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Abstract

A computational study was performed to characterize the time-dependent
jet flow exiting the expansion tunnel of the large blast/thermal simulator
(LB/TS). The aerodynamic environment produced by the jet flow has been
identified as a possible means of testing full scale military equipment in high
drag blast events. Two-dimensional (2-D) axisymmetric calculations were
used to estimate the peak pressure, velocity, and impulse levels in the jet
flow as a function of the initial conditions. Next, a set of 2-D planar
symmetry calculations was performed to assess the effect of the ground
plane on the flow field and determine the changes in flow parameters as a
function of distance from the exit plane. Finally, a set of three-dimensional
(3-D) calculations was used to generate a detailed description of the time-
dependent flow and to determine its spatial uniformity for vehicle testing.
The 3-D calculation simulating the maximum operational limit of the facility
resulted in a peak flow velocity of approximately 420 m/s in an event with
a duration of approximately 1.2 s.
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1. INTRODUCTION

Many Army ground systems have designated criteria for survival in a nuclear blast
environment. The survivability criteria for these systems are based on an assumption of
ideal! blast: the propagation of the nuclear blast wave over a surface that is perfectly smooth,
flat, and reflective of all thermal and mechanical energy. Conversely, significant modification
of the blast wave by surface characteristics is referred to as non-ideall blast.

When a nuclear weapon is detonated over land, the thermal radiation heats the ground
and creates a stratified layer of air with a high sound speed. When the leading shock created
by the blast reaches the high sound speed air, it is accelerated, resulting in a jet of high speed
flow along the ground. This effect was first observed in nuclear weapons tests of the 1950s
and 1960s, and its effect is illustrated in Figure 1. This figure compares the expected ideal
static overpressure and dynamic pressure histories (dashed lines) to the observed non-ideal
blast histories? (solid lines). The acceleration of the flow by the interaction with the high
sound speed air causes the leading shock to be weakened as illustrated by the earlier arrival
of a lower amplitude shock in the static overpressure chart. However, the most significant
effect of the thermal modification of the blast wave can be seen in the dynamic pressure
chart. In this type of event, the peak dynamic pressure can be much greater than that of the
ideal case, and the dynamic pressure impulse (the area under the dynamic pressure curve)
can be several times that of the ideal.
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Figure 1. Comparison of Ideal and Non-Ideal Waveforms.




Dynamic pressure is defined as the kinetic energy per unit volume of a fluid in motion
and is responsible for drag loading on objects subjected to blast flows. This drag loading
typically results in the whole body displacement of the object. Structural damage to the
object results from impacts of the object with the ground after being set into motion by the
blast load. The significance of the non-ideal blast effect to Army ground systems is that the
existing survivability criteria do not consider the enhanced drag loading associated with this
phenomenon. Consequently, some Army ground systems may have a hidden vulnerability
that is not addressed in the current war-fighting doctrine. The absence of this information
from the doctrine could potentially result in unexpected casualties on the battlefield.

To incorporate the effects of the non-ideal blast phenomenon into the doctrine, it is
necessary to determine the whole body response of Army systems to high drag blast events.
The most reliable means of obtaining this information for existing systems on real surfaces
is through full scale experimentation. The large blast/thermal simulator® (LB/TS), which is
the only facility in the United States for testing full scale equipment in the blast and thermal
radiation environments produced by nuclear weapons, is located at the White Sands Missile
Range, New Mexico, and is operated by the Defense Special Weapons Agency (DSWA).

The LB/TS (shown in Figure 2) is the world’s largest shock tube, consisting primarily of
a driver system, an expansion tunnel, and an active rarefaction wave eliminator? (RWE). The
driver system consists of nine steel cylinders, each 1.83 m in diameter with lengths ranging
from 11 m to 29 m. At the downstream end of each cylinder is a converging nozzle that
reduces the available flow diameter of each tube to 91 cm. The driver tubes can be seen near
the lower right corner of Figure 2. The expansion tunnel is a horizontal half-cylinder with a
cross-sectional area of 163 m? and length of 170 m. The RWE is located at the downstream
end of the expansion section (near the upper left corner of Figure 2). This device is used
to minimize disturbances in the expansion tunnel flow, which are generated when the blast
flow exits the expansion tunnel.

Figure 2. Large Blast/Thermal Simulator.



Blast waves are generated in the expansion tunnel of the LB/TS by first charging the
driver tubes to high pressure with nitrogen gas. A steel diaphragm, located down stream
from the converging nozzle, is used to contain the gas in each of the driver tubes. When the
operational driver conditions are obtained, the nine diaphragms are simultaneously ruptured
with an explosive charge, releasing the driver gas into the expansion section. The individual
shocks from each driver tube expand into the tunnel and coalesce into a single planar shock.
When the RWE is used, test articles placed inside the expansion tunnel are exposed to blast
histories similar to the ideal curves illustrated in Figure 1.

The use of the LB/TS to generate non-ideal blast waveforms such as those illustrated
in Figure 1 is outside the intended operation of that facility. Thus, to create these types of
waveforms, alternate methods for operating the LB/TS had to be identified and explored.
Work performed at the U.S. Army Research Laboratory (ARL) has demonstrated that the
flow exiting the expansion section of a shock tube may be used to test full scale military
equipment in the high drag flows associated with non-ideal blast.5 This flow exiting the
shock tube is referred to as the exit jet. When the leading shock is formed, it travels
down the expansion tunnel, accelerating the initially ambient gas in the tunnel. Within
the operational range of the LB/TS, the flow of the shocked air is subsonic. When this
shock reaches the downstream end of the tunnel, it expands suddenly into the surrounding
atmosphere. This sudden expansion causes a rarefaction wave to form which travels up
stream into the expansion section, against the primary direction of flow. The pressure on
the downstream side of the rarefaction wave is lower than that on the upstream side. Thus,
the fluid initially accelerated by the primary shock is further accelerated when processed by
the rarefaction wave. In LB/TS ideal blast operation, the purpose of the RWE is to eliminate
the formation of this rarefaction wave. By removing the RWE from the expansion tunnel,
the characteristics of the rarefaction wave may be exploited to produce the high velocity jet
that is needed for non-ideal blast testing.

The use of the exit jet of the LB/ TS represents a significant change in operation of that
facility. Changes in facility configuration and operational procedure are costly and may not
interfere with the ability of the facility to accomplish its original mission of simulating ideal
blast events. Thus, it is important to estimate the performance of the facility under this new
operational configuration. To accomplish this, a study was performed in which the LB/TS
exit jet flow was simulated computationally. The computational study consisted of three
distinct elements. First, a series of two-dimensional (2-D) axisymmetric calculations was
performed to provide an initial indication of the changes in peak pressures, peak velocities,
and energy delivery at various distances from the exit plane of the expansion tunnel as a
function of initial driver gas conditions. Next, a set of 2-D planar symmetry calculations was
performed to provide an initial indication of the effect of the ground plane on the primary
shock. Finally, a three-dimensional (3-D) computational model was constructed and used to
obtain a detailed description of the flow characteristics and complete the overall assessment
of the exit jet as a technique for generating the desired transient flow environment.




2. AXISYMMETRIC CALCULATIONS

The initial phase of the computational study involved the use of a 2-D axisymmetric
configuration to represent the LB/TS and the surrounding atmosphere. This configuration
was the first to be used because axisymmetric models require a relatively small number of grid
points to represent a particular geometry. Consequently, a set of axisymmetric calculations
could be executed in a short period of time to determine the direction of the remainder of the
study. However, the efficiency of the axisymmetric calculation comes at the expense of model
fidelity. Specifically, the axisymmetric calculations do not represent the ground plane that
exists down stream from the expansion tunnel exit. Because of this limitation, it was decided
that the axisymmetric calculations would be used to qualitatively describe the overall blast
wave shapes in the exit jet and estimate the dynamic pressure levels present in the exit
jet as a function of initial driver gas overpressure. Since there is no representation of the
ground plane in the axisymmetric configuration, the shock is allowed to expand spherically
after it exits the expansion tunnel. This provides a lower bound on the incident static
overpressure recorded at various distances from the tunnel exit. It can also be used as a
means of validating computational results from models with greater fidelity with respect
to the actual geometry. Since the axisymmetric calculations represent the lower bound on
incident static overpressure, matching 3-D calculations should have greater incident static
overpressures at the same locations.

The construction of the axisymmetric computational model is based on the preservation
of relative lengths, areas, and volumes between the driver system, converging nozzle, and
expansion tunnel of the subject geometry. For example, the driver system of the LB/TS
consists of nine drivers, each with a converging nozzle at its downstream end. The axisym-
metric representation of the LB/ TS driver system consists of a single cylinder and converging
nozzle with the identical cross-sectional area and volume as the nine LB/TS driver tubes.
The expansion tunnel is represented by a cylinder with a diameter of 14.4 m to obtain the
actual cross-sectional area of 163 m? in the semi-cylindrical expansion tunnel of the LB/TS.
A schematic diagram illustrating the resulting axisymmetric model of the LB/TS is shown
in Figure 3.

All 2-D calculations in the exit jet study were performed with the second order hydro-
dynamic advanced research code® (SHARC), an explicit, finite difference?, Euler8 equation
solver. The jet flow generated at the nozzle exit and the expansion tunnel exit is a source of
shear flow. A k-¢9 turbulence model was employed in the SHARC calculations to properly
simulate the turbulent dissipation of kinetic energy created by the shear flow.

The first calculation in the study was configured to represent an initial driver gas over-
pressure of 3.4 MPa and temperature of 288 K. Data-gathering stations placed in the com-
putational domain were used to monitor the fluid properties as a function of time. These
stations were located at various radii inside the expansion tunnel and down stream from the
expansion tunnel. The stations in the tunnel were located 105 m from the upstream end
of the expansion tunnel. This position corresponds to the location of test articles in ideal
blast tests. Figures 4 and 5 plot the static overpressure and dynamic pressure, respectively,
at this location for the 3.4-MPa case. These figures show the arrival of the leading shock at
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Figure 3. Axisymmetric Computational Model.

approximately 225 ms and having an incident static overpressure of approximately 85 kPa.
A decay in the histories follows the incident shock until a time of approximately 600 ms,
when the static overpressure suddenly decreases and drops below atmospheric pressure. At
the same time, the dynamic pressure increases to reach a maximum of approximately 12 kPa
at 950 ms. This drop in static overpressure and corresponding increase in dynamic pressure
is a result of the rarefaction wave propagating up stream from the downstream end of the
expansion section, accelerating the shocked gas. In cases when the RWE is used, this drop
in static overpressure and increase in dynamic pressure are not present, and the resulting
histories are representative of ideal blast waves.

The propagation of the rarefaction wave into the expansion tunnel converts internal
energy into kinetic energy and provides the impetus for the formation of the exit jet. The
velocity vector plot of Figure 6 corresponds to a time of 600 ms after flow initiation and
shows the early formation of the jet as it exits the expansion tunnel. In this figure, the
primary direction of flow is from the bottom of the figure to the top, and the downstream
end of the expansion tunnel can be seen at the bottom of the figure ending at 170 m. This
figure shows the jet as a coherent flow structure, retaining the shape of the expansion tunnel
as it travels down stream. At the outer radius of the jet, the shear layer between the high
speed jet and the ambient air forms a vortex ring identified by the circular pattern of velocity
vectors. :

Late in the event, the negative static overpressure inside the expansion tunnel creates
an inflow of air into the tunnel to equilibrate with the ambient atmospheric pressure. In the
velocity vector plot of Figure 7, corresponding to a time of 1.7 s after flow initiation, two
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Figure 4. Axisymmetric Model: Static Overpressure in Expansion Tunnel.

Driver Overpressure 3.4 MPa
Axisymmetric — Station at Test Section

50 1 v T 1 ) 1
Pressure (kPa) ]
o 40 | — |Impulse (kPa-s) 4
K] 1 |
=
<%
E
B30 ]
e
-]
A
@ ]
a 20 J
L 1
£
©
=
=
TN ]
O ] ) 1 i 1 2 3
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (s)

Figure 5. Axisymmetric Model: Dynamic Pressure in Expansion Tunnel.
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Figure 6. Axisymmetric Model: Velocity Vectors at 600 ms.
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distinct velocity patterns are visible: the core exit jet flow, traveling from bottom to top,
and the inflow of air into the expansion tunnel created by the negative pressure phase in the
tunnel. This figure provides an indication of the optimum location within the exit jet for
testing of equipment. If the test article is placed too close to the exit plane of the expansion
tunnel, its whole body response may be influenced by the negative flow direction during
the inflow phase. If the target is placed too far from the tunnel, the full energy delivery
potential of the exit jet may not be realized. From Figures 6 and 7, it is apparent that the
best locations for equipment testing are in the range of 10 m to 40 m from the exit plane of
the expansion tunnel.

The static overpressure recorded at a position 40 m down stream from the tunnel exit
in the 3.4-MPa case is shown in Figure 8. At this location, the leading shock arrives at
approximately 480 ms and has an initial amplitude of approximately 8 kPa. This incident
overpressure is much less than that inside the tunnel and illustrates the decay of the static
overpressure with increasing distance from the exit plane of the tunnel because of the spher-
ical expansion of the shock into the surrounding atmosphere. After the arrival of the weak
shock, the static overpressure history oscillates about ambient pressure.

The dynamic pressure history at this same location is provided in Figure 9 and is rep-
resented by the thin line in that chart. This curve shows the arrival of the weak shock as
a small disturbance occuring at approximately 480 ms. The shocked expansion tunnel gas,
accelerated by the formation of the rarefaction wave, reaches the measurement station at
approximately 600 ms and causes the dynamic pressure to reach a maximum of 46 kPa at
approximately 730 ms, followed by a decay to zero. The dynamic pressure impulse is repre-
sented in this figure with the thick line and shows the final dynamic pressure impulse to be
7.7 kPa-s.

Two additional axisymmetric calculations were performed to simulate initial driver over-
pressures of 7.6 MPa and 15.5 MPa (the maximum operational limit of the LB/TS). The
dynamic pressure and impulse histories for these cases are provided in Figures 10 and 11 and
exhibit the same wave pattern as the 3.4-MPa case. The peak dynamic pressures for these
cases were 98 kPa and 178 kPa, respectively, while the final dynamic pressure impulses were
26.8 kPa-s for the 7.6-MPa case and 59.1 kPa-s for the 15.5-MPa case.

3. 2-D PLANAR SYMMETRY CALCULATIONS

With the axisymmetric calculations providing the initial estimate of the overall shape
of the exit jet histories and dynamic pressure impulse levels that can be obtained from the
exit jet, the next phase in the study was to estimate the effect of the ground plane on the
expansion of the shock and the primary flow. A 2-D planar symmetry model was used
for this part of the study. While the axisymmetric configuration treats the computational
domain as a surface of revolution about the centerline, the 2-D planar configuration treats
the computational domain as completely uniform in the direction normal to the domain.
Thus, the computational domain is assumed to have a unit of uniform depth normal to the
computational grid.

10



As described, the axisymmetric configuration allowed the leading shock to expand spher-
ically down stream from the exit of the expansion tunnel. This resulted in a lower bound
on the incident static overpressures that would be observed in the exit jet. Conversely, the
planar symmetry model limits the expansion of the leading shock because of the presence of
the ground plane and the assumption of uniformity in the plane normal to the computational
domain. Thus, the planar symmetry configuration will limit the expansion of the leading
shock and provide an upper bound on the amplitude of the incident shock at data-gathering
stations down stream from the expansion section. These characteristics allow the incident
static overpressure levels obtained from the two configurations to serve as upper and lower
limits on the actual incident overpressures.

A schematic diagram of the 2-D planar symmetry computational model is provided in
Figure 12. The diameter of the semi-cylindrical expansion section of the LB/TS is approx-
imately 20 m. Accordingly, the development of the planar symmetry model is based on an
assumed unit depth of 20 m. As a result, the height of the expansion tunnel in the planar
model is 8.16 m to produce the cross-sectional area of 163 m? in the expansion section. Like-
wise, the areas of the driver tube and converging nozzle are also appropriately scaled on the
20-m unit depth assumption to preserve the area and volume relationships of the LB/TS.
The floor of the expansion tunnel and the ground plane that lies down stream from the
expansion tunnel are modeled by the flat, reflective bottom boundary of the computational
domain. The actual ground plane down stream from the LB/ TS expansion tunnel is not flat,
but it was decided that modeling it as such would be sufficient for this exploratory study.
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Figure 12. 2-D Planar Computational Model.

The only case simulated with the planar symmetry model was that with the driver

overpressure of 15.5 MPa. The dynamic pressure history at a location 40 m down stream

| from the tunnel exit is compared to the result from the axisymmetric model in Figure 13.
{ This figure shows that the two significant differences between the results of the planar and
|
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axisymmetric models are the earlier arrival time and greater initial amplitude of the dynamic
pressure from the planar symmetry calculation. Both of these differences are a result of the
limited expansion of the shock in the planar case as compared to the spherical expansion in
the axisymmetric case. The speed of a shock wave is proportional to the ratio of the pressures
on either side of the shock.l0After exiting the expansion tunnel, the leading shock in the
planar symmetry calculation is not allowed to expand as much as that in the axisymmetric
calculation, resulting in a greater average shock wave velocity in the planar symmetry case,
and thus, an earlier arrival at the monitoring station.

Driver Overpressure 15.5 MPa
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Figure 13. 2-D Planar and Axisymmetric Models: Dynamic Pressure Histories.

The velocity history from the planar symmetry calculation is plotted in Figure 14 and
the Mach number history can be seen in Figure 15. These figures show a peak velocity of
600 m/s and a peak Mach number of 1.9 occurring at a time of 560 ms after flow initiation.
The timing of this peak flow speed logically coincides with the peak dynamic pressure of the
planar symmetry result shown in Figure 13.

To illustrate the expansion of the leading shock with increasing distance from the exit
plane of the tunnel, the incident static overpressures are plotted as a function of distance
in Figure 16. This figure shows that the amplitude of the incident shock realized by a
target is a function of the placement of that target relative to the exit plane of the LB/TS.
This suggests that in testing equipment in the exit jet, the target could be strategically
positioned so that it would be exposed to a particular shock strength. However, care would
have to be taken so that the target was not exposed to the negative velocities associated
with the inflow phase that occurs in late time. The shaded region represented in Figure 16
is composed of the results of the axisymmetric and planar symmetry models for the case in
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which the initial driver overpressure was 15.5 MPa. The upper limit on the shock amplitude
is determined by the results of the planar symmetry calculation as this geometry allows the
shock to expand only the longitudinal direction, away from the exit plane and vertically,
away from the ground plane. The lower bound on the region is defined by the results of
the axisymmetric calculation as this geometry allows the shock to expand spherically once
exiting the expansion section. The two geometries produce the same level of shock amplitude
inside the tunnel, explaining the convergence of the two curves at the tunnel exit. At large
distances from the expansion tunnel exit, the shock has expanded to the point where its
strength is insignificant to equipment testing as illustrated in the convergence of the upper
and lower curves near the lower right corner of the graph. '
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Figure 16. 2-D Planar and Axisymmetric Models: Incident Static Overpressure.

4. 3-D CALCULATIONS

With the 2-D calculations providing the initial estimates of the exit jet characteristics,
the final step in the study was to construct a 3-D computational model to properly represent
the LB/TS geometry. Representation of the shock tube in 3-D allows for the most accurate
simulation of the expansion of the leading shock from the tunnel, into the surrounding
atmosphere. Proper simulation of this expansion process will lead to the most accurate
simulation of the formation and evolution of the exit jet.

The unified solution algorithms real gas!! (USA-RG) code was the flow solver used for the
3-D calculations. USA-RG is an implicit, finite volume’, Navier-Stokes® technique developed
by the Rockwell Science Center. A 3-D, multiple block, generalized, curvilinear coordinate
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system is used to discretize the computational domain for the USA-RG code. This type
of discretization is sometimes referred to as a “body conformal” coordinate system since
the distribution of grid points in space is used to describe the shape of the geometry being
considered.

The 3-D, multiple block, curvilinear grid for the LB/TS is shown in Figures 17 and 18.
The first of these two figures shows the upstream end of the computational domain, where the
drivers interface with the expansion tunnel. The geometry of the LB/TS is symmetric about
the vertical plane in the center of the expansion tunnel. This geometric symmetry allows
the 3-D model to represent only half of the actual geometry with a symmetry boundary
condition at the vertical center plane.

As stated earlier, the driver system of the LB/ TS consists of nine sets of cylindrical tubes
and converging nozzles. To reduce the number of grid points in the model and the required
time to complete a simulation, the nine individual driver tubes were combined in the model
into two banks of equivalent drivers. The bottom driver shown in Figure 17 is equivalent in
volume and cross-sectional area to the five largest drivers of the LB/TS, while the top driver
in the model represents the four smallest LB/TS driver tubes. While it is possible to model
each driver tube individually, this level of model fidelity would require a much larger number
of grid points than the combined two-driver model shown. This conservation of grid points
significantly reduces the time required to complete a solution. This abstraction of the model
is considered acceptable because the flow of interest to the current study is in the exit jet.
Previous study of shock tubes with multiple drivers!2 has shown that the individual driver
flows coalesce into a uniform flow field before reaching the test section. In the case of the
LB/TS, the test section is located 105 m from the upstream end of the expansion tunnel and
the length of the tunnel is 170 m. Thus, flow of gas in the tunnel is known to be uniform
before its exit in forming the jet.

The downstream end of the expansion tunnel and the modeling of the surrounding
atmosphere can be seen in Figure 18. This figure shows the relative scales of the driver
system, expansion tunnel, and surrounding atmosphere as represented in the model. Also
evident in the figure is the clustering of grid points in the area of the expansion tunnel and
exit jet, with large grid spacing far away from the areas of interest. This view of the 3-D
geometry also shows that the ground plane down stream from the tunnel exit is modeled as
a flat surface with the same elevation as the expansion tunnel floor.

The first calculation performed with the 3-D model used an initial driver overpressure of
3.4 MPa and initial driver temperature of 288 K, matching the driver conditions of the first
axisymmetric case. Figures 19 and 20 are presented to illustrate the evolution of the velocity
field between times of 670 ms and 920 ms after flow initiation. The flow field at 670 ms
shows the region of highest velocity located less than one tunnel diameter down stream from
the exit plane of the expansion section. Then, at 920 ms, this region of high velocity has
migrated to a position that is two to three tunnel diameters down stream from the tunnel
exit. '

To illustrate the uniformity of the flow in the region of interest, static overpressure and
dynamic pressure histories are plotted in Figures 21 and 22 from two different stations at a

15



, }”7 7 il

,,;;?f/////ﬂ#ﬂ///////
2

il
il l/

i
Uiy
il 7

%/
N il i
_ i,",',l'/,’},r':m

| ft

I
I'IIII{”I

del.

Mo .
ional
mputation
Co
3D
18.
iocure
Figu

16

T
i / /

|

”{; |
..
'.lll' 4 &
.5.5:.."'"

Yy

#/////

il
J
b ;\N\\\

~.



Figure 19. 3-D Model: Velocity Profile at 670 ms.

Figure 20. 3-D Model: Velocity Profile at 920 ms.
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position 40 m down stream from the tunnel exit. In the computational model, the X axis
points in longitudinal direction with the origin at the upstream end of the expansion tunnel.
The station locations specified in the figures are denoted by their Y and Z coordinates. The
first station, with coordinates of (0,0) corresponds to a position in the center of the projected
area of the tunnel at the ground surface. The other station is located 3 m above the ground
plane and 3 m away from the center plane in the horizontal direction. This spread of station
coordinates covers the most likely area to be used for target testing. The static overpressure
and dynamic pressure histories from these two stations show that the exit jet flow is highly
uniform in the region of interest to equipment testing.

Comparison of these 3-D results to the axisymmetric calculation results in Figure 8
confirms the earlier statement that the axisymmetric geometry produces the lower bound
on shock amplitude in the exit jet. The incident shock in the axisymmetric case in Figure 8
is approximately 12 kPa, while that from the 3-D calculation is approximately 16 kPa.
Comparison of the axisymmetric dynamic pressure history of Figure 9 with that of the 3-D
calculation in Figure 22 shows that the axisymmetric calculation produces a greater peak
dynamic pressure than the 3-D calculation but also decays more rapidly than that of the
3-D calculation. At a time of 1.2 s after flow initiation, the axisymmetric calculation has
achieved a dynamic pressure impulse of 7.4 kPa-s, while the 3-D calculation has reached an
impulse of 8.4 kPa-s at the same time. The slightly higher impulse of the 3-D calculation
can be attributed to the presence of the flat ground plane.

Figure 23 is presented to again illustrate the dramatic change in the static overpressure
histories with increasing distance from the exit plane of the expansion tunnel. For an initial
driver overpressure of 3.4 MPa, the static overpressure history 20 m from the tunnel exit
has an incident amplitude of 37 kPa and a positive phase duration of approximately 160 ms.
At the 40-m position, the incident overpressure has decreased to 17 kPa but has a greater
positive phase duration of 300 ms.

The next calculation performed with the 3-D model simulated an initial driver over-
pressure of 15.5 MPa and temperature of 288 K to match the 2-D axisymmetric and pla-
nar calculations at the maximum operational limit of the LB/TS. The static overpressure
recorded at the station 40 m from the tunnel exit is presented in Figure 24. The incident
static overpressure produced by this calculation was approximately 48 kPa. This almost
exactly matches the value of the lower bound curve of Figure 16 at the same distance while
the upper bound defined by the planar calculation is approximately 80 kPa.

The dynamic pressure, velocity, and Mach number histories for this calculation are
presented in Figures 25, 26, and 27, respectively. In each of these figures, the peak value
occurs at a time of approximately 600 ms. The peak dynamic pressure of 125 kPa is less
than that of the 2-D calculations and, like the 3.4-MPa case, has a slower decay than its 2-D
counterpart. The maximum velocity in the exit jet for the 15.5-MPa case was approximately
420 m/s, corresponding to a peak Mach number of 1.4. The dynamic pressure impulse at
the end of the event has reached a level of approximately 77 kPa-s. This level of impulse is
in the maximum range of that measured on above ground nuclear weapons tests of the 1950s
and 1960s.13
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Figure 21. 3-D Model: Uniformity of Static Overpressure at 40 m.
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Figure 22. 3-D Model: Uniformity of Dynamic Pressure at 40 m.
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Figure 23. 3-D Model: Variation of Static Overpressure with Distance.
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Figure 24. 3-D Model: Static Overpressure History.
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Figure 25. 3-D Model: Dynamic Pressure History.
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Figure 26. 3-D Model: Velocity History.
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Figure 27. 3-D Model: Mach Number History.

The final calculation in the study was performed in an attempt to match the dynamic
pressure history in the LB/TS exit jet to the measured data from a nuclear test. This
calculation employed an initial driver overpressure of 6.2 MPa and an initial driver gas
temperature of 288 K. The resulting blast wave history data were compared to those of the
nuclear test MET4 of 1955 in which a 22.0-kT device was detonated 122 m above the desert
surface of the Nevada Test Site. Figure 28 provides the comparison between the dynamic
pressure histories of the exit jet and the nuclear test. The exit jet history was recorded at
a location 10 m from the exit plane of the LB/TS expansion tunnel. The MET data were
measured at a distance of 762 m from ground zero. In the original nuclear data, a time of
zero corresponded to the arrival of the leading shock at the gauge. In Figure 28, the time
base of the nuclear data has been shifted to correspond to the arrival time of the leading
shock at the 10-m station down stream from the exit plane of the expansion tunnel. The
figure shows the peak dyamic pressure of the nuclear data to be 66.2 kPa, while that of the
exit jet flow is 64.9 kPa. The exit jet history also exhibits rates of dynamic pressure increase
and decrease on either side of the peak that are similar to those changes in the test data.
Thus, the ability of the exit jet to simulate the dynamic pressure history of the nuclear test
is an indication that it will produce the whole body response of military equipment that
would be anticipated on a nuclear battlefield.

22



Driver Overpressure 6.2 MPa
3-D Model — Station 10 m from Tunnel Exit
70 T T

Exit Jet -
— MET

Dynamic Pressure (kPa)

0.3 0.6 0.9 1.2
Time (s)

Figure 28. 3-D Model: Dynamic Pressure History Compared to Nuclear Test Data.

5. SUMMARY

The computational study presented in this report was performed to determine the major
characteristics of the jet flow exiting the expansion tunnel of the LB/TS. The 2-D planar and
axisymmetric calculations provided upper and lower limits on the amplitude of the incident
static overpressure at different distances from the exit plane of the expansion tunnel. These
calculations also served to provide initial predictions of the shapes of the pressure histories
and the possible energy delivery in the jet as a function of initial driver overpressure.

The 3-D calculations used the findings of the preliminary 2-D calculations to further
refine the definitions of the exit jet wave shapes and determine the uniformity of the flow
field in the positions of interest to equipment testing.

In all the 2-D planar and 3-D computations in the study, the ground surface down stream
from the tunnel exit was represented as a perfectly flat plane at the same elevation as the
expansion tunnel floor. In the actual LB/TS geometry, the ground plane is not flat and
is lower than the floor of the expansion tunnel. If it is decided that the LB/TS exit jet
technique will be used for equipment testing, additional study will be required to determine
the ground plane configuration that would produce a useful, coherent exit jet at minimum
cost.

The dynamic pressure impulse delivered in the exit jet at the maximum operational
limits of the LB/ TS is similar to levels measured on nuclear weapons. test where the non-
ideal blast effect was known to exist. The dynamic pressure history of the exit jet was also
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shown to closely resemble the measured data from a nuclear test from 1955. Additionally,
the computational study revealed a strong relationship between shock amplitude in the
exit jet and distance from the exit plane of the expansion tunnel. Combining these known
characteristics of the exit jet allows one to obtain desired test parameters through careful

- selection of initial driver overpressure and target placement relative to the exit plane of the

tunnel to balance the delivery of static overpressure and dynamic pressure histories desired
for the target.
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