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o GENERAL DISCUSSION )
% Science Applications, Inc., has utilized the family of J
Flux-Corrected Transport (FCT) algorithms at NRL to model g
® thve airblast produced by nuclear and non-nuclear events. i
:3 The FCT algorithms combine low order numerical integration i
:: schemes which are non-dispersive with high order schemes ‘
._‘ that are non diffusive. The net effect is to i
significantly improve the solution of flow fields with
3 sharp gradients. j
_.. The one-dimensional code can be configurated for

'4 cylindrical, spherical or planar geometries. This code is

E primarily used to generate the flow field from spherical

®

high explosive charges. The two-dimensional code is a

cartesian or cylindrical code. Both codes use the same

FCT algorithm. The three-dimensional code, however,

\. employs a leap frog FCT scheme. It is not as accurate but ’
3 runs a factor of two faster on a computer. :
One and two-dimensional simulationg of PBX 9404 were

_5_‘ completed and comparisons made with data. Appendix A

"' details the results. A two dimensional calculation

: approximating an infinite plane of explosions was

® completed and is reported in Appendix B. The limitations

and comparisons of both nuclear and non-nuclear events are

outlined in Appendix C. When blast waves occur over dusty

.,o surfaces there is significant transport of the dust.
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Appendix D reports the_results of research into the dust
and shock interaction. Finally, an attempt was made to
approximate the gas dynamic equations through power series
expansions for the case where a planar shock encounters a

wedge. Appendix E explains the analysis.
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ADAPTATION OF FLUX-CORRECTED TRANSPORT ALGORITHMS
FOR MODELLING BLAST WAVES

:
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Blast wave phenomena include reactive and two-phase flows associeted
with the motion of chemical explosion products; the propagation of shocks,
rerefaction waves, and contect discontinuities through a2 nonideel mediun
(real air, possibly thermelly stratified and containing dust and water
vapor); and the interection of the blast waves (including boundary layer
effects) with structural surfaces. Flux-Corrected Transport (FCT) represents
ar accurate and flexible class of methods for solving such nonsteady
compressible flow problems (Boris and Book, 1976). Coupled wiih a
nondiffusive adaptive gridding scheme (Book, et al., 1980; Fry, et al.,
1981), it enables complex time-dependent shocks to be efficiently
"captured,"

In models which treat ell the physical effects reguired for blast wave
simlation, truncetion errors inherent in the underlying finitesdifference
scheme are exacerbated by nonlinear coupling between the fluid equations and
by the greater complexity of the phenomene being similated. Typical of these
errors are the "terraces" which develop under some circumstances on the
flanks of sloping profiles when the growth of ripples due to phase errors et
short length scales is terminated by the action of the flux limiter. Two
approaches are possible toward eliminating them: improving the short-
wavelength phase and amplitude properties of the underlying algorithm, and
switching on additional diffusion locally. Te latter approach folds
informetion about the shape of the profile and the nature of the physicel
process taking place (e.g., rarefaction) into the switch criterion, thus
changing the FCT technique from a "convective equation solver" to a "fluid
system solver." In doing this, care mst be taken to avoid losing the
accuracy, robustness and problem-independence which constitute valuable
attributes of FCT algorithms (Book, et al., 1981).

Tests carried out on scalar advection of simple density profiles by a
uniforn flow field show that terracing does not require either diverging
velocities or discontinuities in the profile, but appears typically (for v >
0) where the first and second derivatives of density have the same sign
(Fig.1l). In order to improve the properties of the basic difference scheme,
wve propose a newv algorithm for integrating generalized continuity equeations
over a timestep 6t. Consider the following three-point transport scheme:

Py =09 = n(p9yy = p_y) + x(634y - 205 + 6515

By = By - 865, = p5_q) + AMG4y = 265 + 05_1);

pg = SJ - U(¢J+l/2 - ¢J_1/2)’

wvhere N .
®541/2 = Pye1 = Pye

R - WA
(Y

an’
3
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The arrays {93} and {p?} are the old and new densities, Sj and 5, are

temporary intermediate densities, and n, 6, x, A, and u are velocity-

dependent coefficients. Here x and ) are diffusion coefficients, and u is

the antidiffusion coefficient. In the actual algorithm, ¢i+,/9 is corrected
u‘n

(nence the name FCT) to & value ¢3+1/ chosen so no extrema in bj can be
enhanced or new ones introduced in Pye Previous FCT algorithms had 6 = 0;

the widely used ETBFCT and related algorithms (Boris, 1976) have ir addition
K = 0, If we define pJ to be sinusoidal with wave number k¥ on a mesh with
uniform spacing 6x, so“that pg = exp (iJB) where B = kéx, ther the new

density array satisfies
p?/pg = A= 1-2i(n+0)sinB +2(k+A) (cosB=-1)

- 2u(cosB8=-1) [1-2insinB+2k(ce -2)].

From A we ian determine the amplification a = A and rel: _:e phase error R =
(1/eB)tan™ (-ImA/ReA)-1, where € = v&t/6x is the Courap umber.
Expanding in powers of B we fin

a=1 + “28 + ahah + q686 + 4 e e

R=Ry+Ry82 + R + R8O+ . . . .
First-order accuracy entails making R, vanish, which requires that n + 8 =
€/2. Second-order accuracy (ay = 0) implies that uw = x + X - €°/2.
Analogously, the "reduced-phase-error" property Ry =0 (Boris and Book,
1976) determines u = (1-€2)/6, thus leaving two free parameters. One of
these can be used to meke R, vanish also. The resulting phase error R(B8)
is smll not only as B + 0, but also for larger velues of B, corresponding to
the short wavelengths responsible for terraces (Fig. 2). The remaining )
parameter n can be chosen to relax the Courant number restriction needed to
ensure positivity from € < 1/2 to € < 1. When coded, these changes
necessitate a smll increase in the operation count of ETBFCT along with a
small increase.in overhead to precalculate the two new arrays of velocity-
dependent transport coefficients. On advection tests, the new algorithm
completely eliminated terraces (Fig. 3). When applied to the coupled systems
of gas dynamic equations, it produced profiles which closely approximete the
Riemann solution of the exploding diaphragm problem (Fig. L4).

The second approach uses a rarefaction flux limiter (RFL) to eliminate
numerical ripples in strong rarefaction waves. This approach is physically
motivated. Raw anti-diffusive fluxes ¢ +1/2 &re limited so that
the slope of local flow field profiles Aecays with time in a rarefaction
wave, In effect, additional diffusion is left in the field to maintain
monotonicity of local slopes. For multi-material calculations a "contact
surface sensor” is needed to detect physical discontinuities and shut off the
RFL loecally.

In addition we found that some care was required when applying
generalized continuity equation solvers to a system of equations. Truncation
errors of the various equations can interact, causing undershoots or
overshoots in nonconvective quantities such as pressure. We found that it
was necessary to monotonize derived quantities (pressure, velocity) before
using them in minimal-diffusion transport algorithms.

)
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The above methodology has been applied to & series of test protlems .ﬁ
initiated by a sphericel high-explosive (KE) detonation ir air. An ideel N
Chapmen-Jouguet detonation was used to specify the initiel czonditions; Cj
afterburring was neglected. 1In the absence of reflecting surfeces, e
sphericel symmeiry is meiniasined and the calculation remesins one- —
dimensional., A nonuniform radial grid was used with extremely fine zoning L
near the shock front. The grid was moved so that the shock remeined fi
approximetely fixed with respect to the mesh. The originel versior. of the g
FCT elgorithm gave rise to pronounced terraces in the rarefaction region. AL
This would heve rendered amy two-dimensional calculation involving shock e
diffraction or nonideal effects dubious. The technigues described here ia

improved the blast wave results considerably. The decrease in phase error
reduced terracing dramatically. '

Next, a two-dimensional (2D) numericael calculation was performed to
similate one of Carpenter's (197L) height-of-burst experiments which used
spherical 8-1b. charges of PBX 9LOL at 51.6 cm. The previous fine-zoned 1T
calculation was used to initielize the problem. It was mepped onto the 2T
grid jJust prior to the onset of reflection. The solution was ther advanced
in time, with pressure being calculated from & real-air equation of stete and
e JWL equation of state for the combustion products. The front of the blast
wave was captured in a finely gridded region which moved outwerd horizon-
tally. Special care was taken to ensure that the grid moved smoothly. The
resulting solution, particularly the curve of peak overpressure vs. range,
was consistent with Carpenter's experimentel date (Fig. 8). Although this
calculation represents a reasonable accurate simletion of the double-Mech-
stem region, no doubt improvements can and will be made to numerically wodel
such phenomena.
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APPENDIX B
CONVERSION OF A CYLINDRICALLY CONFINED SURFACE
EXPLOSION INTO A ONE-DIMENSIONAL BLAST WAVE
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CONVERSION OF A CYLINDRICALLY CONFINED SURFACE EXPLOSION
INTO A ONE-DIMENSIONAL BLAST WAVE

I. ZIKTRODUCTION

Ir connection with the Dense Pack (Close-Spaced Rasing) scheme, it has
been pointed out by Latter <hat surface environments following & mul<iburst
attack could be considerably more difficult to survive tharn those resulting
from single bursts. tonation simultaneocusly over all the shelters of &
closely spaced arrey surrounds the vicinity of an individusl shelter with “ighr
pressures, allowing the explosion to vent orly in the upward direction.

Hence, at least in the interior of the arrey, extremely high pressures are

maintained for longer times, with the result that totel impulses applied to

ground stiructures are much greater than for a solitary explosion.

tter proposed considering the following idealized situation: identical
explosions are initiated simultaneously in an infinite regular hexagonal array
at (or near) a uniform.levelvplane surface (Fig. 1). Construct a vertical
plane transverse to the line cénnecting every pair of neighboring centers, at
the midpoint of the line. By symmetry, the six planes surrounding an
explosion represent perfectly reflecting surfaces and together form a
hexagonal parallelepiped (a cylinder having hexagonal cross section) with a
verticel axis., This in turn can be approximated as & right circular cylinder

with the same axis and cross sectional area. A two-dimensional r-z code can

be used to solve this idealized problem for surface and air bursts. It is
clear, however, that asymptotically the flow becomes one-dimensional, evolving

into a shock tube solution. In the 1limit where this asymptotic state has been

Manuseript approved November 9, 1982.
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reached and where many weapon masses of air have been swept over, the one-
dimensional form of the Sedov roint btlast solution should apply. The
pressure on the ground as a function of ¢time t is given by

w o 2/2 1)

Pp=k 00'9 At ’
o

vhere po is the air density, W is the weapon yield, A is the cylinder area,

and x is the function of the adiabatic index Yy which is < 1, This is tc be
compared with the corresponding result for the case of a spherical free-field

expansion, which is of the form
P=k s Lp—°§3) (2)

As may be seen, the pressure given by Eq. (1) decreases in time more
slowly than that of Eq. (2). Although the idea behind this so-called "bomb-
in-a-can" model is simple and transparent, it leaves several important
questions unansvered, TFirst, how long (how many shock reflections) does it
take to reach the asymptotic state, i.e., when does Eq. (1) become a good
approximation? Second, to what extent is the prediztion (1) dependent on
idealizations of the model, e.g., perfect symmetry, perfect simultaneity,
neglect of scouring and entraining of dust, etc? ™inally, what are the long-
term tactical conseguences in this model of a multidburst scenario--
specifically, what can be said about the shape of the plume produced, how ruch
dust is raised up and where does it go, what sort.of turbulence is
established and what are the consequences for radar transmission, etc?

In this report we describe a calculation which was carried out to
investigate the first question, regarding the approach to the one-dimensinnal

solution. We have used a version of the DNA one kiloton (l-k*on) standard %o

-
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initialize a surface burst equivelen:t to 18 sceled megatons (Mior) ir & [ |

f cylinder of radius 900 feet. We find that the flow is close <0 on2- -
{ dimensionel after ~20 ms (the time required for the tlast tc reflec: frorm -he :
ot cylindricel wall and return to the origin, consideratly less thar might nzve ;
been expected. g

In the following section we describe in detail the calculations and the

results obtained, and conclude with & brief discussion of what we intend <c ic
in follow-on work.
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2, TWO DIMENSIONAL CALCULATION

The development

of the explosion can be viewed in terms of four stages.

These are (1) the spherical free-field expansion prior to reflection a% the

outer boundary; (2) multiple distinct reflections off both boundaries, during

which the transition

v

to one-dimensional flow “z2kes place; !3) approximetely

one dimensional expansion after reflecting gas-dynamic discontinuities are nc

longer discernible; !

finite extent of the
not contained in our
air contained within
and its constituents

teen made to improve

L) a gradual transition to three—dimensional flow as the
array communicates itself to the interior. Stage (1) is
model; since the weapon mass greatly exceeds the mess of
the initial explosion radius, the nature of the weapon
ought to be important in this stage, but no attempt has

on the realism of the l-kton standard. Likewise, stage

(L) is absent from the model (but see remarks in our concluding section

below). Instead, we attempted to model stages (2) and (3).

The calculation was performed with 100 zones, each 10.2 cm in width in

the radial direction,

and 100 zones in the axial direction, 00 of which were

20.4 cm in length and the final 10 of which geometrically increased bty

increments of 11% (Fig. 2a). The final grid size was 10.2 m by 22.Lb m. An

equivalent 18 Mton surface burst was achieved by inserting values of densizy,

energy, and momentum scaled from the 1 kton standard. 3ince values of the 1

ton standard were only available from 10 meters {(an 18 Mton surface burs:

scales to about eight

reflection), we creat

meters after we double the yield to account for surface

ed ini%ial profiles by increasing the dJensity, intermal

energy, and momentum by a factor of l.4. As a result the initial energy was
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p )

B

N o 3.1 x 101° ergs and the mass was 8.2 x 106 g, 3deposited into e hemisphere of

’ !

s 10 m» radius. The effect of this scaling was to similete the initisticn ¢f arn

3 =]
: o
) event with the appropriate yield and weepcn mess, but with profiles (as & X
(' ’ “unction of distance frorm the burs: site) which were not correct in detail, .1
‘ 3 3 ..
3 During the early phases of <the problem they must give rise to discrepant

4

\ > 3 s 3 £ ] s

i) behavior, but at later times this presumebly becomes insignificant.

ey -

® ™e numerical simulation was performed using the KRL FAST2T code which
utilizes the latest version of Flux Corrected Transport (FCT). The code was

essentially the same configuration used previously for 10L-f¢ end 50-ft l-kton

P
| RICRPINTIO 4 AP

.o HOB calculations. A reflection condition was imposed on the left and bottom
BN

19

: boundaries, as before, and on the right-hand boundery es well., 1In addition <o
]

: the diagnostics employed previously, we introduced several devised

_ & specifically for this problem.
: Figure 2b shows plots of the initial profiles of the mass density,

J velocity, pressure and energy density. Note that all of these variebles
\' achieve their maxims at the leading shock. 'Ib‘ convert these profiles into

&

¢ their counterparts for the 18 Mton case, it is necessary to dilate by a factor
X | of (900 ft/10 m)!/3 = 27,4, Likewise, the time scale has to be expanded by
P ¢ the same factor.
\ The reflection of this initial blast wave from the outer radius of the
® can and the subsequent evolution of the system are depicted in Fig. 3. Tis
shows pressure contours and velocity vectors plotted at intervals of 100

: ) cycles (approximately 30-50 us). Although the time intervals vary beceuse of
- o the changing time step, these plots are in & sense equally separated in terms
" of the "total change" in the system, because when flow and sound speeds are
tr~

| &
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large the timestep decreases, and vice versa. Note how rapidly the reflected
shock propagates to the left; almost invisible at cycle 201, it is nearly
halfway across the mesh at cyéle 301. It travels upward almos®t as rapidly,
reaching an altitude of 10 m by cycle 601, By cycle B0l it appears 4o have
overtaken the primary shock weve, which is considerably distorted after cycle
15C1. ©On the right hand boundary the reflecticn, which is initially reguler,
gradually converts to Mach reflection. This development is of course
analogous to the transition to Mach reflection observed in the HCR cased. It
is hard to see exactly when <ransition occurs, but a Mach stem is clearliy
visible in the pressure plots at cycle {(40) and thereafter. If we examine
Carpenter's results regarding the boundary between regular and Mach reflection
in real air at Mach numbers M > 10, we see that the angle at which transiticn
occurs depends on M only weakly and is approximately equal to h5°. The Mach
stem ought thus to have first formed around cycle 701 to 801, but the region
of reflection is nct sufficiently well resolved to show it.

In Fig. L another view of the same time sequence is shown. These sur‘ace
ﬁressure plots are particularly well suited for showing shock and rarefaction
wvaves propagating through the sytem. Since the pressures ar= interpolated
onto a regular mesh before plotting, peak values are lowered by as rmuch as a
factor of two. This reduces contrast somewhat and makes some features appear
to move up and down erratically in time, but the overall morpholcgy is very
clear. Ve see, for example, how the shock reflected radially from the origin
appears to run out of gas at about cycle 301, vhile a train of waves
reverdberates down from the top. One of these finally reaches the raldiall.y-
propagated ground shock at about cycle 1801 and degins %o push it along.

Throughout this time the pressures in the lower right corner of the system




B -_ il i'; Ll r\.r;‘r." ..r\' ..v..v‘.‘ .r4 L e A ‘w,r".—w."‘ ;—',“—" .‘_ -:g "' .‘r.-'—’ g P o sk i ..'—.'- .-v-.r"."‘ .r-'. .-. -

‘ty
(o]
'y
ct
3
(14
mn
ul
ot
1]

1

remain low. Meanvhile, the shock front rising toward the <o
which is madly churning around at cycle 1201, becomes smoother as shocks
vpropagate back down from it.

Figure 5 shows the pressure recorded at & series of sensors locate?d
across the bottom of the can, ranging from the burs:t center (&' tc the outer
edge (2). Note that, zlthough the initial profiles have a sharp
diszontinuity 2% the leading edge, the pressure peak &t sensor £ takes aboutl
TO0 us to build up to the meximum. This is ebout a hundrec times as “ong es it
takes the shock to propagate across one zone. It is, however, nct out of
line with the time reguired for the air behind the shock (velocisty 1.5 x 1!

cm/s) to cross a zone, about 7 uws. The density (and other fluid wvariabl

{4
(0]
—~

~—

can build up to their post~reflection values when the air from (y+1)/(y-1
= 10 cells has been compressed into the cell closest to the wall,
Using Carpenter's" reflection factors for normelly incident shocks,‘we
celculate that the free-field pressure, initially 3.5 kbar, should reflect up
to ebout L0 kbar, which is to be compared with the value of 25 kbar we
actually obtained. If we look at sensor§ closer to the burst site, we see
tﬁat the pressure peaks get continuously sharper, finally turning into en
almost discontinuous spike at the origin, as the imploding shock attempts to
develop into a singularity.
The information in these pressure histories is capsulized in Fig., 6,
which shows the maximum pressure recorded during the course of the celenulation
as a function of sensor location. Note that the peak at r = 0 is nearly as
high as that at the periphery, in cont;ast with resulits reported by Bratt S,
This mey be attributable to the lower resolution he used, or to the greater

numericel dissipation in the HULL code. Only one peak was detected at each

s .
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sensor location. Our calculation was run for less than 1 ms, or (scaled to 18 .{
Mton) rather less than the 30 ms Pratt required to see a second peak at the

periphery when the re-reflected shock impinges there; <+he two calculations

&
are thus not inconsistent in this regard,
The approach to one-dimensional motion may be inferred from the contour
plots of Fig. U4, where it is seen that the leading edge of the upward- .
propagating blast wave becomes more and more horizontal, and from the velocity
vector plots of Fig. 3, which show that the flow becomes increasingly vertical
and that velocities well behind the upper front tend to die away. A more PY
quantitative comparison is possible if we compute the average pressure on the
bottom, R
or [ p(r,0)rdr 4
- 0
P =—x (3)
S 2% f rdr
0
as a function of time, The result is shown as the solid line in Fig. 7. For
o

comparison, formula (1) has been added (broken line), using yield W = 1.k kton
and area A = 1007 m2, with v = 1.2. The agreement between the two is
striking, particularly since we expect to observe it only asymptotically. It
is clear that the one-dimensional approximation becomes valid very early,
probably because the reverberating shocks behind the leading front of the

blast propagate so rapidly in the hot medium.




5 3. CONCLUSIONS

PSPV BRSNS 4 DL

We have successfully modelled the "bomb-in-a can" using FAST2C, & genera.-

purpose code which required no special modificatiorn for this problem.

mesh in the verticel direction.

Cur results show that the asymptotic one-dimensional state is approached

very rapidly, apparently because the miltiply reflected shocks propagate mch
faster than the original blast wave. Two or three refllections across the
radius of the system effectively equilibrate the flow and relax it to & state
of vertical expansion. The simulation reveals a complex pattern of
reverberations, with reflectiqn‘occurring off all the boundaries and regions
where conditions are highly monuniform.

A number of modifications are required to make these results'applicable to
an actual tactical situation. Perhaps the most important is the inclusion of
:: dust scoured up from the ground and entrained in the wind fields following the
- Py blast. A realistic description would require not only that the dust mass load
" the air, but that air and dust be permitted to exchange momentum ani energy.

- The bottom boundary conditions should also be changed to model the energy that
< goes into cratering and scouring.
Ef If the calculation is to be continued to late times, atmospheric

. stratification should be included. The effects of water vapor and turbulence

e e A N T e T T AT T T, L
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ﬁ should also be modelled. Also, venting of the explosion in the horizon:al )
direction (in the case of an RV exploding near the edge of & Sinite-sized
array of shelters, or for an explosion in the interior of the arrey which has
begun to feel the pressure in the outer explosions drop as they vent outward) ®
can be modelled by having the radius R increase as a function of height. Of
course, airblast situations in which the explosion originates above the ground
can also be investigated (in which case Mach stems could appear on the ground o
as well as the sides of the system). -

Although some of these extensions require nontrivial code modifications,

®
there is no reason in principal why the present results could not be augmented
and refined greatly by additional calculations.
L)
: 4
»
- .
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Fig. 1 — Schematic of unbounded hexagonal array of shelters with 1800 ft
- separations on a perfectly reflecting plane. Shown is the cross section of the
hexagonal parallelpiped formed by the planes bisecting the lines connecting
a given shelter with its six nearest neighbors (reflection planes), along with
the coaxial cylinder having the same cross sectional area.
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SHOCK ONE DEE C2DE CYC_E = (.00s:'3 °C
c
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g.00e10 ©
1.72050 %
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2.04030 °

1.05010° " /1'

t.3a01p" "
2.04e10 ° : ‘
H

PRESSURE '

1.91e18 ¢

[ . . . ]
8.00:10 RADIUS - CM 1.2000L

DENSEPACK |B MECATON BURST

Fig. 2(b) — Profiles used to initialize calculations (modification of the 1-kton standard ).
Velocities are directed radially outward from burst site at origin.
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36




AR L4 A P J<-1.41-
DONEIND | AENOSIILEAS SR

........

T

|

1
W
!
'
t

CENSEPACK

n. .
g S
2 _ g
2, 8 .
= ¢ 2 2 —+ 8 :
a . 3
2 ' g o
< * ¥
m. ~ m ‘
[*] ﬂ c—— O N ....
£ = - 24 5
o =5 = m A N
N E— === =
Ea . _ £ ” .\..q
c .8 N et S c.a
- gy A I g ‘o
n = oy P oL
e SR 5 T - 2 X
" e avnpinpuiuetpuep et i = " s w £ K
Z . e © 3 a e o3 - I
' . et y ‘- g ————— - —= . .w ™ 5
a - e _m. 2 « | Nm * “
. — oo @ O S - -
e -h % —— oy
w9 b Bl o a w 2 - Ty s s o & e
3 T P S PR ¥ —— - - @ .
o lomorr ) momm s T m m. w ¢ = Jbs— 4 m g
[11] T g e fb—— — — SO ‘
I T e 2o === _1 20 ;
‘ T e g & - [Tz - — 56 K
0 ey S = Y - = v 8 ‘.
< T I P —— - - .
a - -7 - m - — m &
u Sl S— =
z . - Sy & . y s &
" W\m , S EZ _
w ST = '
e : " 3
o . A -.
2 2 :

4 e e s ™ 8 A A . e SN . 4 . a &AW A Pl o




Py

AU ALY

-

L N

168 MEAGATONS

DENSERPACK

TIME-.

.20e13 '°

1

.....

. ln a. -- \.‘ O.\‘.‘u‘..‘l -
AAAAR - VIO
n-.-.o — T ] -,%l‘ 2,

. oo st .
. f\.fl.-f\-fr- ’, -.- -\-.d-- --~.-<
..b-. 7 u-— .-. \. a. e .-- -. .

Fig. 4g — Pressure contours of Fig. 3, shown in orthographic projection.

The pressure scale here is 22 kbar.

¢

n
z
(w]
[ ad
a
(3]
<
w
2
(-]
—
o
(W)
o«
n
w
(1))
Zz
w
o
N et N
XA
v » -

.
[»]
.
.
-
l“ =
v T
w -
” —
v ==
s E e —
o z e
o [..° T
L= ==
[ It
[ 74
= 2 ———
i 7
- o
. p— i 4 o — ——
w T
w F S
w s
| 4
[ )
T, atacy PR v e ey
-\\..-.\.-. - WA W -ﬁ-.u ,..-.J.- .
5, % % .‘-.q-.- ey \DF-\... J.J-..--.\\.. A

......

(R L

o
~

A PR

e

et Pt et
ALY o

.

-
h’
x.m ;
P
X
L 4
>
-W
s
l."
N’}
Py
’ -I
\ﬂ
o
NS
7
' »
o

Fig. 4h — Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
38

S e e e e Y FY YRS < N
O VAL -




(Bucharier go S gt

Chi i Ay

»~

e V. WAV %

3.e2:c° °

I ME .

NGNS I RRAASITIE I

.('.—-.F-.

3.03-:

TimME .

-
-

LR eI

~

e

Al e g (e g -
QAR Rh S Sl A Sty

L
-

St M e

il
-

AR R

AV aw e

ASATON

1§ oME

K

DENSERA

13-

.00 C

mRESS -

L) ..
...........

Fig. 4i — Pressure contours of Fig. 3, shown in orthographic projection.

The pressure scale here is 22 kbar.

DENSEPALK 1§ MEAGATDNS

1.C:e30 *°

{
Fig. 4j — Pressure contours of Fig. 3, shown in orthographic projection.

-------
L )

The pressure scale here is 22 kbar.
39




R e

A T T T e e et et

TONE

1E MEADA

DENSEZPALK

TIME .

1.e7e13 '°

- - =
p— A — oo

- —
- T - -
[ —————

Fig. 4k — Pressure contours of Fig. 3, shown in orthographic projection.
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The pressure scale here is 22 kbar.
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LIMITATIONS ON THE APPLICABILITY OF HIGE-EXPLOSIVE CHARGES

FOR SIMULATING NUCLEAR AIRBLAST
D. Book, D. Fyfe, M. Picone, Naval Research Laboratory,
washington, D.C.

M. Fry, Science Applications, Inc., Mclean, Virginia

The flow fields that result from nuclear and h

explosive (HE) detonations are gqualitatively alike

guantitively different., Conseguently, care must be exerci

the overpressure,
rapidly through the hot underdense fireball.
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in carrying over conclusions drawn from measurements of

tests to nuclear explosions. The usefulness of HE explosi
for simulating nuclear airblast is predicated on the £
that after reaching 5-6 times the initial radius the £

-field looks like that produced by a point source and produces
shock overpressures similar to those in the nuclear case.
Numerical simulations of airblast phenomena have been carried
out using one- and two-fluid Flux-Corrected Transpor: hvdro-
codes in one and two dimensions. The principal differences
in the free-field solutions are the preéence in the HE case
of a contact discontinuity between air and HE products and of
a backward-facing shock behind it. Temperatures in the
nuclear fireball are initially three orders of magnitude
higher; correspondingly, the density minimum at the center
the fireball is much broader and deeper. When the blast wave
in a nuclear .height-of-burst (HOB) situation undergoes
regular reflection from the ground only one peak develops in

Manuseript approved June 29, 1983,
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and the reflected wave propagates upward
In the HE case
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car: of the upward-moving reflected wave is reflected
downward at the contact surface, producing a second pressure
peak on the ground, wnile the shock transmitted through the
contact surZace propagates slowly upward. After transition
to Mach reflection other differences appear. At late times
following shock breakaway the nuclear fireball, unlike the HE
fireball, appears to develop a Rayleigh-Taylor instability
along 1its lower edge below the HOB. The vortices (both
forward and reverse) are stronger and form earlier. This has
important conseguences £for fireball rise and for dust
entrainment and transport to high altitudes.

Section 1
INTRODUCTION

In this paper we describe a series of calculations
carried out as part of the ongoing NRL effort aimed at study-
ing airblast effects. The phenomena of chief interest to us
include the £cllowing: peak overpressures and pressure
histories on the ground as functions of yield, range, and
height of burst (HOB), both at early times (prior to and

"during transition to Mach reflection) and at late times

(after shock breakaway, with peak pressure in the range of
tens of psi); velocity fields, particularly those associated
with the toruses (both forward and reverse) in the neighbor-
hood of the rising fireball; and the distribution of dJdust
lifted off the ground by the winds and the structure of the
cloud at the time of stapilization. We are interested in
comparing the nuclear and HE cases, and learning how much
they differ from one another. Our motivation is to determine
the extent to which HE tests can simulate events in a nuclear
neight=-of~burst situation.
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The cechnigue we have emploved SZor this purdose is

numerical modeling. One- and two=-fluid hydrocodes Dbased on

the Flux-Corrected Transport (FCT) shock-capturing <techn

two <imensions. FCT refers to a class of state-of-zhe-

art fluid computational algorithms developed at NRL in the
urse of <the past ten years with supersonic gas-dynamic
applications expressly in mind. Simplv put, our procedure is
to model a one-kton nuclear burst and its 600-ton chemical
eguivalent, both at a HOB of 50 m, and compare the vesul:cs.

In order to validate, 1initialize, and interpret these 2D

simulations, a number of ancillary calculations (mostly 1D)
2 were undertaken. The results are most conveniently exhibited
in terms of plots of peak overpressure vs range and time,
station histories, contour plots of combustion product and

§© : . .
. total density, velocity vector plots, and tracer particle
N trajectories. Examples of these are presented to illustrate
v} our results and conclusions.
Y @
= The plan of the paper is as follows: In the next
. section we discuss our numerical technigues and validation
:; procedures. In Section 3 we discuss the free-field (1D)
- " solution and indicate the salient differences between nuciear
§ and HE cases. Section 4 describes the 2D HOB calculations
S done for the HE and nuclear cases. In Section 5 we summarize
i our conclusions and discuss their domain of validity. We
(-] £ind that simulation of nuclear explosions by HE has distinct
) limitations, particularly at early times, in the fireball and
.S transition regions, and in the details of the dust scouring
“ process, 4
" ©
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Section 2
NUMERICAL TREATMENT

FCT is a finite-difference téchnique for solving
the fluid eguations in problems where sharp discontinuities
arise (e.g., shocks, slip surfaces and contact surfaces).!l
It modifies the linear properties of a second- (or higher-)
order algorithm by adding a diffusion term during convective
transport, and then subtracting it out "almost everywhere" in
the antidiffusion phase of each time step. The residual
diffusion is just large -enough to prevent dispersive ripples
from arising at the discontinuity, thus ensuring that all
conserved guantities remain positive. FCT captures shocks
accurately over a wide range of parameters. No information
about the number or nature of the surfaces of discontinuity
need be provided prior to initiating the calculation.

The FCT routine used in the present calculations,
called JPBFCT (an advanced version of ETBFCT)?, consists of a
flexible, general transport module which solves 1-D fluid
equaéions in Cartesian, cylindrical, or spherical geometry.
It provides a finite-difference approximation to conservation
laws in the general form:

e
3t

/

54V = = [ o(u-u_)+dA + [ tda, (1)
vit) sa(ey ¢

Y —~

Where o represents the mass, momentum, energy or mass species
in cell 5V(t), u and ug represent the fluid and grid velo-
cities, respectively, and <t represents the pressure/work
terms. This formulation allows the grid to slide wi%?
respect to the fluid without introducing any additiocnal




v A LAY S e e A A A e I e e e R ---'F

LRl I S B

I K
I ‘
i 3
y )
4 O
' numerical diffusion. Thus, knowing where the feactures of

greatest interes: are located, one can concentrate Iine zones

where <hey will resolve these ZIfeatures mos:t effectively as

v

o
he system evolves,

[

The same transport routine is employed in the 2D
.Q r-z code (called FAST2D) via coordinate splitting. A Jones-
wilkins-Lee (JWL) eguation of state (ED0S) was used £for the

PRy

el
[

N detonation products and a real-air EOS was used outside the
25 HE-air interface.’ The routine was written in the form of a
® table lookup, using interpolation with logarithms to the base
Ié 16 computed by means of logical shifts.® By thus taking
:j account of the architecture of the machine (in these calcula-
? tions, a 32-bit-word two-pipe Texas Instruments ASC) it was
;.° oossible to generate very efficient vector code, decreasing
*2 the time required for EOS calculations to a small fraction of
% that required for the hydro. The EOS specifies pressure as a
- function of density and internal energy. 1In mixed cells the
e combined pressure was calculated according to Dalton's law.
2 .. |
-~ for the HE calculations the initial conditions were
'. taken to be the self-similar flow field corresponding to a
o spherical Chapman-Jouguet detonation at the time the detona- @
{ tion wave reaches the charge radius (Fig. 1)£w. This was i
ﬁ propagated with the 1D spherical code until the detonation 3
o f£ront attained a radius just smaller than the HOB, at which q
- time the solution was laid down on the 2D mesh (Fig. .2).. The .
ﬁ nuclear calculation was initialized with the 1-kton standarg®
- with the same initial radiué.
o
ﬁ The boundary conditions were chosen to enforce
jﬁ perfect reflection on the ground and on the axis of symmetryv
(o
- 5
{ &
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. . ..n
) = 0, where : = z,5,v , and v, = 01, whers "t" and

{do/. ).
3 *’dn’be bc

"a" denote z=angential and normal components, respectively,
and outflow on the outer and the top boundaries ' (do/dn) =

oc
~ - - ol N1
v, where 3 = ;':J'V 'V s

For the 2D calculations the mesh was typically
~100 x 10C. Fixeé gridding was used to minimize numerical
errors. These zones were 2.7 m x 2.1 m. For the late time
calculations, a fixed mesh with 100 zones in the radial and
200 zones in the vertical direction was used, with all cells
of dimension 4.2 m x 4.2 m.

Section 3
FREE-FIELD SOLUTION

The well-known Sedov similarity solution® for a
point blast consists of a strong shock (post-shock pressure
much larger than ambient pressure) followed by a rarefaction
wave (Fig. 3). The density distribution is extremely concave
and approaches zero ét the origin. The pressure approaches a
constant as r » 0, so that the temperature diverges strongly.
The profiles of the 1-kton standard solution (Fig. 4) are
gqualitatively similar, the temperature being essentially-flat
in the fireball region.

The solution used to initialize the HE problem,
however, contains & number of features which are absent in
the other sclutions. These are most conspicuous in the
density profile (Fig. 2), which exhibits a contact discon-

tinuity between the HE products and shocked air, a secondary
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?3 shock £facing inward witchin the detonation products, and a

.i gentle maximum near the origin. Because of this last

i feature, temperatures are about three orders of magnitude i
x smaller in the €fireball than in the nuclear case, and are

[§ nowhere divergent.

-,

B It follows that the speed of sound in the nuclear B
o fireball is much greater than in the HE fireball. This has 1
32 two immediate conseguences, one physical and one numerical. ]
Ei The £irst is that shocks propagating through the nuclear ‘i
' fireball travel much faster. The second 1is that the upper ':
)} %] b

p

limit on the computaticnal timestep, set by the Courant

AN

criterion

,u"q
P 4
PR

*

-
(3
d

tvl+e
max |

X ™~ st < 1, (2)

which usually is determined by conditions in the fireball, is
much smaller relative to the shock time scale Ts =
H0B/v in the nuclear case than in the BE case.

shock

K
.
;
-
-

|
l.‘
t

As a resul+-, even though the leading shock is well
resolved (over ~ 2 2zones) in the free-field solution, the

ol a’

process of reflection even at ground zero (where the shock is
incident normally) takes hundreds of timesteps. Coupled with
the property of FCT (known as "clipping") which makes the

')
|, B SR

points of all sharply-peaked profiles tend to flatten out
until they are > 3 2ones across, this makes the rise time of
the raeflected shock guantities ~ 10 times longer than that of

KRR S s

the jincident shock. This can be seen using a 1D spherical _,l
model calculation (Fig. 4), as well as in obligue reflection '
in 2D. This spreading is a problem only while the shock is

in the immediate vicinity of the reflecting boundary. \fter

-
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rovacated a few zones back into
e
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vy
[{\)

the reflected shock has

'

eepen up zané assum

T
n

S

(32

orofile

®

interior of the mesh, !

1

thelr corresct forms (this has been shown by rerunninc <o

calculation with a refined mesh and comparing the peak values
after reflection with those predicted theoreticelly).

when the reflecteé shock begins propagating back to
the origin i1t encounters drastically different conditions in
the HE and nuclear cases. In the Zformer, it strikes the
contact discoh:inuity where it 1s partly transmitted ang
partly refliected. The reflected shock then proceeds outward
until it reaches the ground {(the end of the grid in the 1D
calculation), producing the second peak in the station
history shown in Fig. 5. In contrast, the shock wave
reflected from the ground passes unhindered through the
fireball at high speed until it reaches the upper boundary of
the fireball whereupon it reflects back. ‘

As we shall show, it 1is primarily through these
reverberating shock waves and the wind pattern they set up
that the HE and nuclear HOB airblasts differ.

‘ Section 4
2D SIMULATION OF AIRBLAST

The vield and HOB (600 tons and 166 £t, respec-
tively) were chosen to egual the values used in the Direct
Course experiment, which we are simulating. The Chapman-
Jouguet parameters used to initialize the spherical f£free-

field calculation were taken to be those for the NH, NO;-fuel
0il (ANFO) mixture used as the explosive.
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Figures 6&§(a)-(<¢) show the contours of HE Jensity
and internal energy pe

r uni%t mass and the velocity arrow pliot

-

at t=0, just before the reflection at ground zero occurs,

Tigures €(&)=(f) snhow the corresponding plcocts 54 ms later,
while Ffigs. ©6(g)={i) show them after 243 ms. Note the
reflected shock proceeding upward, rz=flecting again off the
fireball, and propagating back in a downward and outward
direction. The interaction of this shock with the radially

inward flow near the ground generates the reverse vortex,
wnich is clearly seen in Fig. 6(i). Note also the positive
vortex <orming near the top of the grid in the same plot.
The latter vresults when the upward-propagating reflected
shock interacts with the radially outward flow near the oD
of the fireball; it is not produced by the buovant rise of
the fireball, which at these earlyv times has scarcely begun.

To look at the evolution of the fireball at late
times, we reinitialized on a larger, coarser grid, represent-
ing a cylinder 400 m in radius and 800 m high. The first 300
cvcles approximately reproduce the early-time results. The
spherical shock breaks away and leaves the mesh. The Zflows
remaining on the grid are now subsonic evervwherz. Then the
fireball begins to rise and the subseguent development is due
to the combination of buoyant rise and the action of the
vortices set up by the early snocks.

Figures 7(a)-(t) show the reaction product densityv
and velocities at 0.93 s. Note the "toe" reaching out alon

[Ye!

the ground and the bulge near the bot:tom of the HE produc

ot

density produced by the constructive interference of forwar

(0]

and reverse vortices. These £features are accentuated wikth
the passage of time; ia Figs. 7(¢c)={(d) (t = 2.70 s}, they are
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even clearer. The cloué has become guite elongated ver

«t

-

callv and shows a Zistinct mushroom shape. Developmen:t slow
£

n

ireball cools and velocities diminisn. 3y 7.34

n

(afzer 2600 timesteps) +<he cloud is almos:t at 600 m. FPigures
te;=(£) show its form at this time. Ncte that the maximum
veiocity is now 145 m/s.

ire Ba, nich shows the <trajectoriss of
ted tracer particles over the time int a

c e
. sec to 3.9 sec, displays the vortices very clearly.
i

-y

igure 8b shows the particle paths for the time interval 3.97
sec to 7.34 sec. Notice that %2here are four vortices visible
in the plot: two positive and two reversed. The addi<ioneal
small vortices are apparently a conseguence of entrainment bv
the major ones. As far as we know, their existence has not

been noted previously.

When we repeat the calculation wi:th nuclear initial
conditions, several differences appear at a very early stage.
The reflected shock propagates upward rapidly through the
much hotter fireball and resverberates more. The maximum flow
speeds (as opposed to sound speeds) are smaller, a difference
which persists to late times. Although the shock radius as a
function of time is essentially the same, the rarefaction
wave moves faster as the deeper density well gets filled in.

Figures 9(a)=-(c) show plots analogous to those of
Ffigures 6(g)=(i); by this time it is clear that much of the
early difference in the density profiles is washed out as
pressure becins to relax to ambient. (The pressure differs
from ambient by < 5% everywhere, so that pressure contour
plots are not very informative.) Note, however, the indenta-
tions that appear on the underside of the internal energy
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[ contours at the base of the stem [Fig. 9{b);. Tnese arz
. absent in %the corresponding HE wloct, Tig. 6{gi. we coniec-
l. turs <hat <theyv are ¢the signature of a £luid instability,
- possible Rayleign-Tavlior. The idea 1s that the air suckeé in
- bv the {(forward) vortex at the ttom of the fireball is much
denser than the f£ireball itself. In running into the latcter
® it sets up the classic condition for Ravleigh=-Tavlor instz-
bility (direction of effective gravitv and density gradient
are oppcsed).
® "It is clear that the major gualitative differences

between the HE and nuclear cases persist longest 1in the
velocity plots. This 1is not surprising, as the circulation
patterns represented by the vortices have essentially
o infinite lifetimes in the absence of viscosityv. We have run
both- nuclear and HE cases out to stabilization (not shown

re) and have shown that there are gqualitative differences
in velocity plots to the verv end. At all times <>0 the peak
® flow velocity in the HE case exceeds that in the comparable
nuclear result. This is a reflection of the fact that the
Chapman-Jouguet solution at a radius of 10 m has a pressure
peak of 52 kbar, vs 3 kbar for the 1-kton standard at the
same radius. The means that the former starts out with much
more violent motion, i.e., £fluid velocities an order of
magnitude larger. In point of fact, the HE case does not

closely resemble a point source. At initialization the

nuclear profiles have ~ 6% of the yield in kinetic energyv.
This £fraction increases to a maximum of ~ 15%, then

7
P
.

,
B
AR

decreases. In tne HBE case the fraction is initially about
e one-half and decreases monotonically thereafter at about the

W |

.
D
'

same rate as in the nuclear case.
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:Z:j: Section 5
O CONCLUSIONS
o
. |
:3.7“ we have described numerical simulations carrieé out
::f;: for a 600-ton HE burst and a 1-kton nuclear burst, both a:t
w3 166 ft. The code, gridding, and method of solution are the P
vy same in the two calculations. Although the shock waves in ‘
}-: the two cases propagate at roughlyv the same speeé¢ ané breax
}“ away at roughly the same time, and although the pressure
i fields relax to ambient in similar fas-bion, we find signifi- a
Z:Z;::i cant differences, of which the Zfollowing appear to be the
" most important.
N
- (i) The HE flow velocities are svstematically q
‘ larger.
o .
N (i1i) 1In the regular reflection r2gion (underneath
_:_, and close to the (f{ireball), the HE case aq
__Ej-_ exhibits two overpressure peakXs at the
"’s surface, rather than one, due %2> re-reflec-
-" tion of the reflectad shock from the contact -
bt surface between air and detonation products.:
:" (iii) For the HE case the upper vortex Zorms first,

followed by the raverse vortex near %the axis ”
R of symmetry and the ground. Adjacent HE
products Ctegin to be entrained into a
‘fﬁj positive vertex over a longer cericé of time,
o several seconds. In the nuclear case the o
i:;t:: negative vortex is the dominan:t one; it is
_’: larger then %the HE, persists lconger, and
o -
N
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contains larger veloclities than the positive

vOortex at comparable times.

[
<
~

O o WEEEN: s ) BIAE

The HE £flow establishes a pattern of Zour
e

vortices, two £forward zanéd two revers

instead of one of each.

(v) The stem of the nuclear £fireball appears =0

exhibit a Rayleigh=Tavlior instabilityv, absent
in the HE case.

Since the velocities on axis are higher in the HE
case (the upper positive vortex is larger), fireball rise is
faster than in the nuclear case. The nuclear case, however,
probably scours up more dust because the velocities are
larger, and the reverse vortex is larger and more persistent.
It is difficult to argue conclusively on this point because
so much depends on terrain, conditions in the boundary laver,
and other physical effects not included in this model (e.g.,
precursor heating and turbulence). Further study of the
tracer particle motions we have calculated is expected to be
illuminating in this regard.
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ADAPTATION OF FLUX-CORRECTED TRANSPORT ALGORITHMS
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%DA?IATION OF FLOX=-CORRECTED TRANSPORT ALGORITHMS TOR MODELING DUSTY TLOWS

M. A. Frv, Science 2Applicazions, Inc.
and
D. L. Book, Naval Research Laboratory

In this paper we describe a series of calculations carried out as part of an
ongoing effort aimed at studying blast wave diffraction effects in air. The
pnenamena of chief interest to us include welocity fields, marticularly those
associated with the toruses (both forward and reverse) in the neighborhood of the
rising fireball, and the distribution of dust lifted off the around by the winds
and the structure of the cloud at the time of stabilization. We are interested in
studying the nature of the gas-dynamic discontinuities which appear, the vortices
(both forward and reverse), and how the dust content of the air affects the
evolution of the blast wave.

The technique we have employed for this purpose is numerical modelina. One-
and two-fluid hydrocodes based on the Flux=Corrected Transport (FCT)! shock-
capturing technigues have been used to simulate airblast phenomena in one and two
dimensions. FCT refers to a class of state-of-the-art fluid computational
algorithms developed at NRL in the course of the past ten years with supersonic
gas-dynamic applications expressly in mind. We have concentrated on modelina the
"Direct Course" event, an experiment to be fielded shortlv by the Defense Agency:
a 600-ton ammonium nitrate + fuel oil (ANFO) charge is Jetonated at a height of
burst (HOB) of 166 ft. The results are most conveniently exhibited in terms of
velocity wvector plots and tracer particle trajectories. Examples of these are
presented to illustrate our results and conclusions.
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The plan of the paper is as follows: In the next section we discuss our

numerical techniques and validation procedures. In Section 3 we describe the 600- ‘_0_11
ton 20 HOB calculations. In Section 4 we summarize ocur conclusions and discuss
their domain of validity. }:}
Manuscript approved September 13, 1983. I
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As described by Boris and Boock!, FCT is a finite-difference technigue for
solving the fluid equations in problems where sharp discontinuities arise f‘e.a., 1
shocks, slip surfaces and contact surfaces). It modifies the linear properties of
a second- (or higher-) order algorithm by adding a diffusion term during convec- ‘
tive transport, and then subtracting it out "almost everywhere" in the antidiffu-
sion thase of each time step. The residual diffusion is just large enough %o 1
orevent dispersive ripoles from arising at the discontinuity, thus ensuring that
all ohysically positive conserved quantities remain positive. FCT captures shocks 1
accurately over a wide range of parameters. No information about the number or - |
nature of the surfaces of discontinuity need be provided prior to initiatina the
-calculation.

The FCT routine used in the present calculations, called JPBFCT (an 4
advanced version of EIBFCT?), consists of a flexible, general transport module )
" which solves 1-D fluid equations in Cartesi;h, cylindrical, or spherical cecmetry.
It provides a finite-difference approximation to conservation laws in the general

form: q

-j?f 2QV = = [ o(u-u )edh + [ tdA, (-

§V(t) SA(L) SA(t) :

where ¢ represents the mass, momentum, energy Or species mass density in cell <
$V(t), u and Yy represent the fluid and grid welocities, respectively, and =
represents the pressure/work terms. This formulation allows the grid to slide

with respect to the fluid without introducing any additional mumerical diffusion. ”
Thus, knowing where the features of greatest interest are located, one can <on-
centrate fine zones where they will resolve these features most effectively as the.

system evolves.
L4}

The same transport routine was employed for btoth coordinate directions in the
2D r-z code (called FAST2D) via timestep splitting. A Jones-Wilkins-Lee (JWL)
equation of state (E0S) was used for the detonation products and a real-air E0S
was used outside the HE-air interface’!. The routine was written in the formof a
table lookup, using interpolation with logarithms to the base 16 computed by means
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ﬁo of logical shiffs®. By thus taking acoount of the architecture of the machine [in
;l:_T these calculations, a 32~bit-word two-Dipe Texas Instruments ASC) it was =ossible
\' to generai:e very efficient vector code, decreasing the time required for Z0S cal-
- culations © a small fraction of that requirad for the hvdro. The E0S specifies
!. pressure as a function of densityv and internal energv. In mixed cells <he
(. combined pressure was calculated according to Dalton's law.

The initial oonditions were taken to be the self-similar flow field uses bv
Kanl, et al.®, corresponding to a soherical Chapman-Jouquet Jdetonation at the time
the detonation wave resaches the charge radius (Fig. 1). This was proodagated witn
the 1D spnerical code until the detonation front attained a radius just smaller
than the HOB, at which time the solution was laid down on the 2D mesh (Fig. 2).

The boundary coonditions were chosen to enforce perfect reflection on <the
ground and on the axis of symmetry “dwdn)bc = 0, where ¢ = o,o,vt, and V;c = 0],
where "t" and "n" denote tangential and normal comonents, respectivelv, and

outflow on the ocuter and the top boundaries [(d4>/dn)bc = 0, where ¢ = o,p,vt,vnj.

For the 2D calculations the mesh was typically 200 x 100. Fixed qridding was
used to minimize mumerical errors. The zone sizes were 2.1 m x 2.1 m, respec-
tively. For the late-time calculations, a fixed mesh with 100 zones in the radial
and 200 zones in the vertical direction was used, with all cells of dimension
4.2mx 4.2 m.

To study the motion of dust particles in the flow £field ogenerated by the
calculation, the simplest model describes dusty air as a single phase with density
and adiabatic index chosen arpropriately. This approach ignores the proverties
associated with the particulate structure of the dust and the process of scouring

3
N
»
j
;\:
._\;
4
L

. X
by which the dust enters the air. A more realistic picture results if we treat -
the dust as a distinct phase, described by equations of mass, momentum and energy -
conservation, as has been done in cne dimension by Miura and Glass®. The dust >
equations are coupled to those describing the air through drag and heat transfer :
temsc -
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It has been pointed out v RKuhl® that in such a treacment a Aust oar-
ticle tends to become entrained in 103
particle diameters. Thus a ocne-vhase description is satisfactorv whenever oar-
a thousand times smaller than the smallest lenath scale
For the present calculation, this scale is rouchlv 1 m, sc
particles smaller than 1 mm can be regarded as totally entrained.

the prevailing flow over a distance ~

ticle sizes are at least
in the hvdrodynamics.

Wwhen the mass Jdensity of the dust component is small compared with air
fE product) density, a further simplification Zntrained dust
particles can e followed by passive advection. That is, the wind fields S
Jy are taken from a dust-free hydrodynamics calculation, and dust is advected in
these f{ields according to

(cr is wossible.

(2)

In this approximation we ignore the effect of the momentum and energv transfer on
the air phase. The same arproximation can be used for larger (nonentrained)
particles also, provided we include inertia and drag by using the foroe law

av

Mg = -me, DL -V,

(3)

where V is the particle wvelocity, g is the acceleration due to gravity, and D is

the empirical drag coefficient employed by Miura and GlassS.

Equations (2) and (3) apply best
extremely large particles, respectively.
calculation

in the limits of extremely small and

though they restrict the scove of the
(by requiring the dust content to be small), thev have the computa-
tional advantage of allowing us to cbtain time-dependent dust distributions for
many different choices of dust size spectrum and initial distribution from a
single hydrodvnamics calculation.
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The vield and HOB (600 tons and 166 £:, respectivelv) in %he calculation were

“w

N ° chosen t© egual the values used in the Defense Nuclear Agencv Direc: Course
! experimenc, which we are simulating. The Chapman=Jouguet parameters used O
EI: initialize the spherical free-field calculation were taken to be those for the
: NH_ NO,-fuel oil (ANFO) mixture used as the explosive.

jo

0 Figs. 3(a)=(c) show the contours of HE density and intermal energv per mis

¥

B

&
-

mass and the wvelocity arrow plot at t=0, just before the reflection at ground zero
occurs. Figs. 3(d)-(f) show the corresponding plots 54 ms later, while Figs.
3(g)=(1) show them after 245 ms. Note the reflected shock proceeding uoward,
reflecting again off the fireball, and propagating back in a downward and outward
direction. The interaction of this shock with the radially inward flow near the
ground generates the reverse vortex, which is clearly seen in Fig. 3(i). Note
also the positive wortex forming near the top of the grid in the same »lot. The
latter results when the upward-propagating reflected shock interacts with the
radially outward flow near the top of the fireball; it is not produced by the
buoyant rise of the fireball, which at these early times has scarcely begun.

To look at the evolution of the fireball at late times, we reinitialized on a
larger, coarser grid, representing a cylinder 400 m in radius and 800 m high. The
£irst 300 cycles approximately reproduce the early-time results. The spherical
shock breaks away and leaves the mesh. The flows remaining on the grid are now
subsonic everywhere. Then the fireball begins to rise and the subsequent develop-
ment is due to the combination of buwoyant rise and the action of the wortices set
uWp by the early shocks.

Figure 4a, which shows the trajectories of passively advected tracer ovar-
ticles over the time interval 1.8 sec to 3.97 sec, displays the wvortices very )
clearly. Fig. 4b shows the particle paths for the time interval 3.97 sec to 7.34 !
sec. Notice that there are four wvortices visible in the plot: two positive ang
two reversed. The additional small vortices are apparently a oonsequence of
entrainment by the major ones. As far as we know, their existence has mot been
noted previously.

-




It is clear that 'features in the
velocity plots. This is mot surprising, as the circulation pacterns represented
by the vortices have essentially infinite lifetimes in the absence of viscosity.
We have run out <o stabilizazion (not shown here) and have found that these G'J

features persist in the wvelocity plots to the very end. At all times £>0 the veak

the major qualitative persist longest

flow velocity in the HE case exceeds that in the comparable —oint source solution.
This is a reflecticn of the fact that the Chapman-Jouguet solution at a radius of .
10 m has a pressure peak of 52 kbar, vs 3 kbar for the Sedov sclution at the same a
)y radius. The means that the former starts out with much more violent motion, i.e.,
: fluid velocities an order of magnitude larger. All in all, in many respects the
. HE case does ot closely resemble a Doint source.

N  CONCLUSIONS

o We have described a numerical simulation of the Direct Course Zvent. The
code, gridding, and method of solution are the same in the two calculations. The d
following conclusions appear to be among the most important.

o (1) The flow establishes a pattern of four vortices, two forward and two
reversed, instead of one of each.

-, | (ii) = The upper vortex forms first, followed by the reverse vortex near the

-:'\ axis of symmetry and the ground. Adjacent HE products beagin to be

entrained into a positive vortex over a longer pericd of time, several o
o, seconds.

Y (iii) Once picked up (scoured) off the ground, dust is efficiently trans-
ported upward by the reverse vortex farther fram the axis. o

izijl';: . Phencmena neglected in the present model (e.g., terrain, <conditions in the

\ boundary layer, turbulence, humidity, etc.) are unlikely to alter the above con-

‘ clusions, which mainly depend on the characteristics of the solutions in the ®

e interior of the mesh and over long pericds of time. Further study of the tracer
particle motions we have calculated is likely to be illuminating, marticularly
wnen we begin to consider the ewvolution of various initial configurations as a
function of pgarticle size. In closing, it is aporooriate to emphasize the far- °
. reaching significance of the role played bv the HE-air interface in the dvnamics
of oth airblast and cloud rise phenomena, and the importance for numerical
simulation of correctly treating this interface.
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shocked medium bounded by the contact surface, wedge, and reflected shock. In region

(b) the solution is known :mmediately in terms of M,, 6, and the conditions in (a).

The shapes of the Mach stem. contact surface and bow shock are expressed parametrically
as § = F(s), n = G(s). Then p, U, Vo P, and 24, U4, V4, Pq are obtained by expanding
variables in double power series. e.g.,

pelk, M) = T pSEini,
iJ

substituting in the ideal fluid equations, and equating coefficients of like powers through
some order N = max(i~j). The resulting algebraic equations are solved subject to the
additional relations obtained by applying the reflection conditions on the wedge, together
with the jump conditions on the boundaries ac and bd, approximated by power series
expansions of the F and G functions. Since all these equations are noniinear, solutions
are obtained by iteration with N increasing until convergence is obtained. The Ben-Dor
equation for the fluid quantities in regions c, d at the triple point is used to give initial
values. Because variation within each region is smooth, effectively exact descriptions of
most features of interest can be obtained using series with <20 tems. There are thus
< 200 quantities in the discretization of the problem, compared with < 104 in a con-
ventional finite-difference treatznent. The method generalizes readily to complex and
doubie Mach reflections.
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POWER-SERIES SOLUTIONS OF THE GASDYNAMIC EQUATIONS FOR MACKE REFLECTION OF 2

PLANAR SHOCK EY A WEDGE

Davicé L. Book andéd Jay P. Bor:is
Naval Research laboratorv, Washington, D. C. 20375
Ira B, Bernstein

Yale University, New Haven, Conn. 06520

Mark A, Fry

Science Applications, Inc., MclLean, Virginia 22102

INTRODUCTICN

The problem of a planar shock reflecting from an obligque surface goes
back over a hundred years to Ernst Mach. megtMSmwhmnimuum
in its own right, much of the interest in it arises because of “he need for
better understanding of Mach reflection in more complicated situations. The
field has been the object of particular interest during the last thirty
years; the experimental and theoretical research carried out during this
period have been reviewed by Ben-Dor.!

A constant planar shock propagating into a uniform ambient gas gives
rise in the absence of reflection to a second medium with uniform thermody-
namic properties in the region behind the shock. If it propacates in a shock

Manuscript approved September 13, 1983.
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:!E? tube whose walls are not parallel to the direc=ion of sropacation (because a ’
>y T
f;EE wedge has been inser<eé along the side), a reflected shock wave provacates
:iii nack into the interior of the shock tube, Wwhen the wedge angle is large, so
g 1
SN tha+ the primarv shock is incident nearly normally on it, the reflected shock
v
‘}:%: is also. planar and no other gasdynamic discontinuities appear near <the
)
;;’: reflection point. As the wedge angle decreases, so that the incident shock
) |
gjﬁ becomes more and more nearly glancing, it becomes impossible for a £luid
Lo
E;Z: particle to traverse both incident and reflected shocks and still "<urn the
o corner” enough =0 end up moving parallel to the wedge surface, At least one d
Iy
;;E% additional shock (the Mach stem) must appear (Fig. 1), intersecting the
::g§ others at a so-called triple point. Because some of the material in-ihe zone
AUAS
‘?1: between the Mach stem and the reflected wave has been shocked once ané some q
Esg cwice, another gasdynamic discontinuity (a contact surface) must also extend
VL] '.‘ .
;ES £rom the triple soint into this region, terminating somewhere on the wedge
(l1¢ surface, The reflected shock may terminate at the corner of the wedge q
N A
:Ef; (attached shock), or upstream from this poiant (detached shock), or may run
WA
;33 into a second =riple point between the first one‘gnd the corner (double Mach
\;:: reflection). The latter case occurs in general for smaller wedge angles than Q
3;;; does single Mach reflection; an intermediate case (complex Mach reflection)

".\

is also observed,
bl . n
. Cne would like %o derive a thecretical description of Mach reflection
which would complement the experimental results and address some of the

questicns the latter leave unanswered, such as the structure of the contac:

Q
surface near the wedge surface, and whether a "triple Mach" regime exists.
An analy<tical solution is out of the questicn, though pieces of the problem
(2.g9., the flow in the neighborhood of the triple pointl) can »e solwved,

Q

Recourse must therefore be had to numerical methods.
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Figure 1. Interferogram of single Mach reflection in N, (Ms = 4.72,

ew = 10°, Pa = 15 torr) after Ben-Dorl, with X and Y axes and
A

gasdynamic discontinuities drawn in, and regi'ons labeled with a, b,
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traightforward differencinc of the fluid equations (using either an
ideal or realistic equation of state) has been carried ocut with considerable
success‘’%, A rectilinear Sulerian mesh with ~100 - 200 zones along each
axis, possibly varying in size as a function of position o improve resolu-
tion near the Mach stem, is used, The conditions ahead of and behind the
incident shock are used as boundary conditieons, along with a reflection con-
dition on the wedge. State-of-the ar* shock capturing technigues such as
Tlux-Corrected Transport (FcT) 3 resolve the envelope (reflected) waveform
accurately and permit almost all the other gasdynamic discontinuties in the
oroblem to be distincuished (Fig. 2). To date, however, such numerical
solutions have not surpassed experimental interferometric data in accuracy,
nor have they succeeded in answering any. of the outstanding questions
associated with Mach reflection,

Moreover, such calculations leave a distinct impression of brute force,
Advancing the four fluid equation 103 - 10% timesteps on 10“ or more zones
seems profligate, particularly in view of the smoothness of most of the gas-
dynamic discontinuities and %the gentle variation of the £luid guantities in
the regions they bound., In much of the domain of the calculation the solu-
tion is known a priori and does not change in time,

Furthermore, the desired solution is actually self-similar. 1In the
scaled variables § = x/t, N = y/t, where t is time and %the origin of t@e
coordinate system is fixed at the wedge cormer, <he obserwved wave forms are
s«aticnarv. t is thus natural ¢o seek a solution to che ideal fluid equa-

«ions in terms of these similarity variables.
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In the present paper we treat the shock-on-wedge problem -y expandincg
the £fluid variables and the functional forms of the bcundaries in power
series in 5 and n, The expansion coefficients are found tv imposing <he
boundary conéitions (Rankine-Hugoniot conditions on the shock, verfect
reflection on the wedge surface).

Numerous fluid dynamics problems have been solveé by zower series tech-
nicues, as Jescribed by Van Dyke.“ Here we follow the general approach he
advocates: first do the lowest-order <erms "by hand,* then afterwari auto=-
mate the procedure, finally using s;phisticated mathematical technigues <o
£ind the limi<ing values of critical numbers (e.g., houndaries betwesn two
ref’lection recimes). fnlike most of the problems described by Van Dyke, the
algebraic ecquations determining the power series coefficients here are highly
nonlinear and need to be solved by iteration; the proper iteration scheme is
not obvious, but must be found by experimentation.

In the following section we derive the equations to be solved. The nex:t
section describes the iteration procedure, the program implementing i, and
the display. The final section summarizes our conclusions and discusses
extension of the calculation %o higher order and to the more complicated Mach
reflection cases,

DERIVATION OF ZQUATIONS

In what follows we use the label "a" for quantities in the ambient gas
(ahead of <he incident shock); "b" behind the incident shock; "c" between the
contact surface and the Mach stem; and "d" for the doubly shocked region
between the reflected shock and the contact surface. Surfaces of gasdynamic
discontinuities are labelled bv the two regions they separate, e,3., "cé" for
«<he contact surface. The triple point is labeled by the subscript "T," and

the origin is at the point of attachment (the wedge corner).
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In terms of the similarity variables I, 7, the Zluié eguations beccme
ac o L)
= ! 4 —— { —— { a——— ——— Ty
K U= - - V= T\) '~ - L (e - ) = o v
. A Q) a; v T oz 3 ’
h -
r e a1 oD -
y P ;(U-E) -_— + {(v=7) -é-ﬂ" + == = 0; 12

" ) 31 fy=T) .i‘ - _52 = 0; R
PoEme T an- = Bn T - o
)
-
oD u v '
- -.": -N) =~ - + == 0 4)
® {u E) + (v=7) an4-1'19(‘,(‘<s»3ﬂ)- ' { i
< where Y is <he adiabatic index. .
" n .
If we define dimensionless variables bv

X=3/c, Y= n/c; (5) =

.
j =
. ‘:

U= (u=8)e"! , v = (v-m)ec~! ’ (6) -

R=0p/p, , P=p/p, . (7 ;"

. t

<

\-1

@ where L 4

. 2 ' b
=D,/0," (8) =

l ® then the fluid eguations become i
‘ .
R 3R du . v ' -

Uax +"3Y+R(3x+3‘.{+2)-0’ (9) o

~ - »
N

P A

{ .

o
y"hs o » '\‘ s ‘5" 1 ._, X1 \J' ’ '.\ R ~._:_,_~ -..' .'_ _. ,-..._ .~ \ _‘\ <.*.‘_<.. - N {\}-._'_-.;_\_, 1S3 \J .r\U':.-" '.'-_._:_.:g.:_._.:".. ._:,. -.{:



R(X,¥) = Rgp + Ry gX + Rg ¥ + RpoX? + Ry XY + R,¥2

U(X,7) = gy + UpoX + Ugy¥ + Upox? + Uy XY + Ug,¥2

V(X,7) = Voo + VX + Vg ¥ + V,qX2 4+ V) XY + v,¥2

P(X,Y) = Pgg + PR + Py ¥ + PyoX? + Py XY + Po,v2

. ou ., o0 ap
'-'t(..a— +V—3Y+U)4——axﬁ0;
v w 3P
ROF+ IV +5g= 0

. 3P P W W -
U 3% + v T + YP(ax + I + 2) O.

In each of regions ¢ and 4 we expand R, U, V¥,

P in double power series,

+

L d Rsoxs * RZLXZY + RlzxYZ +* Rgaya +* s o e o

+

# 050%3 + Uy X% « U x¥2 e O e L L L,

.'.

+ gk e vk e v xvl sy e L L L,

+

+* ?30}(3 +* PZIXZY + PLZX':':' + P03X3 * o e s e

To apply the reflection boundary condition, we set

N A N O TR

"’" < ‘e

e

C s Ry

3p 3w
In "3

3

e AR
AR N A,

PO

e

(11

(12)

(13) L

(14)

186)

9




at n = 0 for all 5. I< follows that we must have

Rgy =Ry =Ry =

"
w
»-
L}
.
.
.
L}
o
,-
@®

UOI = Ull = UZ‘. = ::31 E o+ s o = 0; (49)

POI = Pll = PZ; = Pal T e e o = 0; (20)
and

7J00 = Vlo = Vzo = Vsa = , , o = 0, (21)

To proceed furthey, we substitute Egs. (13)-{16) in Egs. (9)=(12) and
collect terms of like powers Xi ?j, equating their coefficients t5 zero order
by order. The =ask of doing this by conventicnal methods rapidly becomes
hopeless, ¢ it can readily be automated. To see what is going on in the
lowest orders of our "hand"™ calculation, we expand using MACSYMA, the sym-
bolic manipulation program developed at the Mathlab of MIT. This works up to
about order N = 6, where we define the order of the expansion by N =
max(i+j). Beyond that point storage limitations make it necessary to use

"tricks,” and eventually terminate the process entirely.

when this is done, certain patterns emerge. We find that we must have

v°2 = vlz = sz | 00 = o, (22)
Pos = Pla = st' eee = O, (23)
9
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Some of the equations then vanish identically. In each of regions ¢ anéd &

there are mcre variables than nontrivial ecuations, as shown by the following

tab.ie:
Equations Variables

Order R g Vv P Total R U v P Total
2 1 * o] 1 3 2 2 1 2 7
1 1 1 1 1 4 2 2 i 2 7
2 2 2 1 2 7 3 3 2 2 10
3 3 3 2 3 m 4 4 3 3 14
4 4 4 3 4 15 5 5 4 4 18
5 5 5 4 5 19 6 6 ) S 22

Table 1

Table 1 shows that in each region there are three more unknowns than
equations in each order, except for N = (, where the number is four. The
additional equations are‘supplied by the jump conditions, imposed on surfaces
ac and bd for reagions ¢ and 4, respectively.

If we represent a shock boundary parametrically by X = F(s), ¥ = G(s),

then the Rankine-Hugoniot conditions become

X' (U=0U) +¥ (V=-V) =0; (24)
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Y=1 y=1 '

while on a contact surface

oS

e P =3 (28)

ue Y' U= X' V; (29) )
- :
‘-‘ -
% = = :
-~ Y U= X' V. (30) .

v .
; Here the variables in front of and behind the discontinuity are denoted .
% ¢
X by unbarred and barred symbols, respectively. N

L’u_ .

We know that ac is nearly a straight line normal to <the wall, so the

[y

L e N Y e

™ representation

s

X-X°+X1Y+X2Y2+X3Y3+...f (3.1) «

is valid. Substituting Eg. (31) and the ambient conditions W = v? - 0 in

A A RND

Bq. (24), the condition for continuity of parallel velocities at ac, which

takes the form

-1y
b

.

% -

-, )
.
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2 WS -ty + v -V ey, (32)
we £ind
X, = 0; (33)
1 Vc - Vc Vc xz + .
b Vo f Vgt V21Xt e e e
XZ = N ’ (34)

&

etc. When the coefficients of Eq. (31) are known, substitution of Eg. (31)

in m@s. (25)=-(27) (with ¥Y' = 1) yields three conditions in each order on

Y= le + sz hd Y3X + o e s o (35)

Substitution in the condition for continuity of the parallel velocities at

od,

B o v ® - o, (36)

~ hl v " - - ‘.."-'- . 3 =
SN A o,
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B PR A S

b
Lo

2
a . .
(V01+1) Y1+ch+ ]

v, = (38)
2 ’ /
2vb
- 2 Q
30vgy = DY, - (V) Ty ¥+ vy
3v

ets, (Note that ub ané vb, like ua and va, are constants, whereas Ub, Vb,
ua, v® are not.) Substitution of B3. (35) is Bgs. (258)=(27) with X' = 1 then

yields <+hree conditions per order on the "d" variables.

At this point we need three more conditions: <wo for the remaining
variables in order zero, and another to determine Xge For this purpose we
use Bgs. (28)~(30). Note that to apply these conditions everywhere on cd -
would overdetermine the system. This is\équivalent to asserting the

impossibility of continuing the solution across ab from a to b, across ac

from a to ¢, across bd from b to 4, and then across cd from ¢ back to 4,

where it is already known. The only freedom we have is to impose Zgs. (28)-

(30) at the triple point.
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Tirst we define X_, Y by setting
Y -
@
2 3
YT = le,r -> YZXT - stT * 4 s o 0 (40)
2 3 ®
2
S
. Then we require ®
- c 4
' ? (XT,YT) = P (XT’YT); (42)
]
o(x_,v) ar_ = vS(X_,Y ) AX_; (43)
b T iy !
Px,vy aro o= vz, vy & (44) S
Xmetg) g g S
where
-
o= 2°(x, 1 - 2z, = ix, vy - PRx v
- (45)
] 4 c 4 =
. )3 3P 3p~ 3P
L2 B e My G o B e
determines the ratio Axm/AYT. . )
e
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Tor our trial calculation we work toc order N = 5, Incluéing the cuanti-

ties which vanish identically, we <then have 183 ecuaticns in 183 unknowns,

which are to be solved simultaneously.

SOLUTION OF ZZUATIONS -
'«f

The solution is obtained by iteration., Several points are important in R

the design of a satisfactory iteration scheme: :?
-1

T

(i) Good values of the guantities Xor Xmr Yps etc., can be i

cbtained Zrom the experimental data (®ig. 1) and used as initial
guesses,
(ii) The system can be made quasilinear if we solve order by order,

starting with N = 0, and using in any given order the previously ocbtained

values of all variables not being solved for in that order.

(iii) To reduce the effect of possible instability in parts of the
scheme, all variables are updated usincg some form of (under)relaxation, e.c.,
new value = old value + relaxation factor x corrections.

The current version of the code works as follows:

(i) For N = O, use the X- and Y- independent terms of Egs. (9)=(12),

together with the zeroth-order form of BEgs. (25)-(27) and Bg. (43) to update

g€, s, ¢, , v, ¢, P

00’ 10 60 10 ol o0 10 .
{(ii) Do the same thing {using Eg. (44) instead of (43)] for R ,

00
(iii) Solve Egs. (9)=(12) and E=us. (25)=(27) on ac order by order for
N =1 to 5 to obtain the region-c variables;
(iv) Solve Bys. (9)=(12) and Bgs. (24'~(27) on bd order by order for
N = 1 ¢ 5 to obtain the region-d variables plus YN+1’
(v) terate Egs. (40)-(42) together with the successive orders of
. (32) [e.g., Bg. (34) for le to solve for X

,Y,ahdxi,iio, 1,

T T
seee, 6. (To a good approximation, X; = O for all i # 0, 2.)

15
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This scheme is repeated until no further change (to some preset %olerance) in 2

LARN

.
2 e 8

e

the variables occurs. The program, written in Fortran, runs on a VAX 11/780

)
‘.

at about one second per iteration.

.’~'l'
3
v

Results are mcst conveniently displayed as contour plets in pressure {(cr
e densi<y). Although it is possible to drive the plotting pen directly using

) the exact formula P(X,Y), it is easier to declare a very large array (e.g.,

500 x500), £ill it with pressures calculated at every X, Y, and use a standard
_centour olotting mackage on this,
CONCLUSICN

The program described above is still under development, and no resul:zs

.,.’:'I.‘l' B 0"1"1 -".'"‘.
sbintuhiliibhdsdrndendesthntiodniil Bnesochicd o dobadiblif bodubestundondens:

_& have yet teen generated. For this sample problem, it seems straightforward

:}: to carry the method to a successful solution. We have eacountered, and o
Y

:2 a?pa:ently overcome, two types of difficulties: determining the formulaticn

S? for the problem, anéd solving the :esultigg set of equations. Only if both

e

stages are handled correctly will useful answers results. There remains the

;; (programming) task of automating the solution, so as to work to arbitrarily

"
,ﬁ. hich order N. This is of interest chiefly in ccnnection with studying the
s behavior of the roll-up in the contact surface. ~
zi Finally, extension %o other forms of Mach reflection is of interest.

js Attached double (or triple) Mach reflection presents no problem in principle,

. and can be handled using the techniques described here, Complex Mach -
E§ raflection and detached shocks are less clear. At >resent we do not Xnow how )
RS ;
“I to formulate the problem in either situation so as to make it well-oosed, 3

This will be addressed in future work. &
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