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O (Dcegrees)

Figure 1. Regions of RR, SMR, CMR, and DMR and Their Transition
Boundaries in the M;, © Plane for Polytropic Air (y = 1.4, Solid Lines)
and Calorically Imperfect Air (Variable 7, Broken Lines).

I. Introduction

This report describes a computational study of the use of a limited set of locally available
hydrodynamic computer codes, hereinafter referred to as “hydrocodes,” in the study of the
oblique interaction of a planar shock with a non-responding planar surface simulating a
wedge. The primary purpose of this study was to explore the differences, if any, in the results
of the computations by using various geometric configurations that are commonly used to
simulate this interaction process, and the fluid dynamic implications of each. Systematic
variations of various options within the hydrocodes were also exercised to isolate the effects
of each on the subsequent solution. Among those options varied were the differencing method
and its order, the use of artificial viscosity to control numerical oscillations, and the use of
half hydrodynamic and half rigid flow field cells to model smooth ramps in a rectangular
computational grid. The simulated shock and wedge interaction angle was also varied.

An excellent summary of the theoretical and experimental aspects of oblique shock

. . 1 .
reflection may be found in Glaz, et al. It is also an excellent source of references for
further reading. Figure 1, reproduced along with an edited caption with minor nomenclature

modifications from Glaz, et al.,1 shows the various regions of Regular Reflection (RR), which
1
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Figure 2. The EMI Shock Tube. (Courtesy of W. Heilig, EMI.)

includes simple oblique reflection and normal reflection, Single Mach Reflection (SMR),
Complex Mach Reflection (CMR), and Double Mach Reflection (DMR), as related to the
incident shock Mach number M; and the wedge angle ©.

II. The Experiment at the Ernst Mach Institute

The computational studies performed at the US Army Ballistic Research Laboratory

(BRL) are based on a series of experiments performed2 at the Ernst Mach Institute (EMI),
Freiburg, Federal Republic of Germany. The experimental shot of particular interest here is
Shot Number 8891 in a constant area, rectangular 40 mm deep by 110 mm high, test section
of the EMI shock tube shown in Figure 2, which produced a non-decaying incident shock wave
with a Mach number M; = 2.12. During the course of performing their computations with

the STEALTH3 code, some discrepancies in the computational results for the interaction
of this shock with a wedge having an angle © = 60 degrees with the horizontal were noted
by the EMI personnel. A schematic showing a typical single Mach reflection of an incident
shock on a wedge of angle O is shown in Figure 3. The incident shock is labeled with an “I,”
and in this study is taken to be a non-decaying shock wave moving from left to right into the
undisturbed region 1. Region 1 in this case represents the air in the driven (or “expansion”)

4 . . .
section of the shock tube. The reported thermodynamic and flow parameters in region 1
are an absolute static pressure p; = 0.09 bar (9.0 kPa, or 1.3053 psi), a static temperature

2
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Figure 3. Single Mach Reflection. (Courtesy of W. Heilig, EMI.)

Ty = 294.65 K (21.5 C), a particle velocity u; = 0 in laboratory reference coordinates, and

a static density p; = 0.106 ky/m3. The reported4 parameters behind incident shock I are
an absolute static pressure p; = 0.457 bar (45.7 kPa, or 6.6282 psi), and hence a static
overpressure p;_; = 0.367 bar (36.7 kPa, or 5.3229 psi), a static density p, = 0.302 ky/m?,
and a particle velocity u; = 472.46 m/s. Hereinafter, any reference to “pressure” may be
construed as meaning “absolute pressure” unless specifically stated otherwise.

The driver stagnation pressure was reported4 as Pyy = 7.358 bar (735.8 kPa, or
106.7 psi), which in the absence of a definitive statement was assumed to be an absolute
value, and no driver temperature was reported. This caused some initial confusion when
trying to make a full determination of the thermodynamic and flow parameters in the sys-
tem. To illustrate this, a simplifying assumption is made that the shock tube operated with
no losses, so that all interactions between the four definable states in the flow in a straight
shock tube were the result of the application of the relations governing the ideal thermo-

dynamics and gas dynamics of a Riemann problem.” The initial assumption was that the
driver gas was air, as reported, in thermal equilibrium with the laboratory temperature, so
the absolute driver gas stagnation temperature To, = Ty = 294.65 K. If that were the case,
then the required driver absolute pressure to produce this M; = 2.12 shock would have been
Poy = 4.331 bar (62.8158 psi), instead of the reported Poq = 7.358 bar.

One direct reason for requiring a larger stagnation pressure in the driver than that called
for by the theoretical computations is the losses that occur in the shock tube. A study of
the EMI shock tube shown in Figure 2 shows that considerable losses can occur. The initial
shock wave must travel along a relatively long 200 mm diameter expansion section prior to
being “cut out” by the 40 mm deep by 110 mm high test section. The section of the incident
shock that actually enters the rectangular cross section test section is the incident shock that

3




the experimental model experiences. This is a logical way to use the shock tube: a clean
laboratory shock is achieved in exchange for the penalty incurred by requiring a higher than
theoretical driver stagnation pressure. It assures that a sharp, well formed shock is formed
for precise theoretical studies, while having the additional benefit of cutting off the boundary
layer that had developed in the long travel of the shock down the circular expansion section.

ITI. The Hydrocode Computations at the Ernst
Mach Institute

The results from the EMI STEALTH computations, plus some experimental data, were

communicated to the BRL in both written form and during technical discussions.6 Com-
putations were performed by EMI for wedge angles (see Figure 3) of © = 10, 20, 30, 45,
60, and 70 degrees. Experimental measurements that were taken for the M; = 2.12 and

© = 30 degrees experiment were reported6 in some detail, as was the STEALTH computa-
tion for that angle. As may be seen through careful measuring in Figure 1, this combination
of shock Mach number and wedge angle is very close to the border between CMR and SMR,
but in the CMR region.

1. The EMI 30 Degree Wedge Computation

The complete set of experimental conditions, including those parameters derived the-
oretically from the directly measured values in EMI shot number 8891, are summarized in

Table 1 and are expressed in the cgs units system employed by HULL7 and SHARC.8

The computational grid used by EMIz'4 for the STEALTH3 hydrocede computations is
shown in Figure 4. This grid, as were the others done by EMI, was designed to simulate the
physical space in the EMI shock tube. The EMI shock tube test section has a rectangular
cross section, which for this particular experiment with the wedge and mounting plate in
position has an actual height of 10.0 cm and a depth of 4.0 em. The wedge for the EMI
experiments was designed to span the entire 4.0 cm depth of the shock tube to make the
problem two-dimensional (2-D). For this problem, the computational space was assumed to
be of unit depth. The grid had 26 vertex lines in the vertical (y) direction, the measure of
height of the wedge projected onto the vertical axis. This produced 25 cells in that direction
which were evenly spaced with a grid size of Ay = 0.40 cm at the left boundary of the grid.
The grid had 99 vertex lines in the horizontal (z) direction, the measure of length of the
wedge projected onto the horizontal axis. This produced 98 cells {hat were evenly spaced
across the entire grid with a grid size of Az = 0.25 em. The relative coarseness ¢f this
grid was undoubtedly a matter of necessity, because the computer available to EMI was a
VAX 11/750 running under the VMS operating system, certainly a competent machine, but
overmatched by a large scale continuum mechanics code. The positions of the EMI points A
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Table 1. The EMI Shot 8891 Shock Wave Flow Conditions

Parameter Region 1 Region 2
(Units) (Ambient) (Shocked)
v
(=) 14 14
R
(ergs/g/K) | 2.87054 x 10° | 2.87054 x 10°
p
(dynes/cm?) | 8.99973 x 10* | 4.56998 x 10°
Po
nes/cm 99973 x 10 8.93543 x 10
(dynesem?) | 8 + | 89 :
p
(g/cm®) | 1.06405 x 10-4 | 3.02251 x 10~ |
Po
(g/em®) 1.06405 x 10~* | 4.87942 x 10~
T
(K) 2.94650 x 10° | 5.26730 x 10?
T
(K) 2.94650 x 10? | 6.37952 x 102
I
(ergs/g) 2.11450 x 10° | 3.77998 x 10° II
u
(em/s) 0. 4.72742 x 10* ﬂ
c
(em/s) 3.44109 x 10* | 4.60084 x 10*
o
(em/s) 3.44109 x 10* | 5.06334 x 10*
M
(=) 0. 1.02751

M =2.12022

p2-1 = 3.67001 x 10° dynes/cm?




f
Y
@

=4

1

14 b
1

-

bl

-4
SRS

1
—
A S S H
) — e
X e

-
Ay
x X
n
X

-

e

LR Ry 3 0
AVILITLL L E S Yumn S 4 u swew

AT VRN WA ¥

-
e rry

i1l

1111
0.00 — T L
0.00 5.00 10.0 1
Length (cm)

Figure 4. EMI 30 Degree Wedge Computational Grid. (Courtesy of W.
Heilig, EMI.)

through F shown in Figure 4, redefined as points A3 through F° to match the coordinates
shown in Figure 4 and to the same accuracy as reported, are shown in Table 2. The final

Table 2. EMI Points A - F, and BRL Points A¥ - F3 for the 30 Degree
Wedge Computation

EMI/STEALTH BRL (Redefined)
x-Position | y-Position x-Position | y-Position
Position (em) (em) Position (cm) (cm)
A 12.250 0.9328 A 0.250 0.9328
B 12.250 5.6635 BX® 0.250 5.6635
C 12.250 9.21155 Cgﬁ 0.250 9.21155
D 18.500 4.2526 D® 6.501 4.2526
E 18.500 7.2512 EX | 6501 7.2512 |
F 18.500 [ 9.50023 F¥ | 6.501 9.50023 ||

two columns in Table 2 show the same point in a coordinate system used by the BRL which
references all critical space and time parameters to zero at the leading edge of the wedge.
The slight positive offset of 0.001 cm in z for points D¥ through F¥ was introduced to
keep the hydrocode data station points from being ambiguously placed on computational
cell boundaries. The notation for point A3, for example, has a subscript “w” to indicate
that the geometry is for an orthogonal shock striking a wedge on a reflecting plane, and a
superscript “30” to indicate the simulated wedge angle in degrecs. In the discussions that
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Figure 5. Absolute Static Pressures at Point A, EMI 30 Degree Wedge
Computation. (Courtesy of W. Heilig, EMI.)

follow later, the subscript “bb” will indicate “block bottom,” “bl” will indicate “block left,”
“pt” will indicate “planar top,” and the absence of a subscript will be a general reference
toward the set of points of that letter designation and simulated wedge angle.

Figure 5 shows the computed absolute static pressure versus time at point A. The
time ¢ = 0.0 in the EMI STEALTH computation is apparently defined at the start of the
computation, with the incident shock I at its initial (unspecified) position upstream from
the leading edge of the wedge. The experimentally measured incident shock pressure of
0.457 bar (6.63 pst) is noted on the plot, as is the reflected shock pressure of 0.745 bar
(10.81 psi). The relatively coarse mesh used in the computation causes the shock wave
to be spread out among several flow field cells. The shock arrival time ¢t = 103.5 us is
defined for purposes of this report as occurring at one half of the pressure rise from the
ambient expansion section pressure of 0.09 bar (1.31 psi) to the incident shock pressure.
(It was measured on a larger scale plot for this report with a Gerber scale. The estimated
reading error is + or - 0.5 us.) The STEALTH computation gives a good indication of this
incident shock strength, but the computational reflected wave arrives quickly enough that
the actual value of the computational prediction of the incident shock strength at this point
is uncertain. The computation also shows good initial agreement with the experimentally
measured reflected shock pressure. Position A never experiences the passage of a Mach stem
because of the combination of its proximity to the leading edge of the wedge and its height
above it. The arrival of this reflected shock occurs at ¢ = 125.5 us, for a time difference
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Figure 6. Absolute Static Pressures at Point B, EMI 30 Degree Wedge
Computation. (Courtesy of W. Heilig, EMI.)

between the two shocks of 22.0 us. The upward drift of the pressure after the passage of the
reflected shock is due to a combined effect of the upstream disturbance of the flow by the
expanding reflected shock, and the confining effects of the finite height of the test section.

Figure 6 shows the computed static pressure versus time at point B. The experimentally
measured incident shock pressure of 0.457 bar and the reflected shock pressure of 0.745 bar
are noted on the plot. The STEALTH computation predicted an incident shock pressure
level of approximately 0.467 bar, and a reflected shock pressure of 0.745 bar. The incident
shock arrival time, measured as for point A, is ¢t = 102.8 us, and the reflected shock arrival
time is t = 204.5 s, for a time difference of 101.7 us. Point B never experiences the passage
of a Mach stem because of its position in space above the wedge. There is some uncertainty
as to whether its position was reported correctly. This will be discussed later.

Figure 7 shows the computed static pressure versus time at point C. This point only
experiences the passage of the incident shock during the time presented. The experimentally
measured incident shock pressure of 0.457 bar is noted on the plot, with the computed value
of 0.463 bar, at an arrival time of 102.3 us.

Figure 8 shows the computed static pressure at point D. This point should not expe-
rience the passage of the incident shock, because at this position along the wedge surface, a
Mach stem large enough to pass over point D should form. It appears that the STEALTH
computation, even with the relatively low resolution in the grid, has predicted the passage
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Figure 7. Absolute Static Pressures at Point C, EMI 30 Degree Wedge
Computation. (Courtesy of W. Heilig, EMI.)

of a somewhat smeared out Mach stem. As may be seen in Figure 3, the reflected shock “R”
is straight near the triple point “P,” so in the immediate vicinity of point P and the Mach
stem “M” the pressure equilibrium condition shown in Equation 1

P3=Ds, (1)

applies, with ps being the theoretical pressure behind the Mach stem M. However, the
reflected shock R in Figure 3 is shown as a curved shock, because there is an expansion wave
(not shown in Figure 3) that emanates from the corner at the leading edge of the wedge.
The leading edge of this expansion wave follows the triple point system at a distance that
increases in a self-similar manner for this combination of shock Mach number and wedge
angle. The expansion wave weakens the section of the reflected shock where it comes into
contact with it, causing the downward curvature of the reflected shock. This process also
reduces the pressure in all regions through which the expansion wave travels by an amount
consistent with the local strength of the expansion wave. Thus, while Equation 1 still is
correct, the actual values of p3, and hence py, are varying in that region affected by the
expansion wave. Figure 8 shows a disturbance in the computed pressure at ¢t = 187.0 us at
a pressure of 0.592 bar, probably due to a smeared precursor to the Mach stem, followed by
a pressure level very close to the experimental value of 0.745 bar behind the actual Mach
stem. The approximate arrival time of this computational Mach stem is t = 184.0 us.

Figure 9 shows the computed static pressure at point £. Because of its height above
9
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Figure 8. Absolute Static Pressures at Point D, EMI 30 Degree Wedge
Computation. (Courtesy of W. Heilig, EMI.)

the wedge surface, point E first experiences the passage of the incident shock I, followed by
the reflected shock R. As before, the computed pressure of 0.467 bar for the incident shock
agrees well with the experimentally measured value of 0.457 bar. The computed arrival
time is approximately 189 us. The computed pressure of the reflected wave at point E is
difficult to estimate from Figure 9 because the computation was ended very soon after its
arrival there. It is estimated from Figure 9 that the reflected wave pressure is approximately
0.728 bar, slightly below the experimental value of 0.745 bar, with an arrival time of £21.0 us.

Figure 10 shows the computed static pressure at point F. As with point C, point F'
is high enough above the wedge surface that it only experiences the passage of the incident
shock. The computed pressure of 0.468 bar, arriving at 189 us, is only slightly above the
experimentally measured pressure of 0.457 bar. The STEALTH computation simulating
this interaction produced good estimates of the various pressure plateaus in spite of the
relatively low resolution computational grid, although the shock rise times wcre extremely
long, as would be expected with such a grid.

2. The EMI 60 Degree Wedge Computation

The EMT STEALTH computation for the same incident shock Mach number, M; = 2.12,
interacting with a wedge with an angle ® = 60 degrees showed an anomaly that provided
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Figure 9. Absolute Static Pressures at Point E, EMI 30 Degree Wedge
Computation. (Courtesy of W. Heilig, EML.)

the impetus for the consultation with the BRL. According to EMI, the computation had
proceeded in what appeared to be a normal manner. However, post processing showed a
high gradient region that had the appearance of a computational attached shock at the
leading edge of the wedge in both pressure and density contour plots just after the arrival
and subsequent reflection of the incident shock. This is shown in Figure 11. There is no
physical basis for the existence of any type of shock in this configuration at this time in the
interaction, so EMI presumed that there was either a defect in the STEALTH code, or that
the code was possibly not appropriate for this problem. At that time, EMI was in the process

of obtaining the SHARC8 hydrocode from S-Cubed. Because the BRL had been using the
code for several years, it was agreed that the BRL would run some matching computatlons

with its identical version of the SHARC code, the HULL hydrocode, and the BLAST2D

code.

IV. The Hydrocode Computations at the BRL

All computations were run with the planar, steady M; = 2.12 incident shock, the
steady flow conditions behind it, and the ambient conditions ahead of it as reported to
the BRL by EMI and summarized in Table 1. Many SHARC and HULL computations
were run as this study developed, partially because interesting aspects of the different ways

11




1

P, = 0.457bar (exp.) A AN

4.50E-07 —

|

4.00E-07 —]

PRH

1

3.506-07 —]

2.50E-07 — -

Pressure (AMbar)
:
S
1 LIJJ I

2.00e-07

1.50e-07

Illllllllllll

Position F

[I!IJOI1II|IIIILOFIII2LOIIIIZLO
.00 .0 100. 150. . .

Time (us)

Figure 10. Absolute Static Pressures at Point F'; EMI 30 Degree Wedge
Computation. (Courtesy of W. Heilig, EMI.)

1.006-07 —

Q.

Pressure Density
10. — =
0.0 — 10.0 — 1 ‘i
: |
= 7.50 — — 7.5 I
§ 7 o £ ' :
g - S/ | ..
E ] e it 4
.E‘os,m——— = S.00 —i! "...'.
S - e Al
_ = Y
2.5 — 250 —| |} /4
- Y\ ol
p— |/ Ve gLl
= _J[ll."' &
0-90 ¢.00 —nrﬂmrrmrmrrmwmqm
’ I
c.C0 i2.¢'

Figure 11. EMI 60 Degree Wedge Computation. (Courtesy of W. Heilig,
EML.)

12




of modeling the interaction became evident. As inevitably occurs, minor code errors in
SHARC were discovered (it was run the most) and corrected, and problems were rerun. The
most fundamental difference between the SHARC and HULL codes and the STEALTH code
is that SHARC and HULL are ultimately Eulerian codes (with a second order Lagrangian
first phase in the differencing for flow field cells of equal size), whereas STEALTH is a

Lagrangian code. Only one of the BLAST2D code computations by Ms. Hisley 10 is shown

here for comparison. The BLAST2D results will be discussed in a separate reportuby Ms.
Hisley.

The SHARC code was used in several configurations of operational parameters and
physical space simulations, all in 2-D Cartesian coordinates. The SHARC code can simulate
a wedge mounted on a reflecting plane in two ways. The wedge can be made up only of rigid
“island” cells whose aspect ratio, defined in Equation 2,

Ay
Ar = —,
Az (2)

is chosen such that it is equal to the tangent of the wedge angle, as shown in Equation 3,
tan® = A, , (3)

so that the wedge surface is a series of small steps one cell high and one cell long in its most
simple stepped form. A simplified schematic view of this type of configuration is shown in
Figure 12. The island cells are denoted by an “I” placed in the cell, and a subset of the purely
hydrodynamic cells along the stepped wedge surface by an “H.” The unmarked cells are also
purely hydrodynamic cells. This approach has some difficulties. The most severe problem
is that the wedge surface is not smooth, but rather consists of a series of small normal
reflection surfaces. This may not be of great importance if the interest is in the flow field
away from the wedge surface. However, many applications do require accurately simulated
wedge surfaces, such as the study of the process of transition to Mach reflection which is
of interest here. Another problem is that the SHARC code begins to experience stability
problems when there are high gradients in flow field cells with A, > 3.0, and computational
accuracy degrades when A, # 1.0. This can be circumvented by making the individual
steps comprising a simulated wedge surface out of whatever number of cells high or long are
necessary to approximate the angle. To a reasonable limit, the error in simulating the surface
drops with decreasing cell size, but then computational costs rise geometrically. Because of
their common origin (SHARC is a now significantly modified offshoot of HULL), the HULL
hydrocode can simulate a wedge in very much the same manner, with positive and negative
aspects similar to those for SHARC.

An alternative to simulating the entire 2-D wedge in SHARC with only island cells is

to simulate the subsurface with island cells and the surface with “shore” cells. Shore  cells

are half island and half hydrodynamic, divided along either cell diagonal, so there are four

possible types of shore cells. A simplified schematic view of this type of configuration is

shown in Figure 13. The island cells are denoted by an “I” placed in the cell, the shore cells

by an “S,” and a subset of the purely hydrodynamic cells along the wedge surface by an “H.”
13
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The rigid half of each shore cell in Figure 13 lies below and to the right of the dotted line
coinciding with the diagonals of each shore cell and indicating the simulated wedge surface,
and the hydrodynamic half lies above and to the left of the dotted line. These shore cells
were incorporated into S-Cubed’s HULL code version (a predecessor to SHARC) several
years ago after a transfer from the BRL of the BRL’s version of the HULL airblast code.
While the shore cells do make a more smooth wedge surface, they are limited by the same
considerations of cell aspect ratio, while also posing their own additional stability problems
and limitations on the explicitly computed time step. The HULL hydrocode does not have
a similar option for fractional hydrodynamic and island cells. The BRL offered the coding
changes to Orlando Technology, Inc., (OTI) but the offer was declined because the use of
such cells did not conform to the coding philosophy and plans of OTI, certainly a defendable
position to take.

Both methods described above are valid ways to model a wedge resting on a perfectly
reflecting ground plane in a laboratory configuration with a shock wave approaching it and
having its velocity vector parallel to the ground plane. It is worth noting here that three
critically important hydrodynamic phenomena are also correctly modeled in a theoretical
sense with this configuration. The first is that the leading edge of the wedge, a clearly
defined starting point for the shock reflection process, is established. The second is that the
expansion wave that originates from the leading edge of the wedge is also modeled. The
third is that a clearly defined reflecting plane upstream from the wedge is modeled, which
then requires the reflected shock that travels upstream from the wedge to have the correct
boundary condition with the reflected shock front perpendicular to the ground plane and
hence no velocity vector normal to the surface at the ground plane. These conditions are
met for any wedge angle using this configuration.

This is not necessarily the best way to simulate the interaction of a blast wave from an
above ground nuclear burst with the ground. That configuration does not start with a corner
at a leading edge and its associated expansion wave. Thermal and debris effects aside, an
above ground nuclear burst interaction starts with a normal shock reflection at ground zero,
directly below the burst point, and then moves out radially in an oblique shock reflection
process that at some point will develop into a Mach reflection. Thus, the driving flow behind
the interaction point can be very different from that for a laboratory shock interacting with
a wedge on a reflecting plane.

A third way to model the interaction of a shock and a wedge with either SHARC
or HULL is to generate a rectangular block out of island cells, and position it out in the
simulated flow field. The oncoming shock and its blast flow field behind it are then rotated in
the computational grid so that it approaches a corner of the block at the desired angle relative
to one of the sides of the block. This also allows a coincident computation on the second side
at an interaction angle equal to the complement of the interaction angle of the first side. A
simplified schematic view of this type of configuration is shown in Figure 14. The island cells
are denoted by an “I” placed in the cell, and a subset of the purely hydrodynamic cells by
an “H.” This configuration produces a shock interaction pattern that is superficially similar
to that for a wedge on a ground plane, but is distinct in a critically important way. The
reflected shock no longer has the specific boundary condition imposed on it by the refecting
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ground plane upstream from the leading edge of the wedge in the configuration discussed
above, so the reflected shock curvature as a function of distance is not necessarily the same.
Also, because (a) the curved reflected shock moves upstream away from the leading edge,
(b) the flow behind it is typically subsonic, and (c) the rate of change of the curvature is
not necessarily constant, the flow conditions behind it are variable and flow communication
around the corner can occur. This configuration does not accurately represent either a
laboratory wedge or a nuclear height of burst configuration.

Finally, a fourth way to computationally simulate a shock interaction with a wedge
with these codes is to strike an infinitely long orthogonally positioned reflecting plane with a
rotated shock. A simplified schematic view of this type of configuration is shown in Figure 15.
The subset of purely hydrodynamic cells immediately adjacent to the reflecting plane are
denoted by an “H.” This configuration does not correctly model the laboratory configuration
of a wedge on a reflecting ground plane because it lacks not only a leading edge with its
associated initiation of the interaction but also its following expansion wave. It approximates
the interaction of a nuclear burst with a ground plane away from ground zero, but without
the transition history from normal to oblique reflection driving it.

Comparisons will be made for all of the above configurations, primarily with the SHARC
code. The SHARC code was also used in a variety of parametric configurations of fluxing
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method and artificial viscosity usage. These are discussed below, as are a set of companion
HULL runs. The final set of BRL SHARC and HULL computations is briefly summarized
in Table 3. Because of the great profusion of computations, especially those which were
rerun after errors in the SHARC code were discovered, the simplified problem identification
systems normally used for reports became cumbersome. Thus, the basic problem numbers
that are normally used at run time are retained for use in the report. The first two digits
correspond to the year, the second two to the month, the first two after the decimal point
to the day of the month, and any added digits to a permutation on the same date.

1. The 30 Degree Wedge
a. The Basic Grid for the 30 Degree Wedge on a Reflecting Plane

The first set of computations is for a wedge with an angle © = 30 degrees. The physical

space in the computational grids used by the BRL for the SHARC8 and HULL7 hydrocode
computations for the 30 degree wedge on a reflecting plane were designed to be as close as
possible to that for the EMI STEALTH computation, although the grid resolution itself was
higher in the SHARC and HULL computations. It is important to note that the area of
interest in the experiment and the computations is immediately on and above the angled
wedge surface. It is not necessary to model the shock tube test section precisely, as long
as none of the physics of the shock movement and the interaction at the wedge surface are
altered. The dominant direction of the motion of the shock and gas flow, except for the
interactions on the wedge, is in the r direction. Therefore, to minimize effects caused by
differences in the flow field cell sizes that must inevitably occur, the flow field cell size in the
 direction, Az, will be kept the same at Az = 0.10 cm in the grid designs for all three values
of ©: 30 degrees, 45 degrees, and 60 degrees. The flow field cell size in the y direction, Ay,
will be varied to fit the needed vertical space and the required wedge angle. The EMI shock
tube had a height y, = 10.0 cm, which will be approximated but not modeled exactly, as it
is not necessary to do so. The length of the actual wedge surface used by EMI appears to be
approximately L¥ = 15.0 cm. With this approximation, the wedge length in the z direction
is 230 = L¥cos 30 = 12.99 cm. Because of the decision to use a fixed Az = 0.10 cm, the
rounded value 2 = 13.00 cm was chosen, so that the wedge is represented by I = 130
cells in the z direction. From tan © = Ay/Ax, the cell size in the y direction is chosen as
Ay = 0.0577350 cm, and correspondingly J = 130 cells are used to represent the wedge in
the y direction, producing a wedge height y2° = 7.505550 cm. The closest approximation to
the overall EMI shock tube height y; = 10.0 cm using this fixed Ay is produced by having
a total number of y direction active flow field cells J? = 173. This produces a simulated
active flow field shock tube height y3° = 9.988155 cm to the top reflective boundary. The

floor of the shock tube, and hence the bottom reflective boundary in the computation is
defined as y = 0.0.

Because the areas of interest are directly on or above the wedge surface, and the flow
behind the incident shock is slightly supersonic, there is no need to simulate much of the
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Table 3. Summary of Hydrocode Computations

WEDGE | GEOMETRIC ARTIFICIAL
PROBLEM ANGLE | CONFIGURATION | FLUXING | VISCOSITY
NUMBER | CODE |DEGREES| WEDGE/SHOCK | METHOD FLAG
STEP/
8912.071 | HULL122 30 ORTHOGONAL 2 0
BLOCK/
9001.031 | HULL122 45 ROTATED 2 0
BLOCK/
9001.181 | HULL122 | 30 & 60 ROTATED 2 0
STEP]/
9002.12 | SHARC 30 ORTHOGONAL 4 0
BLOCK/
9003.121 | SHARC | 30 & 60 ROTATED 4 0
SHORE/
9003.23 | SHARC 30 ORTHOGONAL 4 0
SHORE/
9003.241 | SHARC 45 ORTHOGONAL 4 0
SHORE/
9003.251 | SHARC 60 ORTHOGONAL 4 0
SHORE/
9003.26 | SHARC 30 ORTHOGONAL 2 0
SHORE/
9003.27 | SHARC 30 ORTHOGONAL 4 1
SHORE/
9003.28 | SHARC 30 ORTHOGONAL 2 1
PLANE, TOP/
9003.30 | SHARC 30 ROTATED 4 0
WEDGE/ ROE/
- BLAST2D 30 MAPPED RIEMANN TVD
WEDGE/
- STEALTH 30 LAGRANGE | EXPLICIT i
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horizontal region beyond the right-most end of the wedge. The z direction velocity of the
incident shock I in laboratory coordinates is Wy = 7.29589 x 10* cm/s, or in another view,
I requires 13.7063 us to travel 1.0 cm. The only truly relevant z direction measure in this
problem is the distance along the wedge surface from the leading edge of the wedge, and thus
that leading edge is defined as £ = 0.0. These redefinitions of the (z,y) origin were used to
produce the BRL coordinates for points A2 through F3° in Table 2. To allow an opportunity
for the incident shock I to become “worked in” to the computational grid, it is mapped in
at the time of grid generation with the shock front at z = —1.0 em. The reference time for
the computation is defined as t = 0.0 at shock arrival at the leading edge of the wedge, so
the problem starting time with I at z = ~1.0 em is t3° = —13.7063 ps. The time required
for I to travel from z = —1.0 cm to point F at z = 6.50 cm is t3¥ = 102.7973 us. Figure 10
shows approximately 70 ps of computational time after the theoretical arrival of incident
shock 1. For ease of comparison, this computation set was initially designed to provide a
similar amount of time, so the minimum total real time to be simulated is ¢3¢ = 172.7973 s,
resulting in a final simulated real time, rounded up, of t¥ = 160.0 us. (This was later
increased to t3® = 250.0 s for this and all other computations to aid in the analysis of the
results at points DX, E3° and FX.)

The right computational boundary was a simple transmissive outflow boundary at
z = 13.0 cm. The left computational boundary was set up as a transmissive boundary
delivering shocked air at the fixed, continuous flow conditions behind the incident shock I.
The placement of this boundary in space was computed by assuming a worst-case normal
reflection, shock Ry, of incident shock I at the leading edge of the wedge at z = 0.0. The
upstream velocity in laboratory coordinates of Ry is Wg = —3.51395 x 10* em/s. The the-
oretical start of the upstream motion of Ry occurs at ¢t = 0.0 at £ = 0.0, and in a worst-case
situation continues until t?o. During that time, originally 160 us, the upstream travel can
be at most to z = —5.622320 cm. For simplicity, the upstream transmissive input bound-
ary was placed at £ = —6.0 cm for this and all other computations at this wedge angle.
Thus, the total z direction active flow field length simulated was z® = 19.0 cm, requiring
IP = 190 cells, all at Az = 0.10 cm. The extension to t° = 250 us did not result in any
disturbing waves from the upstream boundary arriving in the area near the wedge because
of the conservativeness built into the wave speed estimates. All gases in this and all other
computations were air modeled as a polytropic gas, with the ratio of specific heats y = 1.4.
As noted before, all shocked air and ambient air conditions are shown in Table 1.

The HULL and SHARC codes permit the designation of numerical data sampling points
called “stations” to be defined at points of interest in the flow field. A large set of fluid
dynamic parameters is stored for each station, depending on whether the station has experi-
enced either a static overpressure or a velocity magnitude change greater than a predefined
limit value. Stations were defined at each of the points AX through FX that were used by
EMI, along the wedge surface, and at various points around the flow field to monitor the
progress of the computation. Complete images of the flow field were stored at various time
intervals, typically every 10.0 us at early time in the computations.
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b. SHARC Computations 9003.23 and 9002.12

As may be seen in Table 3 computation 9003.23 was run with the SHARC code, using a
combination of island and shore cells to model a 30 degree wedge on a reflecting plane being
struck by the reference incident shock I traveling toward the wedge with its velocity vector
parallel to the reflecting plane. The artificial viscosity option was turned off (visc=0), and
the second order advection differencing (method=4) was used. Figure 16 shows the shock
interaction with the wedge at t = 50 us. The vertical set of pressure contours corresponds to
the incident shock I which is traveling from left to right. The shock with its plane normal to
the wedge surface is the Mach stem M, which is traveling to the right but with its velocity
vector paralle! to the wedge surface. The curved shock expanding and traveling upward
and to the left is the reflected shock R. The primary purpose of Figure 16, and the many
similar pressure contour and density contour figures that follow, is to give a qualitative,
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not quantitative, presentation of the computational flow field to aid in understanding the
results. The horizontal axis at the bottom, labeled “Length (cm),” indicates the z direction
measure, and the vertical axis at the left, labeled “Height (cm),” indicates the y direction
measure of the subsection of the computational grid selected for presentation. The label
“Pressure” appearing above the top of the figure is provided to aid in quickly differentiating
the pressure and density contour plots (labeled “Density”) from one another, as they look
superficially similar at a quick glance. The row of numbers along the top axis corresponds
to the = direction computational cell numbers for this subsection of the computational grid,
and is not of direct interest here. The column of numbers along and to the right of the right
vertical axis corresponds to the y direction computational cell numbers for this subsection of
the grid. The data printed in a vertical column starting at the interior upper right corner of
the figure includes a list of matched pressure contour numbers and corresponding pressure
levels, but the size of the figure and the overwriting of the contour numbers reduces the
utility of this column significantly. Also included in this column are other summary data
not essential to the present discussion. Figure 17 shows the density contours for 9003.23,
also at ¢t = 50 us. SHARC computation 9002.12 was identical to 9003.23, except that the
wedge was modeled without the use of shore cells, resulting in the stair step ramp shape
discussed earlier. Figure 18 shows the shock interaction for 9002.12 with the stair step wedge
at t = 50 us. Figure 19 shows the density contours for 9002.12, also at t = 50 us.

Figure 20 shows the pressure at point AX for SHARC computations 9003.23 and
9002.12, which is at the same location relative to the wedge leading edge as the corre-
sponding point A in the EMI STEALTH computation. The plots are essentially the same
until approximately 30 us, after which the plot for computation 9002.12 rises above that
for 9003.23. This is because of the stair step nature of 9002.12, which causes a series of
small normal reflections at each island step face. Both computations show an overshoot in
the pressure at the incident shock front to 51.3 kPa, 12.3 percent above the correct value of
45.7 kPa, to which it returns after 10 us. The theoretical shock pressure, the same as that
measured by EMI, is shown by the lower of the two horizontal lines. Both computations are
using the new SHARC second order differencing method, and both also have the artificial
viscosity function turned off. Each of these options chosen in this way contributes to the
severity of the pressure peak overshoot. This will be elaborated upon in later discussions
of computations where permutations on these options are executed and evaluated. The sec-
ond large increase in pressure in Figure 20 is caused by the passage of the reflected shock.
Computation 9003.23 gives a very good indication of the passage of this reflected shock, in
excellent agreement with the reference measured pressure of 74.5 kPa behind the straight
section of the reflected shock, shown by the higher of the two horizontal lines, and then rises
slowly because of the deceleration of the upstream flow by the expanding, but somewhat
confined, reflected shock. Until the arrival of the expansion wave from the leading edge of
the wedge, the pressure immediately behind the Mach stem, once it forms, is the same as
that behind the straight section of the reflected shock near the triple point. The expansion
wave, which is the mechanism by which the reflected shock is curved, also produces a reduced
pressure behind any curved section of the reflected shock.

Figure 21 shows the pressure at point B3 for SHARC computations 9003.23 and
23
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Figure 19. SHARC Problem 9002.12, 30 Degree Stair Step Wedge, Density
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9002.12, which is at the same location relative to the wedge leading edge as the corre-
sponding point B in the EMI STEALTH computation, or at least the position for point B
as reported by EMI. (There is some unresolved confusion as to the actual position of point
B in the EMI STEALTH computation.) Point B experiences both the passage of the inci-
dent shock, shown by the lower horizontal line, and the reflected shock, shown by the upper
horizontal line. The plots are essentially the same until approximately 168 us, after which
the plot for 9002.12 shows an early pressure increase because of the series of small normal
shock interactions at the wedge stair steps. Both computations show the initial overshoot
in pressure and the return to the correct incident shock pressure. They are both just below
the measured reflected shock pressure of 74.5 kPa at 250 us and still increasing.

Figure 22 shows the pressure at point C3 for SHARC computations 9003.23 and
9002.12, which is at the same location relative to the wedge leading edge as the correspond-
ing point C in the EMI STEALTH computation. The plots overlay one another through the
entire 250 us computation time. Both computations show the initial overshoot in pressure
and the return to the correct incident shock pressure of 45.7 kPa (the horizontal line) where
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Figure 23. SHARC Problems 9003.23 and 9002.12, Absolute Pressure at
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they remain. The simulated time of 250 us is short enough that the reflected shock has not
yet arrived at point C3°, which it ultimately should.

Figure 23 shows the pressure at point DX for SHARC computations 9003.23 and
9002.12, which is at the same location relative to the wedge leading edge as the corre-
sponding point D in the EMI STEALTH computation. Point D3 experiences only the
passage of the Mach stem. Both computations seem to have a leading overshoot in pressure
behind the Mach stem that is similar in relative size to that on the incident shock. Compu-
tation 9003.23 gives a good indication of the Mach stem pressure by 100 us, with a value of
75.2 kPa, 0.9 percent above the experimental value of 74.5 kPa. The disruption of the Mach
stem that can be detected qualitatively by comparing Figures 17 and 19 can be seen in a
more quantitative way here. The series of small normal shock reflections in computation
9002.12 as the incident shock interacts with the wedge delays the progress of the Mach stem
up the wedge, and changes its pressure (and other flow parameters) immediately behind the
Mach stem. This disruption can be made less severe by reducing the flow field cell sizes
in 9002.12, (i.e., going to higher grid resolution), but at a cost in a required increase in
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Figure 24. SHARC Problems 9003.23 and 9002.12, Absolute Pressure at
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computational resources. This also serves to illustrate an important point. Computation
9002.12 does show “reasonable” looking pressure contours in Figure 18 and density contours
in Figure 19 if evaluated alone, or possibly even compared with shadowgraphs. The actual
timing of waves and numerical values of pressure and wave speeds must also be compared
to make a definitive comparison. Put in mathematical terms, similarity of contours to shad-
owgraphs is a necessary, but not.sufficient, condition to declare equality of a computation
to an experiment. As may be seen in Figure 23, the pressures at position DY’ in the two
computations are essentially the same after 150 us.

Figure 24 shows the pressure at point E3® for SHARC computations 9003.23 and
9002.12, which is at the same location relative to the wedge leading edge as the correspond-
ing point E in the EMI STEALTH computation. As with point B, point E3’ experiences
the passage of the incident shock and the reflected shock. The delay and disruption of the
Mach stem in computation 9002.12 is shown only indirectly here through a relatively minor
time delay in the passage of the reflected shock. Both computations show essentially the
same pressure at 250 pus.
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Figure 25. SHARC Problems 9003.23 and 9002.12, Absolute Pressure at
Point F30.

Figure 25 shows the pressure at point F2° for SHARC computations 9003.23 and
9002.12, which is at the same location relative to the wedge leading edge as the corre-
sponding point F in the EMI STEALTH computation. Point F3° experiences the passage of
both the incident shock and the reflected shock, and then a reflection from the top reflective
computational boundary of the reflected shock arriving at about 195 us which is not relevant
here. This point gives a good indication that if far field effects are the primary item of
interest, the modeling of the wedge surface with either the shore cells or a stair step is not
important for this configuration of incident shock strength and wedge angle.

c. SHARC Computations 9003.23, 9003.26, 9003.27, and 9003.28

It was indicated above that results from performing permutations on the differencing
method and artificial viscosity options would be discussed. Computation 9003.23, serving
here as a reference computation, was run with a Mach 2.12 shock wave traveling orthogonally
through the grid, a simulated 30 degree wedge of island plus shore cells modeled on a bottom
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Absolute Pressure at Point A2

reflecting plane, artificial viscosity turned off (visc = 0), and with the new SHARC second
order advection (method = 4). This is summarized in Table 3. Also listed in Table 3 are
the other computations to be discussed here, computations 9003.26, 9003.27, and 9003.28.
These computations differ from 9003.23 only in the selection of the artificial viscosity and
differencing method option. Computation 9003.26 was run with artificial viscosity turned
off, and with the net first order differencing (method = 2), which is very similar to the
standard HULL differencing method. Computation 9003.27 was run with the second order
advection differencing, and with artificial viscosity turned on (visc = 1). To complete this
set, computation 9003.28 was run with the net first order differencing method, and with
artificial viscosity turned on. All other aspects of the computational grids and the positions
of the points A3 through F3° are the same. Thus, the effects of each option individually
and in combination with the other can be determined.

Figure 26 shows the pressure at point A2 for these SHARC computations. Differences
in the plots begin to appear immediately after the computations are started. Computation
9003.23 has already been discussed in some detail, so little more about it needs to be directly
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discussed. The pressure versus time for computation 9003.23 is represented by the solid curve.
The solid horizontal lines at 45.7 kPa and 74.5 kPa represent the experimentally measured
incident and reflected shock pressures as previously defined. Computation 9003.26, shown by
the short dash curve, shows the ditffusive effects of the firsv order donor cell differencing. The
computational shock is spread out over a longer period of time, and hence physical space,
than that for 9003.23. The diffusive nature of the computation does greatly reduce the initial
overshoot. The incident shock level of 45.7 kPa is shown clearly. Comparing 9003.23 (the
solid line) with 9003.26 immediately isolates the second order advection method as the cause
of the overshoot in the incident shock pressure in 90C3.23. While there is relatively little
slowing of the shock rise time in 9003.26 relative to 9003.23, that may be misleading here
because of the very limited distance that the shock has traveled so far in the grid. Also,
9003.26 does still have a small overshoot.

The variation in results shown in Figure 26 for the reflected shock at point A2 is
considerably greater. Computation 9003.23, as noted before, gives an excellent indication
of the briefly steady reflected shock pressure, with a relatively rapid rise time. The other
computations, ranked from least to most diffusive, are 9003.26, 9003.27, and 9002.28. None
give a good indicator of the 74.5 kPa reflected shock pressure before upstream reflected wave
effects cause the general upward drift in pressure. Computation 9003.27, represented by the
long dash curve, shows similar behavior to that for 9003.26, but with variations. The initial
shock rise time is slightly longer than that for 9003.26, while the reflected shock has a similar
rise time but a different shape. Finally, computation 9003.28, shown by the alternating long
and short dash curve, is by far the most diffusive, having both artificial viscosity and the first
order donor cell differencing. All computations eventually predict nearly the same pressure
at late time. It should be noted that comparisons at point A3 are a relatively stringent test
of the computations because of the close proximity of point A% to both the leading edge of
the wedge and the wedge surface itself.

Figure 27 shows the results for the same four computations for point B3, The trends
are similar to those for point A%, with the computations showing great differences in the
rise times for the reflected shock. Figure 28 simply shows the passage across point CX of
the incident shock. Except for the actual shock rise time, the computations are essentially
identical, with all of them showing the correct pressure behind the incident shock. Figure 29
is very interesting. It it shows the passage of only the Mach stem at point DX. Because
this is a much stronger shock that the incident shock, it has more intrinsic self steepening
characteristics. As a result, the shock rise times are nearly identical, with some transient
divergent behavior afterward, followed by convergence to the same solution. Figure 30 for
point EX is interesting because it has the same two shock types, incident and reflected,
as does point B¥. Although the various rise times for the incident shock for the four
computations are nearly the same for the two points, the rise times for point EX are all
quicker than for point B, with the computations for point EX clearly associated within
the set of computations by the use of artificial viscosity. Finally, Figure 31 shows the pressure
versus time for the four computations for point F°. Here again, the grouping of the results
is associated with the choice of artificial viscosity. None of the computations show a plateau
at the reference reflected shock pressure of 74.5 kPa, but it is unclear whether or not an
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Figure 32. HULL122 Problem 8912.071, 30 Degree Stair Step Wedge,
Absolute Pressure Contours at 50 ps.

undisturbed reflected shock can physically arrive at that point prior to being overtaken by
the corner expansion wave.

d. HULL122 Computations 8912.071 and 9001.181

As indicated earlier, computations were also performed using version 122 of the HULL
hydrocode, hereinafter referred to as “HULL122.” Computation number 8912.071 simulated
the 30 degree wedge with a stair step ramp of island cells on the bottom reflecting plane,
in a computational grid design similar to that depicted in Figure 12 and also used for
SHARC computation 9002.12. Figure 32 shows the absolute pressure contours for the shock
interaction for 8912.071 with the stair step wedge at ¢t = 50 us. Figure 33 shows the density
contours for 8912.071, also at t = 50 us. Computation number 9001.181 simulated both the
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30 degree and 60 degree wedge interactions within one computation using a rotated shock
striking a rectangular block of island cells, in a manner similar to that depicted in Figure 14.
This computation was run to a final time t; = 300 ps, primarily to generate a consistent
set of pressure time histories for the 60 degree wedge computations to be discussed later.
Figure 34 shows the absolute pressure contours for the shock interaction for 9001.181 with
the wedge (rotated shock and block combination) at ¢ = 50 us. The interaction of the
M; = 2.12 incident shock with a 30 degree wedge is shown in the lower right quadrant of the
figure, and on the bottom horizontal boundary of the rectangular block. The top and right
sides of the block are not simulated in this computation simply because it is not necessary to
model that computational space. The interaction of the same shock with a 60 degree wedge
is also shown in Figure 34 by the interaction on the left vertical boundary of the rectangular
block. The 60 degree interaction will be discussed later. Figure 35 shows the corresponding
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density contours for both the 30 degree (bottom horizontal boundary of the block) and the
60 degree (left vertical boundary) wedge sides of the block for 9001.181, also at ¢ = 50 pus.

The next set of figures shows the absolute pressure versus time for points AX through
F3 and A} through F for these two computations. As a reminder, it was indicated earlier
that the subscript “w” refers to points above a wedge on a reflecting plane struck by an
orthogonally oriented shock, and the subscript “bb” to points below the bottom boundary
of an orthogonally oriented block struck by a rotated shock. Both computations were run
using the “standard” HULL differencing (method = 2), with no artificial viscosity. There are
three basic reasons why the results for the two computations are different from one another.
The first is that 8912.071 has a shock interacting with a stair step ramp, while 9001.181
has a shock interacting with a smooth surface. The second is that 8912.071 has a reflecting
plane upstream from the leading edge of the wedge, while 9001.181 has a wedge leading edge
simulated by a 90 degree corner in a rotated free stream. The earlier discussion concern-
ing differences in the reflected shock structure, corner expansion wave, and communication
around the corner is relevant here. The third difference is more subtle. Even though the
two computational grids were set up using the same cell sizes (Az = 0.1 cm) in the areas
of interest, the grid for the rotated shock appears to affect the computational shock as if it
had a lower resolution, more on the order of Az’ = Az/cos®. To be a valid comparison, the
computations for an orthogonally located shock striking a 30 degree wedge on a reflecting
plane and a rotated shock striking the bottom of a rectangular block must be compared
at topologically equivalent points. A new set of points, A3) through F¥, off the bottom
boundary of the rectangular block were defined. These points were positioned in such a way
that they were located at the same normal distances to both the incident shock and the bot-
tom surface of the rectangular block as were their A% through FX counterparts. Thus, all
shock arrival times and growing rates are directly comparable, except for differences caused
by the modeling techniques, which are the objects of this study. As with the true wedge
computations, the incident shock was started at a position 1.0 cm upstream from the leading
corner of the block, measured along the incident shock velocity vector. The leading corner
of the block was defined in the grid as position (0.0, 0.0). Table 4 shows the rounded-off

Table 4. BRL Points A3} - F for the Rotated Shock and Rectangular
Block Bottom Boundary, 30 Degree “Wedge” Computation

x-Position | y-Position

’l Position (cm) (em)

A% 0.6829 -0.6828

B}" 3.0483 -4.7797

C9 4.8223 -7.8524
D 7.7555 -0.4329
EX 9.2548 -3.0297
F 10.3793 -4.9774
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Figure 36. HULL122 Problems 8912.071 and 9001.181, Absolute Pressure
at Points A3 and A}{, Respectively.

coordinates for points A} through F3, which are kept the same for all of the computations
for a rotated shock striking the bottom surface of a rectangular block to simulate a 30 degree
wedge interaction.

Figure 36 shows the comparison between 8912.071 and 9001.181 for points A and
AR, respectively. There is a clear difference in the reflected shock passage after the incident
shock due mostly to the different curvatures of the computed reflected shocks, and a large
late time drop in 9001.181 which is due to the different fluid dynamic activity around the
leading corner. A careful study of the incident shock pressure rises will also illustrate the
greater diffusion in computation 9001.181 because of the nonorthogonal passage of the shock
through the grid. Figure 37 for points BX and By also shows a different reflected shock
passage. Figure 38 shows, as before, only the incident shock passage at points C3° and C.
Except for the incident shock pressure rise time, both computations are identical. Figure 39
shows the passage of the Mach stem at points DX and D}, with 8912.071 showing a delayed
arrival and more elevated early pressure than 9001.181, in a manner very similar to SHARC
computation 9002.12 in Figure 23. Figure 40 shows the pressure versus time for points E3°
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Figure 41. HULL122 Problems 8912.071 and 9001.181, Absolute Pressure
at Points F3 and FJ3°, Respectively.

and EX, with the same relative features as for points BX and BjY, but less pronounced
differences in the reflected shocks. Finally, Figure 41 shows the pressure versus time for
points F3° and F3?, again with the type of variations in the plots, except that 9001.181 does
not have the same reflected shock from a reflective top computational boundary as does
8912.071. Thus, the computation with the orthogonal shock on the stair step wedge and the
rotated shock on the rectangular block not only have distinct differences because of the way
the wedge surface and shock passage are modeled, they are also different because they are
actually solving distinctly different fluid mechanic problems.

e. SHARC Computations 9003.23 and 9003.121, and HULL122 9001.181

The primary purpose of this section is to allow a direct comparison of the use the
SHARC code in simulating a rotated shock striking a block, done in SHARC computation
9003.121, with the SHARC computation 9003.23 and the HULL122 computation 9001.181
as discussed above. The SHARC computation 9003.121 used the second order advection
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(method = 4) and no artificial viscosity, just as was used for SHARC computation 9003.23.
The leading corner (i.e., the lower left corner) of the rigid, nonresponding block was lo-
cated at point (0.0,0.0). The bottom and left boundaries were defined as continuous input
boundaries, where the shocked air having values of density and internal energy, and velocity
components corresponding to the incident shock at the desired rotation angle were input as
fixed values throughout the simulated computation time. The left boundary was located at
z = —22.0 em, and the bottom boundary was located at y = —40.0 em. The top trans-
missive (zero gradient) boundary was located at y = 30.0 cm and the right transmissive
boundary was located at z = 20.0 cm. For simplicity, all cells were fixed at Az = 0.1 em
and Ay = 0.1 em. Estimates of numerical wave speeds in this computational grid indicated
that the left and bottom boundaries were sufficiently far away from the block that no nu-
merical disturbances generated by reflected wave arrivals at those boundaries could return
to the points of interest during the desired computational time. Nonetheless, an additional
computation, number 9003.29, of this same problem but with the left boundary moved far-
ther out to z = —24.0 cm and the bottom boundary farther down to y = —44.0 em was run
as a test, with no change in results in the points of interest, thus verifying that 9003.121 was
a clean, valid computation.

Figure 42 shows the absolute pressure contours for the shock interaction for SHARC
computation 9003.121 with the wedge (rotated shock and block combination) at ¢ = 50 pus.
As with Figure 34, Figure 42 shows the interaction for a 30 degree wedge on the horizontal
bottom boundary of the rectangular block, and the interaction for the 60 degree wedge on
the left vertical boundary of the block which will be discussed later. shows the corresponding
density contours for the 30 degree wedge side of the block for 9003.121, also at ¢t = 50 pus.

The primary difference between HULL122 computation 9001.181 and SHARC compu-
tation 9003.121 is that 9001.181 uses the first order donor cell fluxing (method = 2), and
9003.121 uses the second order advection (method = 4) (see Table 3). Figure 44 shows the
absolute pressure versus time to t; = 300.0 us for point A3 on the 30 degree wedge side of
the block for the two computations, and the results for point A¥ from the smooth wedge
computation 9003.23 as a reference case that is the same geometrically as the EMI experi-
ment and STEALTH computation. Computation 9001.181 has a somewhat greater pressure
overshoot for the incident shock than does the comparable SHARC computation 9003.121,
with both computations giving nearly the same results at later time. Computation 9003.121
does have more high order oscillations after the arrival of the reflected shock, with slightly
lower pressure at late time. Both rotated shock computations show evidence of the different
reflected shock curvature and possible communication around the leading corner. This can
be seen clearly by comparing the results from the reference computation 9003.23, which was
for a 30 degree wedge on a reflecting plane.

Figure 45 shows the pressure versus time for the same computations for points B¥.
Here, the difference in the timing of the arrival of the reflected wave for the true wedge
computation 9003.23 for point B2 is distinctly different (i.e., much later, and with lower
pressure) from that for the two rotated shock computations at point Ajy. The SHARC
computation 9003.121 shows high order oscillations, but gives a solution that is similar to
that for the HULL122 computation 9001.181. Figure 46 shows the pressure versus time for
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the same computations for points C¥ and C¥. Except for the incident shock rise, there is
essentially no difference in the computations. Point CX does not show the reflected shock
arrival simply because it is only plotted to 250.0 us. Figure 47 shows the pressure versus
time for points D and D¥. As noted before, point D3 experiences only the passage of
the Mach stem. Figure 47 shows a slightly later arrival of the Mach stem for computation
9003.23, the reference wedge computation, than for either computation for a rotated shock
and block. This is additional evidence of different rarefaction wave generation at the leading
edge. Computation 9003.23 also shows the lowest late time pressure, but by a relatively
small amount. Figure 48 shows the pressure versus time for points EX and EY. Except
for a slight delay in the incident and reflected shock arrivals for 9003.23, the computations
are essentially identical. The same is true for Figure 49, which shows the pressure versus
time for points F2° and F. Here, neither computation for the rotated shock and island
block combination has a third pressure rise. That pressure rise in 9003.23 was caused by the
reflected shock from its reflective top boundary.
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Figure 50. SHARC 9003.23, HULL122 9001.181, EMI STEALTH, and the
BLAST2D Computations, Absolute Pressure at Points A3, A3 and A.

f. SHARC 9003.23, HULL122 9001.181, BLAST2D, and EMI STEALTH Com-
putations

This section compares the pressure versus time for points AX through F3° and A
through F3 for the high resolution computations SHARC 9003.23 and HULL122 9001.181,
which were discussed above, with points A through F for the low resolution EMI STEALTH

. . . 10 "
computai:ion,z'4 and a matching low resolution BLAST2D computation. " Additional compu-
tations, including comparable high resolution computations, were performed by Ms. Hisley,

and will be formally reported. ! The BLAST2D computation uses Roe’s approximate Rie-

mann solver 13 with a technique called Total Variation Diminishing 14 (TVD) to control the
generation of artificial new minima and maxima. Figure 50 shows the pressure versus time
for points A3, A and A for the four computations. Because computations 9003.23 and
9001.181 have already been discussed, the discussion here will be focused on the STEALTH
and BLAST2D computations, with the caution that in addition to the fundamental differ-
ences in the codes themselves, the z direction grid resolution for 9003.23 and 9001.181 was
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Figure 51. SHARC 9003.23, HULL122 9001.181, EMI STEALTH, and the
BLAST2D Computations, Absolute Pressure at Points BY, B}, and B.

Az = 0.10 cm, while the STEALTH and BLAST2D computations used Az = 0.25 cm.
Both the STEALTH and BLAST2D computations have relatively smeared incident and re-
flected shocks, primarily due to the lower resolution. The overshoot in the computation of
the incident shock for SHARC compuration 9003.23 is to 51.3 kPa, 12.3 percent above the
correct experimental value of 45.7 kPa; to 54.1 kPa or 18.4 percent for HULL122 computation
9001.181; to 49.8 kPa or 9.0 percent for BLAST2D; and to 47.7 kPa or 4.4 percent for the
STEALTH computation. The STEALTH, BLAST2D, and SHARC 9003.23 computations
all show similar late time trends in pressure, because all three simulated a 30 degree wedge
on a reflecting plane, while the late time drop for the HULL122 computation 9001.181 is
due to the different fluid dynamic effects initiated at the corner of the rectangular block as
it is struck by the rotated shock. The STEALTH computation was ended at approximately
153 ps.

Figure 51 shows the pressure versus time for the four computations at points B3°, B,
and B. This also illustrates an unresolved discrepancy in the reported position of point
B for the EMI STEALTH computation, which shows a much earlier reflected shock arrival
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Figure 52. SHARC 9003.23, HULL122 9001.181, EMI STEALTH, and the
BLAST2D Computations, Absolute Pressure at Points C, C3, and C.

than the other computations. Apparently, position B was either lower in the STEALTH
computation than reperted, or some unintended time shift was incorporated in the EMI plot
for position B. Except for the additional diffusion in the BLAST2D results, the agreement
with the higher resolution computation 9003.23 is good. The reflected shock for 9001.181
arrives early because of the corner effects noted before. Figure 52 shows the pressures for
the four computations at points CX, C¥, and C with little to note as unusual except that
both the BLAST2D and STEALTH computations show considerably less overshoot than
for point A%. This may be related to the relative proximities to the computational bottom
boundaries, but that issue has not been rigorously explored as of this time. All computations
show excellent late time agreement with the experimentally measured incident shock strength
represented by the straight line.

Figure 53 shows the absolute pressure versus time for the computations at points D3,
DY, and D, which experience only the passage of the Mach stem, and later the expansion
wave from the leading edge. Computations 9003.23 and 9001.181 show nearly identical
overshoots to 81.3 kPa, 1.1 percent above the reference value of 74.5 kPa; BLAST2D shows
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Figure 54. SHARC 9003.23, HULL122 9001.181, EMI STEALTH, and the
BLAST2D Computations, Absolute Pressure at Points EX, E}, and E.

an overshoot of 9.0 percent to 81.2 kPa; and the STEALTH computation an overshoot of
11.5 percent to 83.1 kPa, much delayed in time. The computations are similar at late time,
with 9001.181 having the highest pressure by a small margin.

Figure 54 shows the pressure versus time for the computations at points EX, EX, and
E, which first experience the passage of the incident shock, and then the reflected shock.
The computations are all similar, except for the diffusion in the low resolution BLAST2D
and STEALTH computations. The computations all show some level of overshoot in the
simulation of the incident shock absolute pressure of 45.7 kPa. Computation 9003.23 shows
the greatest overshoot at approximately 13.8 percent, followed by 9001.181 at 11.2 percent,
BLAST2D at 3.9 percent, and STEALTH at 2.8 percent. Figure 55 shows the pressure versus
time for the computations at points F-°, F3?, and F, which, like points E® in Figure 54,
first experience the incident shock, and then the reflected shock. The trends seen for points
F are similar to those already discussed for points E3, except for the final reflected wave

from the top boundary.
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g- SHARC 9003.23, 9003.30, and 9003.121 Computations

Another method that has been used to computationally simulate Mach reflection is
to strike a reflecting ground plane with a rotated shock, as shown in Figure 15. SHARC
computation 9003.30 was run with a continuous strip of island cells along the top boundary,
simulating an inverted reflecting ground plane. The air processed by the M; = 2.12 incident
shock, angled at 60 degrees to the horizontal, is continuously fed into the computational grid
through transmissive bottom and left boundaries. The thin strip of island cells was placed
along the top boundary to more clearly delineate the location of the reflecting surface. The
bottom surface of the strip of island cells is defined as y = 0.0, with a somewhat arbitrarily
located point near the center of that bottom surface defined as z = 0.0. The computation
was started with the shock intersecting the island strip at point (-1.1547,0.0), so that the
same initial normal standoff from a (0.0,0.0) point was used for 9003.30 as was used for all
other computations. This meant that a continuous oblique interaction of the shocked air with
the surface at z < —1.1547 occurred immediately at the start of the computation. The grid
resolution at the top boundary is Az = Ay = 0.10 em. Figure 56 shows pressure contours
for 9003.30 at 50 us. The incident shock I is the leading set of contours moving upward and
to the right, the Mach stem M is the shock moving to the right and perpendicular to the top
boundary, and the reflected shock R is the curved shock moving downward and to the right.
Note that the reflected shock becomes nearly planar at increasing distance from the triple
point. Figure 57 shows density contours for 9003.30 at 50 pus. The locations of points A%
through F? are shown in Table 5. The subscript “pt” stands for “planar top” to indicate

Table 5. BRL Points A3} - F for the Rotated Shock and Infinite Top
Reflective Boundary, 30 Degree “Wedge” Computation

x-Position | y-Position
ﬂ Position (em) (em)
IF A% 0.6829 -0.6828
B?f’ 3.0483 -4.7797
C¥ 4.8223 -7.8524
DX 7.7563 -0.4324
EY 9.2556 -3.0292
F 10.3801 -4.9769

that the perfectly reflective strip of island cells along the top boundary is used to simulate
the wedge surface.

As indicated earlier, while this type of interaction also produces the various types of
Mach reflection configurations if the shock strengths and angles are within their respective
bounds, analysis of flow parameters at comparable points in other configurations is required
to make definitive judgments on the fidelity of the simulation. The discussion below compares
the pressure versus time for points A3 through F3° (orthogonal shock and 30 degree wedge on
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a reflecting plane), A} through F3 (rotated shock on a rectangular block), and A3 through
F3 (rotated shock on an infinite reflecting plane). As before, the points A¥ through FY were
located at the same normal distances from both the incident shock wave and the “wedge”
surface as were their AY through F° counterparts. Figure 58 shows the pressure versus time
for points A2 , A%, and A} for the three computations. Because computations 9003.23 and
9003.121 have already been discussed in some detail, only the variations of 9003.30 with
respect to those computations will be discussed here. The incident shock arrival and rise
times are essentially the same for all three points, but 9003.30 clearly shows a much stronger
reflected shock arriving at a distinctly earlier time. This is due to the simultaneous, infinitely
long oblique interaction of the air behind the incident shock air with the top reflecting plane
at £ < —1.1547, which sends a strong compression wave in the positive z direction. The late

time drop in the curve for 9003.30 is most likely a boundary effect of some sort that is not
of interest here.

Figure 59 shows the pressure versus time for points B , B3, and Bjy. The nearly
identical incident shock histories are again evident. Computation 9003.30 shows a very
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strong, early arrival of the reflected shock. In fact, the three computations are showing
unequivocally distinct solutions at points B3, dependent directly upon the way in which the
interaction of the shock and wedge was approximated geometrically.

Figure 60 shows the pressure versus time for points C¥ , CY, and C{y. Computation
9003.30 shows a strong reflected shock arrival at approximately 194 us, while neither of the

other two computations show a reflected shock arrival during the 250 us time shown.

Figure 61 shows the pressure versus time for points DX , D¥, and DY. Points D¥
experience only the passage of the Mach stem. The Mach stem for 9003.30 arrives first,
followed by that for 9003.121 (the rotated shock and rectangular block computation), and
then 9003.23 (the 30 degree wedge on a reflecting plane. The pressures directly behind the
Mach stem are all similar, with 9003.30 slightly greater, which is consistent with its earlier

arrival. The pressure at late time for 9003.30 is again the highest.

Figure 62 shows the pressure versus time for points EX | E;’?, and E. Some small
differences in the arrival time of the incident shock are evident. Computation 9003.30 again
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shows an earlier arrival of a reflected shock that is stronger than in the other computations.

Finally, Figure 63 shows the pressure versus time for points Fo , F, and Fy, which
show similar behavior to that for points E* shown in Figure 62. Figures 58 through 63
illustrate clearly that while these geometric configurations all will produce Mach reflections,
they produce very distinct variations in the accompanying compression and rarefaction waves
because of the different fluid dynamics involved in each geometry. These different wave
interactions then drive the Mach stem and reflected shock in ways that are unique enough
that the choice of geometry must be made with caution. It is useful to emphasize again that
none of these geometries truly represent the Mach reflection of an idealized nuclear burst
above a ground plane, even in the absence >f thermal effects. Such an idealized nuclear burst
above ground starts its interaction with the ground plane w:th a normal shock reflection at
ground zero, followed by a transition to increasingly oblique shock interaction with increasing
ground range.
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2. The 60 Degree Wedge

The theoretical absolute reflected pressure for the simple oblique reflection 15 of an
incident shock I witi. an ambient pressure p, ahead of the shock, a pressure p; behind the
shock, and a wedge angle O is shown in Equation 4.

Gy =1)K—(y-1)
Pr= [(7—1)K+(7+1)] ’

(4)
where the constant K is defined for convenience in Equation 5 as

P + (p, — p1) 8in© .
j 41

(5)

As may be seen in Figure 1, regular reflection is expected for this combination of incident
shock Mach number and wedge angle. The peak reflected absolute pressure for the interaction
of the M; = 2.12 shock listed in Table 1 with a wedge of angle © = 60 degrees is p, =
150.3 kPa, excluding any effects from the interaction from a corner rarefaction wave. For
normal refleciion, the “wedge angle” becomes © = 90 degrees, so Equation 5 simplifies to
K = py/p,, and thus p, = 163.5 kPa, which is the expected value.

a. SHARC Computations 9003.121 and 9003.251, and HULL122 Computation
9001.181

Two of the computations for the interaction of the M; = 2.12 shock with the 60 degree
wedge have already been shown in earlier figures, but not discussed in detail. Figure 34
shows the absolute pressure contours for this 60 degree interaction on the left vertical side
of the rectangular block for HULL122 computation 9001.181. The contrast between the two
interactions shown in Figure 34 is immediately obvious. The 30 degree interaction shows a
clear Mach stem, as it should, but the 60 degree interaction does not, because this geometry
does not support Mach reflection and so is within the simple oblique regular reflection region.
Figure 35 shows the corresponding density contours for the 60 degree wedge interaction on
the left vertical boundary of the rectangular block for 9001.181. Similarly, Figure 42 shows
the absolute pressure contours for the interaction for the 60 degree wedge on the left vertical
boundary of the rectangular block for SHARC computation 9003.121. This also correctly
shows no Mach reflection. Figure 43, also discussed previously for the 30 degree wedge
results, shows the density contours for the 60 degree wedge interaction of the left vertical
boundary of the block for 9003.121.

Just as a new set of points, A} through F, were defined off the bottom boundary
of the rectangular block for a simulated shock interaction with a 30 degree wedge, so also
was another new set of points, Af’ through F$°. Here, the subscript “b/” indicates the
rectangular block left boundary. These points were positioned in such a way that they were
located at the same normal distances to both the incident shock and the left surface of the
rectangular block as were their A through F° counterparts. Thus, all shock arrival times
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and growth rates are directly comparable within the 60 degree wedge computations, again
except for differences caused by the modeling techniques. Table 6 shows the rounded-off

Table 6. BRL Points A% - FS for the Rotated Shock and Rectangular
Block Left Boundary, 60 Degree “Wedge” Computation

x-Position | y-Position
Position (em) (em)
-0.6828 1.6827
-4.7797 8.7787
-7.8524 14.1008
-0.4329 13.7497
-3.0297 18.2476
-4.9774 21.6212

coordinates for points A% through F°. These are kept the same for all of the computations
for a rotated shock striking the left surface of a rectangular block to simulate a 60 degree
wedge interaction.

To complete the set of cc nputations for the 60 degree wedge interaction, SHARC com-
putation 9003.251 was run with the M; = 2.12 incident shock traveling orthogonally through
a high resolution grid with Az = 0.10 cm in the area of interest. The wedge was simulated
by a combination of island and shore cells to form a smooth wedge surface resting on a
bottom reflecting plane, just as was done for SHARC computation 9003.23. Computation
9003.251 was run with the artificial viscosity option turned off (visc=0), and second order
advection differencing (method=4). A set of points, A% through F&, were defined with the
same normal distances to both the incident shock at the start of the computation and the
wedge surface as for A% through FX°. As before, the leading edge of the wedge was defined
as point (0.0, 0.0), with shock arrival at that point defined as ¢t = 0.0. Table 7 shows the

Table 7. BRL Points A% - F% for the 60 Degree Wedge Computation

x-Position | y-Position
Position (em) (em)

AY 0.25 1.7987

o 0.25 9.9925
Co 0.25 16.1379
D% 6.501 12.1241
E; 6.501 17.3178
F 6.501 21.2132

rounded-off coordinates for points A%’ through F. The slight positive offset of 0.001 cm in
z for points D% through F% was introduced to keep the hydrocode data station from being
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Figure 64. SHARC Problem 9003.251, 60 Degree Smooth Wedge, Absolute
Pressure Contours at 50 ps.

ambiguously placed directly on a computational cell boundary.

Figure 64 shows the absolute pressure contours for 9003.251, and Figure 65 shows
the density contours for 9003.251. Note that in contrast to the incorrect results shown in
Figure 11, there is no apparent numerical “shock” attached to the leading edge of the wedge in
any of the SHARC and HULL122 60 degree wedge computations during the early interaction
time of interest here. For completeness, it is important to note that at very late time after all
of the initial shock reflection effects have dissipated, probably several milliseconds, a weak
detached shock in the vicinity of the leading edge is theoretically possible. Table 1 shows
that the steady state flow behind the incident shock is just barely supersonic.

Although the computations look essentially the same if just the pressure and density
contours are studied, it is again instructive to examine the pressure versus time for a consis-
tent set of points in the flow field. Figure 66 shows the pressure versus time for points A
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and A% for the three computations for a 60 degree wedge interaction. The computations
all have essentially the same incident shock rise time (and initial overshoot) to the 45.7 kPa
level. This serves as a good check that the computations were indeed all started with the
same shock standoff and shock conditions, and all have the same definition of the location of
their respective A% points. There is, however, a noticeable difference in the arrival time and
rise time of the reflected shock. Computation 9003.251, which is for a smooth wedge placed
on a bottom reflecting boundary, shows a later arrival of the reflected shock and a higher
absolute pressure at late time than do either of the other two computations which were for
a rotated shock striking the leading corner of a rectangular block. This difference is due to
the geometric configuration of the curvature of the reflected shock from this leading corner, .
and the potential for fluid dynamic communication around it. This is best illustrated by a
comparison to Figure 44, which shows the absolute pressure versus time for the 30 degree
wedge sides of 9003.121 and 9001.181 with computation 9003.23 for a 30 degree wedge on a
reflecting plane. Both Figure 44 and Figure 66 show a later arrival of the reflected shock, and
a higher pressure at late time, although to different levels because of the different reflection
processes. None of the three computations in Figure 66 show the theoretical reflected plateau
pressure of 150.3 kPa expected for this oblique shock reflection. This is because of the very
close proximity of points A% to the leading edge of the wedge. The nearly immediate arrival
of the corner rarefaction wave provides rapid relief of the reflected pressure.

Figure 67 shows the pressure versus time for points B and B for the three computa-
tions for a 60 degree wedge interaction. Here, ‘ here is relatively little difference between the
computations, except that 9003.251 has a higher pressure at late time, and 9003.121 shows
the greatest amount of higher order oscillation in the reflected shock. Points B® experience
only the incident shock and the oblique reflected shock, while points B*® for the 30 degree
wedge see both the incident shock and the reflected shock that is part of the single Mach
reflection system. Points B® show late time pressure plateaus in the range of 113 kPa at
300 us for all computations, below the theoretical value of 150.3 kPa because of the leading
edge rarefaction wave.

Figure 68 shows the pressure versus time for points C and C% for the three com-
putations for a 60 degree wedge interaction. All three computations show nearly the same
incident shock interaction at early time. Points £3° show only the passage of the incident
shock from the single Mach reflection system during the 250 us computation time, but the
reflected shock should also pass at a later time. The computations for the 60 degree wedge
points C%, computed to 300 us, all show the passage of both the incident shock and then
the simple obliquely reflected shock at about 280 us. Arrival times of the reflected shocks
are nearly identical.

Figure 69 shows the pressure versus time for points Df’ and D0. The timing of the
incident shock arrivals is the same for all computations. Computation 9003.251 for the wedge
on the reflecting surface shows an earlier reflected shock arrival, and less of a reflected shock
pressure peak which may be due simply to a less severe overshoot and the different leading
edge effects. All three computations show a brief but clear pressure plateau of approximately
147 kPa, close to the theoretical value of 150.3 kPa, at around 136 us. Computation 9003.251
shows a slightly greater pressure at late time.
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putations, Absolute Pressure at Points Ejf and E%.

Figure 70 shows the pressure versus time for points E and ES. As expected, the
timing of the incident shock is essentially the same. The reflected shock for 9003.251 arrives
ahead of the reflected shocks for point EfP. The final pressures are nearly the same for all
computations.

Figure 71 shows the pressure versus time for points F® and F. The trends for points
F® are similar to those for points £, except that the arrival of the reflected shock is
essentially the same for all computations. After some differing amounts of oscillations, all
computations show the same pressure decay.

3. The 45 Degree Wedge

As may be seen in Figure 1, this combination of incident shock Mach number, M; =
2.12, and wedge angle © = 4, degrees suould be expecled v produce complex Mach reflec-
tion (CMR). Thus, the simple oblique reflection theory in Equation 4 does not apply. Here,
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the simple theory predicts a peak reflected pressure of 139.0 kPa, which is a useful piece of
information only in that it indicates that the actual reflection process, in the absence on
leading edge rarefaction wave effects, should be expected to produce a higher pressure.

a. SHARC Computation 9003.241 and HULL122 Computation 8001.031

Two main computations were run for the interaction of the M; = 2.12 incident shock on
a 45 degree wedge. SHARC computation 9003.241 was run with the incident shock traveling
orthogonally through a high resolution grid with Az = 0.10 cm in the area of interest.
The wedge was simulated by a combination of island and shore cells to form a smooth wedge
surface resting on a bottom reflecting plane, just as was done for other SHARC computations
such as 9003.23. Computation 9003.241 was run with the artificial viscosity option turned off
(visc=0), and second order advection differencing (method=4). Figure 72 shows the absolute
pressure contours for 9003.241, and Figure 73 shows the density contours for 9003.241. Both
Figure 72 and Figure 73 show the development of a Mach stem, but no clear evidence of
CMR development.

HULL122 computation 9001.031 was run with a rotated incident shock traveling through
a similar high resolution grid with Az = 0.10 ¢cm in the area of interest. The 45 degree
wedge was simulated by having the incident shock strike the corner of a rectangular block
with its major axes colocated with those of the grid. Computation 9001.031 was run with the
artificial viscosity option turned off (visc=0), and the default HULL differencing (method=2).
Figure 74 shows the absolute pressure contours for 9001.031, and Figure 75 shows the density
contours for 9001.031. Both Figure 74 and Figure 75 show the development of a Mach stem,
but no clear evidence of CMR development, just as for the SHARC computation. The two
figures also give a qualitative indication that the HULL122 computation is showing proper
symmetry.

Although the computations look essentially the same if just the pressure and density
contours are studied, it is again instructive to examine the pressure versus time for a con-
sistent set of points in the flow field. For this purpose, a new set of reference points A
through F2® are defined for SHARC computation 9003.241, and shown in Table 8. These
point positions are for a 45 degree wedge on a reflecting plane. The points were positioned to
satisfy the criterion that all computations for all configurations be started with the incident
shock 1.0 em upstream from either the leading edge of the wedge or the leading corner in the
block and rotated shock computations. The points A% through F35 were also positioned so
that they were simultaneously at exactly the same normal distances from the incident shock
front and the wedge surface as were their A2 through F3° counterparts for the 30 degree
wedge computations. Thus, incident shock arrival times can be directly compared, and any
Mach stem growth or lack of growth can be measured against the same relative position for
this wedge angle.

The same procedure was followed to define point positions Ajf through F4® for the
rotated shock and rectangular block computation simulating the 45 degree wedge interaction,
shown in Table 9. These point positions are for the block bottom boundary, but could also
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Figure 72. SHARC Problem 9003.241, 45 Degree Smooth Wedge, Absolute
Pressure Contours at 50 ps.

Table 8. BRL Points A% - F% for the 45 Degree Wedge SHARC Compu-
tation 9003.241

x-Position | y-Position
Position (em) (em)
AP 0.250 1.2153
By 0.250 7.0096
Ci 0.250 11.3550
D¥ 6.501 7.1122
E3 6.501 10.7847
i 6.501 13.5392
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Figure 73. SHARC Problem 9003.241, 45 Degree Smooth Wedge, Density
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Table 9. BRL Points Aff - F}¥® for the Rotated Shock and Rectangular
Block Bottom Boundary, 45 Degree “Wedge” Computation

x-Position | y-Position
Position (em) (em)
AS? 1.0364 -0.6828

k B 5.1333 -4.7797
Cy 8.2060 -7.8524

H: D 9.6252 -0.4329

ES [ 12.2221 | -3.0207
Fy | 141698 | 49714
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Figure 76. SHARC 9003.241 and HULL122 9001.031 Computations, Ab-
solute Pressure at Points A% and Af}.

be for the block left boundary if the values for the z and y positions were reversed, one for
one.

Figure 76 shows the pressure versus time for points A3 and A#} for the two computations
for a 45 degree wedge interaction. The computations have essentially the same pressure
versus time for the incident shock, except for the greater diffusion in 9001.031 for the reflected
shock, and the greater incident shock overshoot, also in 9001.031. The reflected shock for
9001.031 arrives slightly earlier than that for 9003.241. As noted above, the simple oblique
reflection theory in the absence of corner rarefaction wave effects predicts a peak reflected
pressure of 139.0 kPa, which for this configuration should be below the actual peak value.
The computed peak, excluding the estimated amount of overshoot, is approximately 92 kPa
before the start of the general drift upward in value. This lower than desired value is due
to a combination of numerical diffusion and the nearly immediate arrival of the rarefaction
wave from the leading edge (or corner) of the simulated wedge. The late time pressures are
nearly identical, reaching 103.1 kPa by 300.0 us.

Figure 77 shows the pressure versus time for points B’ and Bff for the two compu-
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Figure 78. SHARC 9003.241 and HULL122 9001.031 Computations, Ab-
solute Pressure at Points C2> and C}}.

tations for a 45 degree wedge interaction. The computations show similar behavior for the
incident shock to that for points A%5. The reflected shock for 9001.031 shows more diffusion
and a somewhat earlier arrival time. The pressures at late time are nearly identical, reaching
93.3 kPa at 300.0 us. Figure 78 shows the pressure versus time for points C!* and C#. It
shows similar behavior to that for points B4,

Figure 79 shows the pressure versus time for points D and D§, which should see a
complex Mach reflection only, or at least the beginnings of it. It is particularly interesting
because both computations do show a double peak in pressure which is characteristic of
complex Mach reflection at around 100 us. The Mach stem for 9001.031 arrives just before
that for 9003.241.

Figure 80 shows the pressure versus time for points E4* and E#}, which should expe-
rience first the incident shock passage, and then the reflected shock passage. Note that the
incident shock for 9001.031 arrives earlier than for 9063.241, but that 9003.241 has the earlier
arrival for the reflected shock. arrives eaclier. Finally, Figure 81 shows the pressure versus

time for points F% and EJ, which, like points E*%, show the incident shock passage and
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then the passage of the reflected shock. The respective shock arrivals are nearly the same
for both computations.

II. Conclusion

The amount of data presented in this report is of such volume that a detailed summary
of all results here is impractical. Nonetheless, at least some feeling for what has been
demonstrated here may be obtained by summarizing the results for points E, which show
virtually all of the various phenomena within the set of variations explored here. Although
the direct passage of the Mach stem, if it exists, typically does not occur for points E,
the passage of the reflected shock occurs relatively soon after the Mach stem has passed
underneath the point. These results are summarized in Table 10 for the 30 degree wedge for
which a Mach stem occurs, Table 11 for the 45 degree wedge which also generates a Mach
stem, and Table 12 for the 60 degree wedge which does not generate a Mach stem, each
with variations noted relative to a specified reference computation for that simulated angle.
As before, there is no implication that the choice here of a computation as a reference is

necessarily an endorsement that it represents a recommended best way of solving this fluid
dynamic problem.

The apparent attached “shock” at the leading edge of the 60 degree wedge in the EMI
STEALTH computation is an unexplained anomaly in either the STEALTH computation
itself, or, less likely, in the associated contour plotting utility. Neither the HULL122 nor
SHARC computations indicated a similar phenomena. Theory clearly indicates that an
attached shock should not develop during this interaction at this early time, and would have
only a marginal chance of existing at later time because of the very weak supersonic nature
(local Mach number M = 1.0275) of the flow behind the M; = 2.12 incident shock. It is
possible that the problem in the STEALTH computation was simply a boundary definition
problem. STEALTH is a Lagrangian code, with parameters defined at computational cell
vertices. It may be that the vertex at the wedge leading edge was mathematically overdefined
in an unsuccessful attempt to satisfy both the flow boundary conditions for the inclined
wedge plane and the horizontal plane upstream from the wedge. Both the SHARC and
HULL122 codes were capable of doing the problems presented to them, with an advantage to
SHARC because of the added versatility made available by the shore cells. The new SHARC
differencing (method=4) seemed to have as many negative aspects as positive aspects. It
generally shows too much high order noise unless artificial viscosity is invoked, making its
advantage over the older differencing (method=2) without using artificial viscosity almost a
matter of preference rather than substance.

The use of pressure or density contour plots alone, or variations on them, in compar-
ison to shadowgraphs to determine the validity of a given hydrocode solution constitutes
a necessary but not sufficient conditional test. It has been demonstrated here that com-
putations which produce pressure and density contour plots that superficially appear to be
nearly identical can have distinctly different pressure histories at comparable points. It is
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Table 10. Summary of Results for Points E for the 30 Degree Wedge

PROBLEM,
WEDGE, REF. | WEDGE INCIDENT REFLECTED
SHOCK COMP. | ANGLE SHOCK SHOCK
9003.23, -
SHORE, Ref. -
ORTHOGONAL | Comp. 30 -
9001.071, Arrival: Early Arrival Same
STEP, Early Pressure: Low | Early pressure: Low
ORTHOGONAL | 9003.23 30 Late Pressure: Same | Late pressure: High
9001.181, Arrival: Early Arrival: Early
BLOCK, Early Pressure: Low | Early pressure: Low
ROTATED 9003.23 30 Late Pressure: High | Late pressure: High H
9002.12, Arrival: Same Arrival: Early
STEP, Early Pressure: Same | Early pressure: High H
ORTHOGONAL | 9003.23 30 Late Pressure: Same | Late pressure: Same
9003.121, Arrival: Early Arrival: Same
BLOCK, Early Pressure: Low | Early pressure: Same
ROTATED 9003.23 30 Late Pressure: Same | Late pressure: High
9003.26, Arrival: Same Arrival: Early
SHORE, Early Pressure: Low | Early pressure: Low
ORTHOGONAL | 9003.23 30 Late Pressure: Same | Late pressure: Same
9003.27, Arrival: Early Arrival: Early
SHORE, Early Pressure: Low | Early pressure: Low
ORTHOGONAL | 9003.23 30 Late Pressure: High | Late pressure: Same
9003.28, Arrival: Early Arrival: Early
SHORE, Early Pressure: Low | Early pressure: Low [l
ORTHOGONAL | 9003.23 30 Late Pressure: High | Late pressure: Same
9003.30, Arrival: Early Arrival: Early
PLANE/TOP, Early Pressure: Same | Early pressure: High ﬂ
ROTATED 9003.23 30 Late Pressure: Same | Late pressure: High
BLAST2D, Arrival: Late Arrival: Late
WEDGE, Early Pressure: Low | Early pressure: Low “
MAPPED 9003.23 30 Late Pressure: Same | Latc pressure: Same
STEALTH, Arrival: Late Arrival: Early
WEDGE, Early Pressure: Low | Early pressure: Low
LAGRANGE | 9003.23 30 Late Pressure: High | Late pressure: Same
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Table 11. Summary of Results for Points E for the 45 Degree Wedge

PROBLEM,

WEDGE, REF. | WEDGE INCIDENT REFLECTED

SHOCK COMP. | ANGLE SHOCK SHOCK J

9003.241, - -

SHORE, Ref. - -
ORTHOGONAL | Comp. 45 - -

9001.031, Arrival: Early Arrival: Late

BLOCK, Early Pressure: Same { Early pressure: Low I

| ROTATED 9003.241 45 Late Pressure: Same | Late pressure: Same

Table 12. Summary of Results for Points E for the 60 Degree Wedge

PROBLEM,
WEDGE, REF. | WEDGE INCIDENT REFLECTED
SHOCK COMP. | ANGLE SHOCK SHOCK
9003.251, - -
SHORE, Ref. . . |
ORTHOGONAL | Comp. 60 - -
9003.121, Arrival: Early Arrival: Late
BLOCK, Early Pressure: Same | Early pressure: High
ROTATED 9003.251 60 Late Pressure: Same | Late pressure: Low
9001.181, Arrival: Early Arrival: Late
BLOCK, Early Pressure: Same | Early pressure: High
ROTATED 9003.251 60 Late Pressure: Same | Late pressure: Low
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well known that shock wave arrivals, rise times, and strengths are functions of computational
grid resolution, differencing techniques, and imposed artifices for the sake of stability such
as artificial viscosity. This study has added some quantitative measure to their effects. This
study has also quantified the different fluid dynamic phenomena associated with the various
geometric configurations used to computationally simulate Mach reflection. Each geometric
configuration studied here has its own unique set of secondary expansion and compression
waves which respectively shape and drive the primary Mach and reflected shocks in ways
that must be evaluated carefully. None of the geometries discussed here exactly match a
complete Mach reflection fluid dynamic wave system from even a highly idealized burst of a
nuclear device above ground.
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