9].
These studies were limited to rigid structures so that the full fluid-structure interactions were not
taken into account. This limitation stemmed mainly from the lack of appropriate codes and to a
lesser degree from the limited capabilities of computers at that time. i



The new generation of cost-efficient computers gave a renewed impetus to the development of
numerical schemes for solving multi-dimensional shocked flows. These schemes were
implemented in large scale computer codes (commonly called hydrocodes) which are intended for
treating a variety of problems with sufficient generality in terms of the geometry definition, material
models, and application of initial and boundary conditions. Using a hydrocode, the complex flow
fields created by internal explosions may be treated. Such flow fields may include wave reflections
and diffraction by solid obstacles, and blast wave venting through openings. These capabilities
enable the protective structure designer to optimize the structure and thus avoid a costly over-
conservative design.

in the present work we employ the MSC/DYTRAN program for studying the response of a
generic structure to internal explosions. This program includes several processors which combine
to give a powerful tool for treating all aspects of protective structure design. Some theoretical
background of the code is given in [10]. An overview of the cases modelled in this study is given in
the next section. Section 3 describes the representation of the high explosive charge. The results
of the calculations are discussed in Section 4, and conclusions are presented in Section 5.

2. OVERVIEW OF MODELLED CASES

A total of six cases were calculated. They may be divided into three categories:
1. Rigid Structures with venting ports or doors (Cases 1, 2 and 3).
2. Thick-walled structures with venting ports or doors (Cases 4 and 5).
3.  Thin-walled containers (Case 6).

The rigid and thick-walled structures are variations of the same generic structure, shown in FigUre
1. The thin walled container is a right-circular cylinder, closed by flat ends, see Figure 2.

The generic structure consisted of a cubicle 1. m x 1 m x 1 m, with an opening of 0.7 m x 0.7 m at
one side. The blast wave is generated by a high explosive charge of 1 kg TNT, placed along the
double symmetry line which divides the cubicle into four symmetric parts. Figure 3 shows the
computational mesh for one symmetrical quarter. The structure is embedded in a sufficiently large
Euler mesh to allow the calculation of the flow field generated outside the structure by the blast
wave after it vents. The overall size of the computational mesh (for the “quarter problem”) is 0.75 m
x0.75mx1.5m.



The computational mesh for the problem consisted of 6750 Euler elements (cubes with a side of
0.05 m). In the thick-walled structures there were additional Lagrange elements for representing
the wall (about 550). Cases 1 and 4-6 were computed for a physical time of 2.85 ms, whereas
Cases 2 and 3 were computed to 6 ms. A typical run took less than 30 minutes on a CRAY-YMP/EL.

The thin-walled cylindrical container, with a diameter of 0.9 m and an overall length of 7.2 m, was
stiffened via rings and closed by flat caps. The charge was placed at the middie of the cross-section
of the cylinder so that only a symmetric quarter of the problem needed to be considered in the
modelling. The computational model (Figure 9) involved about 3500 Euler elements for the gas,
and about 400 elements for the shell. The calculation was carried out to a physical time of about 10
ms in order to include the blast wave reflections from the closed end. The calculation took about 20
minutes on a CRAY-YMP/EL. A similar container was tested and analyzed by the Wright Laboratory
of Wright-Patterson Air Force Base [11].

3. REPRESENTATION OF THE EXPLOSIVE

When modelling the detailed interaction of a high explosive with an adjacent material, it is
important to represent the correct shape of the explosive charge and to simulate adequately the
detonation process. In blast wave modelling, however, the exact shape of the explosive and the
details of the detonation process have a small effect on the blast wave characteristics at large
distances from the explosive.

To simplify the present calculations, we represent the explosive as a sphere of dense and hot

gas with the correct mass and energy of the explosive charge. The gas is assumed ideal so that the
only material property that remains to be determined is the ratio of specific heats, Y. A typical value

of 1y for the detonation products at low pressure would be about 1.3. In order to simplify the
calculations further, we use the same 7 value as for air, i.e. 1.4. In this way the Euler flow calculation
involves a single material. Based on previous experience, this simplification only affects the blast

wave impulse by about 5%, which is of the same order of magnitude of the uncertainty in the
explosive energy.



Typical values for a high explosive are a density of 1600 kg/m3 and a detonation energy of 4.5
MJ/kg. The initial high density makes the volume of the initial conditions region very small in terms
of the number of Euler elements. For a 1 kg charge, the volume would be 0.625 x 10-3 m3 or a
sphere with a radius of 0.053 m. Since we are using a mesh with an element size of 0.05 m, the
charge would occupy just one element, resulting in excessive diffusion due to the large pressure
and density discontinuity. To circumvent this problem, a larger volume is used for defining the initial
conditions with a corresponding lower density. The effect of lower initial charge density was
studied in [6]. It was found that the effect of an 8 fold increase of the density (from 25 kg/m3 to 200
kg/m3) amounted to less than 5% difference in the impulse on the walls. In the current calculations,
an initial density of 238 kg/m3 is used (or a sphere radius of 0.1 m).

4. RESULTS

The results of the calculations will be presented and discussed in accordance with the three
categories mentioned in the previous section.

Rigid Structures

The rigid walls of the structure are represented by an impervious boundary in the Euler
computational mesh, which outlines the geometrical shape of the desired wall. See Figure 3. The
flow boundary is constructed from element faces which are assigned a rigid wall boundary condition
by preventing any transport across them. In this way internal rigid walls may be represented with a
minimal effort. This requires, however, that the Euler computational mesh is alligned with the walls
of the structure.

The rigid structure has an opening of 0.7 m x 0.7 m (or 0.35 m x 0.35 m, in the “quarter” model),
which corresponds to a non-dimensional vent area A/V2/3 = 0.49. This opening is covered by a
door, represented by a single Lagrange element with a face slightly larger than the opening. This
element is given elastic and strength properties sufficiently high such that it will remain practically
rigid under the blast loading. The mass per unit area of the door is 10 kg/m?2.

Three cases were calculated with this basic configuration:



CASE 1:

In this case the doors are assumed to be hinged to the rigid walls as indicated in Figure 3. Under
the action of the blast wave, the door swings open at a rate governed by its moment of inertia and
the blast load. As the door rotates, an increasing area becomes available for blast venting which
reduces the average pressure inside the chamber. Figure 4 shows the velocity vector at selected
times for a cross-section containing the charge and parallel to the floor (“top view”). It is evident that
significant venting occurs after t = 1.3 ms. Note that the first reflection of the wave from the walls is
almost symmetrical with respect to the symmetry plane containing the charge center and parallel to
the door. This is a result of the fact that the door does not move significantly during this first
reflection due to inertial resistance.

CASES 2 & 3:

These two cases were designed fo bring out the effect of venting. In both cases the door is hot
hinged but is attached to the walls by non-linear structural members. In Case 2 there is an opening
in the ceiling, which provides venting of the blast wave and thus reduces the overall internal load.
Case 3 does not have such an opening. As a result, the door is blown off in the non-vented case
due to failure of the attachment structure. In contrast, the door in the vented structure remains
attached as the blast impulse is not sufficient to cause failure of the attachment.

The attachment structure in these calculations was equivalent to a steel shell having a thickness
of 0.9 mm, a yield strength of 0.4 GPa and a failure strain of 0.003. The opening for the full
structure was 0.4 m x 0.6 m, or a nondimensional area AV2/3 = 0.24, The flow field is depicted in
Figure 5 for Case 2 and in Figure 6 for Case 3. These figures show a cross-section containing the
charge and normal to the floor (“side view”).



Thick-Walled Structures

ASE 4;

In this case, the cubicle has deformable walls. The walls are represented by solid Lagrange
elements. For the coupling between the wall motion and the fluid elements, the Arbitrary-
Lagrangean-Eulerian (ALE) method is employed. This results in a very efficient calculation, since
the computation intensive general coupling algorithm is not needed.

The wall material is assumed elastic-perfectly-plastic, with a Von-Mises yield criterion. The
material parameters were chosen to represent a concrete wall, heavily reinforced by steel bars and
steel liners. Such walls are commonly used for protective structures. The wall thickness was taken
as 0.05 m in proportion to the cubicle dimensions which may represent a scaled down protective
structure. Assuming a scaling factor of 4, the “real” structure would be a 4m x 4m x 4m building,
with a 0.2 m concrete wall, having about 1 % steel reinforcement and an 8 mm steel liner. Such a
wall would withstand significant strains before failure. The corresponding scaled-up charge weight
would be 64 kg.

Figure 7a show the flow field at selected times together with the deformed shape of the wall (“side
view”).

CASE 5;

This case is similar to Case 4, except that a light weight partition was introduced in the mid cross-
section, occupying about 40% of the cross-section area. The partition is attached to the ALE grid
points, so that the calculation can still proceed with the same efficiency as before.

The partition modifies the flow field by forcing the blast wave to diffract over it. The charge weight
was halved, to keep the ratio of the charge to the volume of the partitioned chamber at the level of
the previous cases. The capability of introducing light weight partitions without the penalty of

increased modelling complexity can be very useful for representing fire protection partitions.



The flow field for this case is depicted in Figure 8, where velocity vectors are shown together
with the deformed walls and the displaced partition (“side view”).

Thin-Walled Structures
CASE 6:

The response of thin-walled structures to internal explosions has received much attention
recently as a result of an FAA program to hardén commercial aircrafts against the effects of terrorist
explosive charges. Within the framework of this FAA program, tests involving cylindrical containers
have been carried out at Wright Patterson AFB. The calculation presented here constitutes a
coarse mesh simulation of one of these tests. The details of the analysis and test were reported in
[11].

The computational mesh for this case is shown in Figure 9. The Euler elements are not shown,
except for the inner core near the axis of symmetry. The charge occupied the eight elements
adjacent to the symmetry cross-section.

The evalution of the blast wave is shown in Figures 10-11, in a sequence of velocity vector plots
superimposed on pressure contours. At t = 0.1 ms the main blast wave has already formed. A
deviation from spherical symmetry is observed, which is attributed to the fact that the charge is not
spherical - it is very close to a cylinder with a height to diameter ratio of about 2. At t = 0.2 ms the
main shock front hits the wall, and at the same time a low pressure core is generated at the center of
the explosion, which subsequently (t = 0.3 ms) reverses the flow direction. This trend continues
also at t = 0.4 ms, while the high pressure region created at the wall continues to travel axially. The
flow reversal near the axis combines with the inward flow created by the reflection at the wall, and as
a result a high pressure core is formed again at the origin (t = 0.6 ms). This high pressure core
progresses axially, and will eventually overtake the main wave front and form an almost uniform
shock front over the cross-section.

The response of the shell to the blast is shown in Figure 12 via effective plastic strain contours. A
ring of high strain is located near the charge cross-section. A higher strain, however, is found at the
rim of the circular end, obviously resulting from severe bending caused by the loading of the axially
progressing wave.



5. CONCLUDING REMARKS

The six calculations presented in this paper demonstrate the usefulness of a 3D coupled fluid-
structure interaction code as a practical tool in the area of protective structures and explosive
containment.

The MSC/DYTRAN approach makes it possible to take into account complex geometries, blast
wave reflection and venting, fluid-structure interaction and highly nonlinear material properties.
The combination of these capabilities into one code provides the protective structures designer
with a powertul tool for optimizing designs instead of relying on semi-empirical data. Considering
the new generation of cost-efficient computers, such 3D calculations are not only feasible but also
economically beneficial, since they can lead to optimized structures and thus avoid costly and over-
conservative design practices.
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GENERIC PROTECTIVE STRUCTURE (SCHEMATIC)

FIGURE 1
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FIGURE 10

VELOCITY VECTOR PLOTS AT SELECTED TIMES
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