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* GENERAL DISCUSSION

Science Applications, Inc. has utilized the family of

Flux-Corrected Transport (FCT) algorithms at NRL to model

* the airblast produced by nuclear and non-nuclear events.

The FCT algorithms combine low order numerical integration

schemes which are non-dispersive with high order schemes

* that are non diffusive. The net effect is to

significantly improve the solution of flow fields with

sharp gradients.

* The one-dimensional code can be configurated for

cylindrical, spherical or planar geometries. This code is

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

runs a factor of two faster on a computer.

- One and two-dimensional simulations of PBX 9404 were

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

surfaces there is significant transport of the dust.



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 FLTUX-cORREcrED TRANSPORT ALGORITHMS
4FOR MODELLING BLAST WAVES

*
Blast wave phenomena include reactive and two-phase flows associated

with the motion of chemical explosion products; the propagation of shocks,
rarefaction waves, and contact discontinuities through a nonideal medium
(real air, possibly thermlly stratified and containing dust and water
vapor); and the interaction of the blast waves (including boundary layer

S effects) with structural surfaces. Flux-Corrected Transport (FCT) representsan accurate and flexible class of methods for solving such nonsteaty

compressible flow problems (Boris and Book, 1976). Coupled with a
nondiffusive adaptive gridding scheme (Book, et al., 1980; Fry, et al.,
198l), it enables complex time-dependent shocks to be efficiently
"captured."

In models which treat all the physical effects required for blast wave
simulation, truncation errors inherent in the underlying finite-difference
scheme are exacerbated by nonlinear coupling between the fluid equations and
by the greater complexity of the phenomena being simulated. 7pical 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 at
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. Mhe latter approach folds

* informtion about the shape of the profile and the nature of the physical
* 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 mist 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
*uniform 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.l). In order to improve the properties of the basic difference scheme,
we propose a new algorithm for integrating generalized continuity equations
over a timestep 6t. Consider the following three-point transport scheme:

P n - +l - Po~j + -.P+ 2P' W '~ )

where-K Wl/2 = J+l Pj+

Manusaa'ipt submitted July 26, 1982.
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The arrays lp'l and are the old and new densities, P- and P are

temporary intermediate densities, and n, e, C, 1, and u are velocity-
dependent coefficients. Here K and X are diffusion coefficients, and P is
the antidiffusion coefficient. In the actual algorithm, OJ+I/: is corrected

( t e t lue +g chosen so no extrema in ;j can be

enhanced or new ones introduced in P Previous FCT algorithms had e = 0;
the widely used ETBFCT and related algorithms (Boris, 1976) have in addition
K = 0. If we define p to be sinusoidal with wave number k on a mesh with
uniform spacing 6x, so that Pi = exp (iJ 8) where 8 = kdx, then the new
density array satisfies

Pj/. z A = l-2i(n+e)sin8 +2(K+X) (cos8- )
- 2u(cos-l)[l-2insinO+2c(cn -:)]•

. From A we Ian determine the amplification a = A and rel -:e phase error R =
(l/£B)tan (-ImA/ReA)-l, where c = vdt/6x is the Couran umber.
Expanding in powers of 8 we fin6

u.+ 1 + + 4 + 6 + •
:"""R = R0 + R202 + R4 4 + 6 6 +

First-order accuracy entails making R0 vanish, which requires that i + e =
e/2. Second-order accuracy (a2 = 0) implies that U = K + X - e2/2.
Analogously, the "reduced-phase-error" property R2 = 0 (Boris and Book,
1976) determines U = (l-c2)/6, thus leaving two free parameters. One of
these can be used to make Rh vanish also. The resulting phase error R(8)
is small not only as 8 + 0, but also for larger values of 8, 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 c 4 1/2 to e 4 1. When coded, these changes
necessitate a small 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 approximate the
Riemann solution of the exploding diaphragm problem (Fig. h).

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 0,+i/2 are limited so that
the slope of local flow field profiles decays 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 locally.

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.

2



The above methodologr has been applied to a series of test prorlems
initiated by a spherical high-explosive (HE) detonation In air. An ideal
Chapman-Jouguet detonation was used to specif' the initial conditions;
afterburning was neglected. In the absence of reflecting surfaces,
spherical symmetry is maintained and the calculation remains one-
dimensional. A nonuniform radial grid was used with extremely fine zoning
near the shock front. The grid was moved so that the shock remained
approximately fixed with respect to the mesh. The original version of the
FCT algorithm gave rise to pronounced terraces in the rarefaction region.
This would have rendered any two-dimensional calculation involving shock
diffraction or nonideal effects dubious. The techniques described here
imroved the blast wave results considerably. Mhe decrease in phase error
reduced terracing dramatically.

Next, a two-dimensional (2D) numerical calculation was performed to
simlate one of Carpenter's (1974) height-of-burst experiments which used
spherical 8-lb. charges of PBX 9404 at 51.6 cm. The previous fine-zoned
calculation was used to initialize the problem. It was napped onto the 2L
grid just prior to the onset of reflection. The solution was then advanced
in time, with pressure being calculated from a real-air equation of state and
a JWL equation of state for the combustion products. The front of the blast
wave was captured in a finely gridded region which moved outward horizon-
tally. Special care was taken to ensure that the grid moved smoothly. The

i* resulting solution, particularly the curve of peak overpressure vs. range,
was consistent with Carpenter's experimental data (Fig. 8). Although this
calculation represents a reasonable accurate similation of the double-Mch-
stem region, no doubt improvements can and will be made to numerically mode'
such phenomena.
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..,

CYCLE = 14 TIME = 6.5 10-4

0.0 RADIUS CM - 1.0
(b)

Fig. 1 - Rounded half circle used in passive scalar advection tests (a) initially,
and (b) after propagation for 14 cycles using JPBFCT. Note that terraces form
even, as here, in the absence of corners in the profile. Tick marks indicate
computational zones (N = 100).
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.JPBFCT ROUNDED HALF-CIRCLE

CYCLE 14 TME 217 10

DENSITY

0.0 RADIUS -CM-1.

(a)

LCPFCT ROUNDED HALF-CIRCLE

CYCLE -14 TIME -2.17 103

DENSITY ( I

0.0 RADIUS - CM -- 1.0

(b)

Fig. 3 -(a) Blowup of Fig. 1 (a) (dashed line) compared with (b) same profile as9
computed using new Sixth order-phase-accurate FCT algorithm. Solid traces are[7 exact solutions.
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%ENG TOT . -. -,

25.0 _______
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(b)
Fig. 4 - (a) Exact and (b) computed solution of exploding diaphragm problem

(1 0-to-i initial density jump, I100-to-i initial pressure jump)
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the new algorithm using 500 equally spaced zones. Note contact surface separating
* .* HE products from air.
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XLOC a 10.00o-01 -u
YLOC a .0 Do *

DYN/CI4 .2

t.S111'TIME - EE
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PRESSURE VS TIME

Fig. 7 -Pressure-time histories directly beneath burst site. Note second peak, associated with
interaction between shock reflected from pround and following contact surface.
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CONVERSION OF A CYLINDRICALLY CONFINED SURFACE EXPLOSION
INTO A ONE-DIMENSIONAL BLAST WAVE

. :ZTRODUTIN

In :onnection with the Dense Pack (Close-Spaced Pasing) scheme, it has

* been pointed out by Latter that surface environments following a mutiburst

attack could be considerably more difficult to survive thar those resulting

from single bursts. Detonation simultaneously over all the shelters of a

closely spaced array surrounds the vIcinity of an individual shelter with h-igh

pressures, allowing the explosion to vent only in the upward direction.

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

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

ground structures are much greater than for a solitary explosion.

latter proposed considering the following idealized situation: identical

explosions are initiated simultaneously in an infinite regular hexagonal array

at (or near) a uniform level plane surface (Fig. 1). Construct a vertical

plane transverse to the line connecting 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

vertical axis. This in turn can be approximated as a 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 asyMtotically the flow becomes one-dimensional, evolving

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

M%cusript approved Novem ber 9, 1982.
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.IA reached and where many weapon masses of air have been swept over, the one-

dimensional form of the Sedov point blast solution should apply. Mhe

pressure on the ground as a function of time t is given by

I W 2/)E0 poAt

: ' where P is the air density, W is 'he weapon yield, A is the cylinder area,
.' .

and k is the function of the adiabatic index y which is < 1. This is to be

compared with the corresponding result for the case of a spherical free-f ied

expansion, which is of the form

p 2/5
t 3) (2)

As may be seen, the pressiire given by Eq. (1) decreases i- 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 unanswered. First, 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 prediotinn (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 consequences in this model of a multiburst scenario--

specifically, what can be said about the shape of the plume produced, how tuch

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-dimensional

solution. We have used a version of the DNA one kiloton (1-kton) standard to

9?1 *.
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* initialize a surface burst equivalent to 18 scaled megatons (Mton in a

cylinder of radius 900 feet. We find that the flow is close to ona-

dimensional after -20 ms (the time required for the blast to refleo: fron the

cylindrical wall and return to the origin, considerably less than rlgh: have

been expected.

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

results obtained, and conclude with a brief discussion of what we intend t.: dc

in follow-on work.
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2. W;O DIMENSIONAL CALCULATION

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

These are () the spherical free-field expansion prior to reflection at the

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

which the transition to one-dimensional flow takes place; (3) approximate'y

one dimensional expansion after reflecting gas-dynamic discontinuities are no

longer discernible; 4) a gradual transition to three-dimensional flow as the

finite extent of the array communicates itself to the interior. Stage (1) is

not contained in our model; since the weapon mass greatly exceeds the ,mass of

air contained within the initial explosion radius, the nature of the weapon

and its constituents ought to be important in this stage, but no attempt has

been made to improve on the realism of the 1-kton standard. Likewise, stage

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

S-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, 90 of which were

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

increments of 11i0 (Fig. 2a). The final grid size was 10.2 m by 22.4 ra. An

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

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

kton standard were only available from 10 meters (an 18 Mton surface burst

scales to about eight meters after we double the yield to account for surface

reflection), we created initial profiles by increasing the density, internal

energy, and momentum by a factor of 1.4. As a result the initial energy was

° 4
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3.1 x 1019 ergs and the mass was 8.2 x 106 g, deposited .into a hemisphere of

10 m radius. The effect of this scaling was to simalate the initiatic- c' ar.

event with the appropriate yield and weapon mass, but with profiles (as a

-function of distance from the burst site) which were not correct in detail.

During the early phases of the problem they must give rise to discrepant

behavior, but at later times this presumably becomes insignificant.

*The numerical simulation was performed using the NRL FAST2'1 code which:

utilizes the latest version of Flux Corrected Transport (FCT). The cone was

essentially the same configuration used previously for 104-ft and 50-ft l-kton

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

boundaries, as before, and on the right-hand boundary as well. In addition to

the diagnostics employed previously, we introduced several devised
p.

specifically for this problem.

Figure 2b shows plots of the initial profiles of the mass density,

velocity, pressure and energy density. Note that all of these variables

achieve their maxima at the leading shock. To convert these profiles into

4 their counterparts for the 18 Mon case, it is necessary to dilate by a factor

of (900 ft/lO m) 1 /3 = 27.4. Likewise, the time scale has to be expanded by

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. This

shows pressure contours and velocity vectors plotted at intervals of 100

"? cycles (approximately 30-50 us). Although the time intervals vary because of

the changing time step, these plots are in a sense equally separated in terms

of the "total change" in the system, because when flow and sound speeds are

5



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 cycle 301. it travels upward almost as rapidly,

reaching an altitude of 10 m by cycle 601. By cycle 801 it appears to have

overtaken the primary shock wave, which is cons-derably distorted after cycle

1501. On the right hand boundary the reflection, which is initially regular,

gradually converts to Mach reflection. This development is of course
analogous to the transition to Mach reflection observed in the HOB case 3 . :t

is hard to see exactly when transition occurs, but a Mach stem is clearly

visible in the pressure plots at cycle (h0) 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 transition

occurs depends on M only weakly and is approximately equal to h5 0 . The Mach

stem ought thus to have first formed around cycle 701 to 801, but the region

of reflection is not sufficiently well resolved to show it.

In Fig. h another view of the same time sequence is shown. These surface

pressure plots are particularly well suited for showing shock and rarefaction

waves propagating through the sytem. Since the pressures are interpolated

onto a regular mesh before plotting, peak values are lowered by as much 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 morphology is very

clear. We see, for example, how the shock reflected radially from the origin

appears to run out of gas at about cycle 901, while a train of waves

reverberates down from the top. One of these finally reaches the radially-

propagated ground shock at about cycle 1801 and begins to push it along.

S hroughout this time the pressures in the lower right corner of the system

%0
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* remain low. Meanwhile, the shock front rising toward the tot of t- s.. ster.,

which is madly churning around at cycle 1201, becomes smoother as shoc's

propagate back down from it.

Figure 5 shows the pressure recorded at a series of sensors ocated

across the bottom of the can, ranging from the burst center (a tc- the outer

edge (1). Note that, although the initial profiles have a sharp one-zne)]

* discontinuity at the leading edge, the pressure peak at sensor £ takes about

70 us to build up to the maximum. This is about a hundred times as long as

takes the shock to propagate across one zone. it Is, however, not out of

line with the time reqaired for the air behind the shock (velocity 1.5 x 106

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

can build u-o to their post-reflection values when the air from (y l) /(y-!)

1 10 cells has been compressed into the cell closest to the wall.

Using Carpenter's4 reflection factors for normally incident shocks, we

calculate that the free-field pressure, initially 3.5 kbar, should reflect up

to about 40 kbar, which is to be co,-pared with the value of 25 kbar we

actually obtained. If we look at sensors closer to the burst site, we see

that the pressure peaks get continuously sharper, finally turning into an

almost discontinuous spike at the origin, as the imploding shock attests 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 calculation

as a function of sensor location. Note that the peak at r = 0 is nearly as

high as that at the periphery, in contrast with results reported by P.Vatt 5.

This may be attributable to the lower resolution he used, or to the greater

numerical dissipation in the WJLL code. Only one peak was detected at each

- I -. 7 *.'
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sensor location. Our calculation was run for less than 1 ms, or (scaled to 1P

Mton) rather less than the 30 ms Fyatt required to see a second peak at :he

periphery when the re-reflected shock impinges there; the two zalculations

are thus not inconsistent in this regard.

The approach to one-dimensional motion may be inferred from the contour

plots of Fig. 4, 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
quantitative comparison is possible if we compute the average pressure on the

'.

- bottom, R

2w j p(r,O)rdr
s - 0 3.P I, (3)

.* . ~ 2w f rdr

as a function of time. The result is shown as the solid line in Fig. 7. For

comparison, formila (1) has been added (broken line), using yield W = 1.4 kton

and area A - 100v m2, with y = 1.2. The agreement between the two is
4,';

striking, particularly since we expect to observe it nnly 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.

8
. . ...
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" 3. CONCLUSIONS
0

We have successfully modelled the "bomb-in-a can" using FAST2t, a genera_-

- ' purpose code which required no special modification for this problem.

. Although we only ran the calculation out to an altitude of about 20 r (twice

the system radius), the sliding grid (continuous adaptive rezone) Ca'abiv.it.

of FAS-12D allows us to continue the run as long as desired by stretching the

mesh in the vertical direction.

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

.* very rapidly, apparently because the multiply reflected shocks propagate rMch

faster than the original blast wave. Two or three reflections across the

radius of the system effectively equilibrate the flow and relax it to a state

of vertical expansion. The simulation reveals a cowplex pattern of

reverberations, with reflection-occurring off all the boundaries and regions

where conditions are highly nonuniform.

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

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 and eneror.

-. The bottom boundary conditions should also be changed to model the energy that

goes into cratering and scouring.

If the calculation is to be continued to late times, atmospheric

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

.%
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should also be modelled. Also, venting of the explosion in the horizontal

direction (in the case of an RV exploding near the edge of a finite-sized

array of shelters, or for an explosion in the interior of the array 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

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 bo augmented

and refined greatly by additional calculations.

10



0 Fig. I1- Schematic of unbounded hexagonal array of shelters with 1800 ft
separations on a perfectly reflecting plane. Shown is the cross section of the
hexagonal pazallelpiped 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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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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Fi.4b - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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* Fig. 4d - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fig. 4e - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.

DENSEPACK :5 MEACA7flNE

PRSS- . ]
'A

Fig. 4f - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fig. 4g - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fig. 4i - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fi%. 4j - Presure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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-~ Fig.4k - rsure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fig. 41 - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.

40



'goDENSU=A'K 'S M-A - DN-

PURSS I 9-C' -M*.r*4

W.1

Fig 4n - Prsuecontours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fig. 4o - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fig. 4p -Pressure contours of fig. 3, shown in orthographic projection.
* The pressure scale here is 22 kbar.
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Fig. 4r - Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.
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Fig. 4st Pressure contours of Fig. 3, shown in orthographic projection.
* .~ ... The pressure scale here is 22 kbar.
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Fig. 4u -Pressure contours of Fig. 3, shown in orthographic projection.
The pressure scale here is 22 kbar.

1C>~

4 45



25.0

PRESSURE
(KBARS)

0.0

0.0 0.747_________________0.0 ~TIME (ins)074
Fig. 5a - Pressure histories as measured by sensors located at radii of O.Orn
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Fig. 5b - Pressure histories as measured by sensors located at radii of 0.035m
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Fig. 5c - Pressure histories as measured by sensors located at radii of 0.075m
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Fig. 5d - Pressure histories as measured by sensors located at radii of 1.25m
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Fig. 5e - Pressure histories as measured by sensors located at radii of 2.Om.4

25.0

PRESSURE
(KBARS)-II

0.0

0.0 0.747 4-

TIME (ms)
Fig. 5f - Pressure histories as measured by sensors located at radii of 3.Om
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* 25.0

* %1

PRESSURE
* •(KBARS)

0.0
* 0.0 0.747

TIME (ms)
Fig. 5g - Pressure histories as measured by sensors located at radii of 4 .5m

= • 25.0

PRESSURE
(KBARS)

0.0
0.0 0.747

TIME (ms)
Fig. 5h - Pressure histories as measured by sensors located at radii of 6.05m
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25.0

PRESSURE
(KBARS)

0.0
0.0 0.747

TIME (ms)
Fig. 5i - Pressure histories as measured by sensors located at radii of 7.5m

25.0

PRESSURE
(KBARS)

0.0
0.0 TIME (is) 0.747

Fig. 5j - Pressure histories as measured by sensors located at radii of 9.25m
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-= .

PRESSURE
* (KBARS)

0.0
0.0 TIME (ms) 0.747

Fig. 5k - Pressure histories as measured by sensors located at radii of 9.5m

"* 25.0

PRESSURE
* (KBARS)

0.0
0.0.0 TIME (is) 0.747

Fig. 51 - Pressure histories as measured by sensors located. at radii of 10.Om
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0.0. 10.2
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Fig. 6 - Maximum recorded station pressure in kbar as function
of station radial location
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TIME (ms)-
Fig. 7 - Average pressure on floor of mesh (solid curve) and pressure at origin

* calculated from Sedov one-dimensional self-similar solution with y 1.2
(broken curve) as functions of time
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LIMITATIONS ON THE APPLICkB:LITY OF HIGH-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 0

The flow fields that result from nuclear and highI explosive (HE) detonations are qualitatively alike but

quantitively different. Consequently, care must be exercised

in carrying over conclusions drawn from measurements of HE

tests to nuclear explosions. The usefulness of HE explosions

O for simulating nuclear airblast is predicated on the fact

that after reaching 5-6 times the initial radius the flow
,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 Transport hydro-

codes in one and two dimensions. The principal differences

in the free-field solutions are the presence 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 of

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
the overpressure, and the reflected wave propagates upward

rapidly through the hot underdense fireball. In the HE case

Manuscript approed June 29, 1983. -"
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part of the upward-moving reflected wave is reflected
downward at the contact surface, producing a second pressure

peak on the ground, while the shock transmitted through the

contact surface 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 its lower edge below the HOB. The vortices (both

forward and reverse) are stronger and form earlier. This has

important consequences 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 following: 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 dust

lifted off the ground by the winds and the structure of the

cloud at the time of stabilization. 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

height-of-burst situation.

* 2
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nec The zechniue we have employed :or this purpose is

numerical mode-ing. One- and two-fluid hydrocodes based on

t4e Flux-Corrected Transport (FCT) shock-capturing tecnni-

aues. have been used to simulate airblast phenomena in one P

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. Simply put, our procedure is

to model a one-kton nuclear burst and its 600-ton chemical
equivalent, both at a HOB of 50 m, and compare the results.

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

simulations, a number of ancillary calculations (mostly ID)

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

- trajectories. Examples of these are presented to illustrate

our results and conclusions.

The plan of the paper is as follows: In the next

section we discuss our numerical techniques and validation

procedures. In Section 3 we discuss the free-field (1D)
solution and indicate the salient differences between nuclear
and HE cases. Section 4 describes the 2D HOB calculations

done for the HE and nuclear cases. In Section 5 we summarize

our conclusions and discuss their domain of validity. We

*p find that simulation of nuclear explosions by HE has distinct

Y' limitations, particularly at early times, in the fireball and

' transition regions, and in the details of the dust scouring

"* process.
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Section 2

NUMERICAL TREATMENT

FCT is a finite-difference technique for solving

the fluid equations in problems where sharp discontinuities

arise (e.g., shocks, slip surfaces and contact surfaces).1

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 quantities 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)2 , consists of a

flexible, general transport module which solves 1-D fluid

equations in Cartesian, cylindrical, or spherical geometry.

It provides a finite-difference approximation to conservation

laws in the general form:

.

r dv - - fa (u-u ).dA + rdA, (1)-.! t i~v( t) SAt At

where T 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 with

respect to the fluid without introducing any additional

-4



nunerica. diffusion. Thus, knowing wnere the features of

reatest interest are located, one can concentrate fne zones

where they will resolve these features most effectively as

the system evolves.

The same transport routine is employed in the 2D

I r-z code (called FAST2D) via coordinate splitting. A Jones-

W.kins-Lee (JWL) equation of state (EOS) was used for the

detonation products and a real-air EOS was used outside the

HE-air interface. 3 The routine was written in the form of a

- table lookup, using interpolation with logarithms to the base

16 computed by means of logical shifts." By thus taking

"* account of the architecture of the machine (in these calcula-

tions, a 32-bit-word two-pipe Texas Instruments ASC) it was

* possible to generate very efficient vector code, decreasing

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. in mixed cells the

combined pressure was calculated according to Dalton's law.

For the HE calculations the initial conditions were

taken to be the self-similar flow field corresponding to a

spherical Chapman-Jouguet detonation at the time the detona-

tion wave reaches the charge radius (Fig. 1)i. This was

propagated with the iD spherical 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

nuclear calculation was initialized with the 1-kton standard 5

with the same initial radius.

The boundary cohditions were chosen to enforce

*- perfect reflection on the ground and on the axis of symmetry

5
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tn
(d /.n) = 0, wnere = ,p,v and Vbc = 0], where "t" and

on bc b"n" denote :angential and normal components, respective -,

and outflow on the outer and the too boundaries r(d:,/dn)bcJbc
C, where ' = p, ,vt vn :

For the 2D calculations the mesh was typically. -100 x 100. Fixed gridding was used to minimize numerical

errors. These zones were 2.1 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 clirection was used, with all cells

*of dimension 4.2 m x 4.2 m.

Section 3

FREE-FIELD SOLUTION

The well-known Sedov similarity solution6 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 at 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
qualitatively similar, the temperature being essentially-flat
in the fireball region.

4
The solution used to initialize the HE problem,

however, contains a number of features which are absent in

the other solutions. These are most conspicuous in the

IP density profile (Fig. 2), which exhibits a contact discon-

tinuity between the HE products and shocked air, a secondary

7 .4
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shock facing inward within the detonation products, and a

gentle maximum near the origin. Because of this last

feature, temperatures are about three orders of magnitude

smaller in the fireball than in the nuclear case, and are

nowhere divergent.

it follows *-hat the speed of sound in the nuclear
fireball is much greater than in the HE fireball. This has

two immediate consequences, one physical and one numerical.

The first is that shocks propagating through the nuclear

fireball travel much faster. The second is that the upper

limit on the computational timestep, set by the Courant

criterion

I...,c

max v c '(2)
*O9

which usually is determined by conditions in the fireball, is

much smaller relative to the shock time scale s .

HOB/vshock in the nuclear case than in the HE case.

As a result, even t.hough the leading shock is well

resolved (over - 2 zones) in the free-field solution, the

process of reflection even at ground zero (where the shock is

incident normally) takes hundreds of timesteps. Coupled with

the prolperty of FCT (known as "clipping") which makes the

points of all sharply-peaked profiles tend to flatten out

until they are > 3 zones across, thid makes the rise time of

the reflected shock quantities - 10 times longer than that of

the incident shock. This can be seen using a ID spherical

model calculation (Fig. 4), as well as in oblique reflection

in 2D. This spreading is a problem only while the shock is

in the immediate vicinity of the reflecting boundary. After

lo I
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the reflected shock has propagated a few zones back into -.

interior of the mesh, the orofiles steepen up and assume

their correct forms (this has been shown by rerunninc -.-e

calculation with a refined mesh and comparing the peak values

after reflection with :ho'se predicted theoretically).

* When the reflected shock begins propagating back to 0
the origin i: encounters drastically different conditions in

the HE and nuclear cases. In the former, it strikes the

contact discontinuity where it is partly transmitted and

partly reflected. The reflected shock then proceeds outward

until it reaches the ground (the end of the grid in the ID

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.

0 As we shall show, it is 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 yield and HOB (600 tons and 166 ft, respec-

tively) were chosen to equal the values used in the Direct

Course experiment, which we are simulating. The Chapman-

*Jouguet parameters used to initialize the spherical free-

field calculation were taken to be those for the NH4NO,-fuel

oil (ANFO) mixture used as the explosive.

e1
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Figures E(a)-(c) snow the contours of HE density

and internal energy per unit mass and the velocity arrow plot

at t-0, just before the reflection at ground zero occurs.

Figures 6(d)-(f) show the corresponding plots 54 ms later,

while Figs. 6(g)-(i) show them after 245 ms. Note the

reflected shock proceeding upward, 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. 6(i). Note also the positive

vortex forming near the top of the grid in the same plot.

The latter results when the upward-propagating reflected

-.- shock interacts with the radially outward flow near the too

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, represent-

ing a cylinder 400 m in radius and 800 m high. The first 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 development is due

to the combination of buoyant rise and the action of the

vortices set up by the early shocks.

Figures 7(a)-(b) show the reaction product density

and velocities at 0.93 s. Note tne "toe" reaching out along

tne ground and the bulge near the bottom of the HE product

density produced by the constructive interference of forward

and reverse vortices. These features are accentuated with

the passage of time; in Figs. 7(c)-,d) (t = 2.70 s), they are

"%
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even clearer. The cload has become quite elongated ver:i-

caivl and shows a distinct mushroom shape. Develooment slows

as zhe fireball cools and velocities diminisn. .v 7.34 s

(after 2600 timesteps) the cloud is almost at 600 m. Ficures

71e',-(f) show its form at this time. Note that the maximum

velocity is now 145 m/s.

Figure Sa, which shows the trajectories of

passively advected tracer oarticles over the time interval

1.8 sec to 3.97 sec, displays the vortices very clearly.

Figure 8b shows the particle paths for the time interval 3.97

sec to 7.34 sec. Notice that there are four vortices visible

in the plot: two positive and two reversed. The additional

small vortices are apparently a consequence of entrainment by

the major ones. As far as we know, their existence has not

been noted previously.

When we reoeat the calculation with nuclear initial

conditions, several differences appear at a very early stage.

The reflected shock propagates upward rapidly through the

much hotter fireball and reverberates 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

Figures 6(g)-(i); by this time it is clear that much of the

early difference in the density profiles is washed out as

pressure beeins 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

17I
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con:ours at tne base of the s:em Fig. 9(b)> Tnese are
absent in e~t corresponding HE plot, Fig. 6(g). We conez-

ture that thev are the signature of a fluiJ instability,

nossible Ravleigh-Taylor. The idea is that the air sucked in

,v the (forward) vortex at the bottom of the fireball is muc

denser than the fireball itself. In running into the latter

t it sets um the classic condition for Rayleigh-Taylor insta-

bi1i:v (direction of effective gravity and density cradien t

are opposed).

* it is clear that the major qualitative differences

between the HE and nuclear cases persist longest in the

velocity plots. This is not surprising, as the circulation

patterns represented by the vortices have essentially

infinite lifetimes in the absence of viscosity. We have run

both- nuclear and HE cases out to stabilization (not shown

here) and have shown that there are qualitative differences

in velocity plots to the very end. At all times t>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 tne

nuclear profiles have - 6% of the yield in kinetic energy.

This fraction increases to a maximum of - 15%, then

decreases. In the HE case the fraction is initially about

one-half and decreases monotonically thereafter at about the

same rate as in the nuclear Case.
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* \. Section 5
CCNCLUS:ONS

We have described numerical simulations carried out

for a 600-ton HE burst and a 1-kton nuclear burst, both at
166 ft. The code, gridding, and method of solution are the

same in the two calculations. Although the shock waves in

the two cases propagate at roughly the same speed and break

away at roughly the same time, and although the pressure

fields relax to ambient in similar fashion, we find signifi-

cant differences, of which the following appear to be the

most important.

(i) The HE flow velocities are systematically

larger.

(ii) In the regular reflection region (underneath

and close to the fireball), the HE case

exhibits two overpressure peaks at the

surface, rather than one, due to re-reflec-

*- tion of the reflected shock from the contact
. surface between air and detonation products.

-. (iii) For the HE case the upper vortex forms first,
followed by t.he reverse vortex near the axis
of symmetry and the ground. Adjacent HE

products begin to be entrained into a

-ositive vortex over a longer period of time,

several seconds. In the nuclear case the

negative vortex is the dominant one; it is

larger then the HE, persists longer, and

V2-

• °"A-0



contains larger velocities than -e nosi t ,-e

vortex at comparable times.

(iv) The HE flow establishes a pattern of f:our

vortices, two forward and two reversed,
instead of one of each.

(v) The stem of the nuclear fireball appears to

exhibit a Rayleigh-Tavlor instability, 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 layer,

* 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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APPENDIX D
4.

ADAPTATION OF FLUX-CORRECTED TRANSPORT ALGORITHMS

FOR MODELING DUSTY FLOWS
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M. A. Fr y, Science Amplications, Inc.

and
D. L. Book, Naval Research Laboratory

TY"RODUCTION

In this paper w describe a series of calculations carried out as a of an
ongoing effort aimed at studying blast wave diffraction effects in air. The
phenomena of chief interest to us include velocity fields, particularly those
associated with the toruses (both forward and reverse) in the neighborhood of the
rising fireball, and the distribution of dust lifted off the ground 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 mxelinc. One-
and two-fluid hydrocodes based on the Flux-Corrected Transport (FCT)1 shock-
capturing techniques have been used to simulate airblast phenomena in one and two
dimensions. FCT refers to a class of state-of-the-art fluid coputational
algorithms developed at NL in the course of the past ten years with supersonic
gas-dynamic applications expressly in mind. We have concentrated on nodelino the

* "Direct Course" event, an experiment to be fielded shortly by the Defense Agency:
a 600-ton ammonium nitrate + fuel oil (ANFO) charqe is detonated at a height of
burst (HOB) of .166 ft. The results are most conveniently Mhibited in terms of
velocity vector plots and tracer particle trajectories. Examples of these are

presented to illustrate our results and conclusions.

te 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-

ton 2D HCB calculations. In Section 4 we smmarize our conclusions and discuss
their domain of validity.

Manusaipt approved September 13, 1983.
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NUMERICAL TRATMT

As described by Boris and Book', F is a finite-difference technique for
solving the fluid equations in problems where sharp discontinuities arise (e.c., '

shocks, slip surfaces and contact surfaces). It Tdifies the linear properties of

a second- (or higher-) order algorithm by dding a diffusion term durnq convec-

tive transport, and then subtracting it out "almost everywhere" in the antidiffu-

sion =iase of each time step. The residual diffusion is just large enough to

prevent dispersive ripples from arising at the discontinuity, thus ensuring that

all physically positive conserved quantities 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 initiatino the
%% - -calclation.

The FT routine used in the present calculations, called JPBFCT (an

advanced version of E'MFCT ), consists of a flexible, general transrrt module

whic- solves I-D fluid equations in Cartesian, cylindrical, or spherical geometry.
It provides a finite-difference approximation to conservation laws in the general

form:

f dv -f o(u-u )-dA + f ,dA, (1)
SV(t) SA(t) -9 SA(t)

- -. where 0 represents the mass, nonentum, energy or secies mass density in cell

SV(t), u and u represent the fluid and grid velocities, respectively, and

represents the pressure/work terms. This formulation allows the grid to slide
.with respect to the fluid without introducing any additional runerical diffusion.

Thus, knowing where the features of greatest interest are located, one can con-

centrate fine zones where they will resolve these features most effecti-ely as the.
syst n evolves.

The same transport routine was employed for both coordinate directions in the

2D r-z code (called FAST2!D) via timestep splitting. A Jones-Wilkins-Lee (jWL)
equation of state (EOS) was used for the detonation products and a real-air MS
was used outside the HE-air interface3 . The routine was written in the form of a i

table lookup, using interpolation with logarithms to the base 16 cnoruted by means

2
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of locical snifs*. By thus taking account of the archiecture of the rachine +i

these calculations, a 32-bit- rd ' D-pipe Texas ins-.mients ASC) it was ossiole

to generate very efficient vector code, decreasing the time recqired for M cal- j
culations 9 a s~all fraction of that required for the hvdro. Thle MC specifies

pressure as a function of densitv and internal ener-gy. In mixed cells the

o;-moined pressure was calculated according to Dalton's law.

-he initial conditions were taken to be the self-similar flow field used by

KLunl, et al. , corresmonding to a spherical Chaoan-Jouauet ietonation at the t _' e
t.ne detonation wave reaches the charge radius (Fig. 1). This was prozaaIed I
the 1D sherical code until the detonation front attained a radius lust smaller

than HOEB, at which tie thesolution was laid down on the 2D mesh (Fig. 2).

The boundary conditions were dhosen to enforce perfect reflection on the
.ground and on t~he axis of symmetry [(do/nbc=0 where 0 M Pov, and n= 01,

o where "t" and "n" denote tangential and normal components, respectively, an-3
t n,outflow on the outer and the to boundaries [(do/dn)b = 0, where 0 = O,p,v ,vn.

For the 2D calculations the mesh was typically 200 x 100. Fixed Qriddina was

* used to minimize ruxerical errors. The zone sizes were 2. I m x 2. I m, resmec-

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

4.2 m x 4.2 m.

To study the motion of dust particles in the flow field generated by the

, calculation, the simplest model describes dusty air as a single phase with density

• and adiabatic index dhosen appropriately. This approach ignores the properties
0 associated with the particulate structure of the dust and the process of scouring

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, mmentum and energy

conservation, as has been done in one dimension by Miura and Glass 5 . The dust
. equations are coupled to those describing the air through drag and heat transfer

* terms.

3 a
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It has been pointed out by Kuhl 6 that in such a treament a dust nar-
ticle tends to become entrained in the prevailing flow over a distance 103

particle diameters. Thus a one-phase description is satisfactory whenever nar-
ticle sizes are at least a thousand times smaller than the smallest lenct-h scale
in the hydrodynamics. For the present calculation, this scale is rouchlv i M, so
particles -mailer -han I .m can be regarded as totally entrained.

When the mass density of the dust cornpnent is wkial cormared with air
(or 1E product) density, a further simplification is ossible. Entrained dust
particles can be followed by passive advection. That is, the wind fields ,

* -y are taken from a dust-free hydrodynamics calculation, and dust is advected in
S.. these fields according to

dx
Su X at a .(2)

In this amroximation we ignore the effect of the itrxentm and enerqy transfer on
-.,. the air ;hase. te same approximation can be used for larger (nonentrainel)

particles also, provided we include inertia and drag by using the forc law

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

the empirical drag coefficient employed by Miura and Glass5.

Equations (2) and (3) apply best in the liimits of extremely sa4ll and
extremely large particles, respectively. Although they restrict the scope of the

calculation (by requiring the dust content to be sall), they have the computa-
tional advantage of allowing us to obtain time-dependent dust distributions for
many different cdoices of dust size spectrum and initial distribution from a

single hydrodynamics calculation.

4
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600-7W ANFO WLOSIX AT 166 FT

The yield and HOB (600 tons and 166 .t, respectively) in the calculation were
cnosen to eaual the values used in the Defense Nuclear Agency Direct Course

experiment, which w are simulating. The Chaznan-Jouguet parameters used to
initialize the sherical free-field calculation were taken to be those for the

,NDz-fuel oil (ANFO) mixture used as the explosive.

Figs. 3(a)-(c) show the contours of 9E density and internal energv y r .2t
mass and the velocity 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)-(i) show them after 245 ms. Note the reflected shock proceedinq uoard,
reflecting again off the fireball, and propagating back in a downward and outwarI
direction. The interaction of this shock with the radially inward flow near the
around generates the reverse vortex, which is clearly seen in Fig. 3(i). NJote

S also the positive vortex forming near the top of the grid in the same olot. 7he

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, w reinitialized on a

larger, coarser grid, representing a cylinder 400 m in radius and 800 m high. The

first 300 cycles approximately reproduce the early-time results. The spherical
shock breaks away and leaves the iresh. 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 ambination of buoyant rise and the action of the vortices set

up by the early shocks.

Figure 4a, which shows the trajectories of passively advected tracer par-

ticles over the time interval 1.8 sec to 3.97 sec, displays the vortices very

*clearly. Fig. 4b shows the particle paths for the time interval 3.97 sec to 7.34
sec. Notice that there are four vortices visible in the plot: two positive and

two reversed. The additional small vortices are apprently a consequence of
entrairment by the major ones. As far as we know, their existence has not been

Onoted previously.
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1.t is clear that the major cualitative features persist loncest in the
velocity plots. This is not surprising, as the circulation patterns represented

by t-e vortices have essentially infinite lifetimes in the absence of visccosity.
We have rin out to stabilization (not shown .here) and have found that these

feaures persist in the velocity plots to the very end. At all times t>O the oeak

flow velocity in rne HE case exceeds -hat in the cmparable =oint source solution.

This is a reflection of the fact that the Chapman-Jouguet solution at a radius of

10 m has a pressure peak of 52 k}ar, vs 3 kbar for the Sedov solution at the same

radius. The means that the former starts out with much mrre violent rmtion, i.e.,

fluid velocities an order of magnitude larger. All in all, in manv respects the

- HE case does not closely resemble a .pint source.

• : -. =SIONS

[We have described a numerical simulation of the Direct Course Event. "he

code, gridding, and method of solution are the same in the t'o calculations. The

following conclusions appear to be among the most important.

(i) The f'low establishes a pattern of four vor-tices, two forward and tw

" 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 becin to be

entrained into a positive vortex over a lonoer period of time, several

seconds.

(iii) Once picked up (scoured) off the ground, dust is efficiently trans-

ported upward by the reverse vortex farther fran the axis.

Phenomena neglected in the present model (e.g., terrain, conditions in the
boundary layer, turbulence, humidity, etc.) are unlikely to alter the above con-

clusions, wich mainly depend on the characteristics of the solutions in the

4' interior of the mesh and over long periods of time. Further study of the tracer

particle mrotions w have calculated is likely to be illuminatinq, particularly

when we begin to consider the evolution of various initial conficurations as a
function of oarticle size. In closing, it is appropriate to emhasize the far-

reaching significance of the role played by the HE-air interface in the dynamics
of both airblast and cloud rise chenomena, and the bmwrtance for numerical

siulation of correctly treating this interface.
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A_ APPENDIX E

POWER-SERIES SOLUTIONS OF THE GASDYNA!UC EQUATIONS

FOR MACH{ REFLECTION OF A PLANAR SHOCK BY A WEDGE
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The self-similar solutions to the problem of a planar shock with Mach number M s reflecting
obliquely from a wedge with vertex angle Ow are obtained to arbitrary accuracy by expanding the
fluid quantities in power series in the scaled -variables t - x/t, 77 - y/t. For single Mach reflection,
there are four distinct regions: (a) the ambient gas ahead of the incident shock; (b) the gas behind
the incident shock and outside the reflected (bow) shock; (c) the region bounded by the Mach stem,
the wedge, and the contact surface (slip line) extending from the triple point; and (d) the doubly
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shocked medium bounded by the contact surface, wedge, and reflected shock. In region
(b) the solution is known immediately in tewms of -N%, Ow, and the conditions in (a).
The shapes of the Mach stem. contact surface and bow shock are expressed parametrically
as - F(s), q - G(s). Then o,, ue, vc, Pc, and Pd, ud, vd, Pd are obtained by expanding

' variables in double power series. e.g.,

P( , 17) - E p,'pJ

substituting in the ideal fluid equations, and equating coefficients of like powers through
some order N - maxfi'-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 nonlinear, 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 terms. There are thus
- 200 quantities in the discretization of the problem, compared with Z i0 4 in a con-
ventional finite-difference treatment. The method generalizes readily to complex and
double Mach reflections.

-.

SECURITY ".ASSIPICATION OF "WIS W&@ErWheA .aCIS IMIOP0E)

%"

. .. . . . . . . . . . . . . . . . . . . . . . . . . . .



-7777 7'.'7

CONTENTS

D,,RODUCTION ........ .... ..... , ....... . ....... 

DERIVATION OF EQUATIONS................................. 6

SOLTUTION OF EQUAT IONS...................................:i5

CONCLUSION.............................................. 16

REFERENCES..............................................17

ACKNOWLEDGMENTS ............. ........................... a

Z7

~....



o *- -- ,- . 'U

POWER-SER:ES SOLUT:ONS OF "E aASDYN.AMTC EQUA"ONS FOR MACH PFLECTION OF A

PLANAR SHOCK BY A WEDGE

Dav,d L. Book and Jay P. Bor-s

Naval Research :aboratory, Washington, D. C. 20375

I@

Ira B. Bernstein -

Yale University, New Haven, Conn. 06520

Mark A. Fry

Science Applications, Inc., McLean, Virginia 22102

INTRODUCTION

The problem of a planar shock reflecting from an oblique surface goes

back over a hundred years to Ernst Mach. Although this problem is importantS
in its own right, much of the interest in it arises because of the need for

better understanding of Mach reflection in more complicated situations. ."he

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 propagates in a shock

1 - Manuscrpt approved September 13, 1983.
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tube whose walls are not parallel to the direct-ion of propagation (because a

wedge has been inserted along the side), a reflected shock wave propacates

back into the interior of the shock tube. When the wedge angle is a so

that the primary shock is incident nearly normally on it, the reflected shock

is also. planar and no other gasdynamic discontinuities appear near the

reflection point. As the wedge angle decreases, so that the incident shock

becomes more and more nearly glancing, it becomes impossible for a fluid

particle to traverse both incident and reflected shocks and still "turn the

corner" enough to end up moving parallel to the wedge surface. At least one

additional shock (the Mach stem) must appear (Fig. 1), intersecting the

others at a so-called triple point. Because some of the material in- the zone

between the mach stem and the reflected wave has been shocked once and some

t ice, another gasdynamic discontinuity (a contact surface) must also extend

from the triple point into this region, terminating somewhere on the wedge

surface. The reflected shock may terminate at the corner of the wedge

(attached shock), or upstream from this point (detached shock), or may run

into a second triple point between the first one and the corner (double Mach

reflection). The latter case occurs in general for smaller wedge angles than

does single Mach reflection; an intermediate case (complex Mach reflection)

is also observed.

One would like to derive a theoretical description of Mach reflection

which would complement the experimental results and address some of the

questions t-he latter leave unanswered, such as the structure of the contact

surface near the wedge surface, and whether a "triple Mach" regime exists.

An analytical solution is out of the question, though pieces of the problem

(e.g., the flow in the neighborhood of the triple point!) can be solved.

Recourse must therefore be had to numerical methods.
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Ficure 1. interferogram of single Mach reflection in N2 (MS  4.72,

OW w l00, a= 15 torr) after Ben-Dor', with X and Y axes and

gasdynamic discontinuities drawn in, and regions labeled with a, b, c, d.

I°

S,

1:

°, 3



Straiahtforward !ifferencina of the fluid eauations (usinc either an

ideal or realistic equation of state) has been carried out with considerable

success.' 2 . A rectilinear Euerian mesh with -100 - 200 zones along each

axis, possibly varying in size as a function of position to improve resolu-

tion near the Mach stem, is used. The conditions ahead of and behind -he

incident shock are used as boundary conditions, along with a reflection con-

di'on on the -wedge. State-of-the art shock capturing techniques such as

!iux-Correctd Transport (OwT) resolve the envelope (reflected) waveform

accurately and permit almost all the other gasdynamic discontinuties in the

"roblem to be distinguished (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 - 104 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 fluid quantities in

the regions they bound. In much of the domain of the calculation the solu-

tion is known a oriori and does not change in time.

Furthermore, the desired solution is actually self-similar. In the

scaled variables r a x/t, n - y/t, where t is time and the origin of the

coordinate system is fixed at the wedge corner, the observed wave forms are

stationary. It is thus natural to seek a solution to the ideal fluid equa-

tions in terms of these similarity variables.
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"n the present paper we treat the shock-on-wedge problem by expanding

the fluid variables and the functional forms of the boundaries in mower

series in and n. The expansion coefficients are found by imposing the

boundary conditions (Rankine-Hugoniot conditions on the shock, perfect

" reflection on the wedge surface).

Numerous fluid dynamics problems have been solved by mower series tech-

nicues, as described by Van Dyke. were we follow the aeneral aoroach he
.. advocates: first do he lowest-order terms "by hand,w then afterward auto-

mate the procedure, finally using sophisticated mathematical techniques to

find the limitina values of critical numbers (e.g., boundaries between two

reflection regimes). UnlIke most of the problems described by Van Dyke, the

algebraic equations determining the power series coefficients here are highly

nonlinear and need to be solved by iteration; the prover iteration scheme is

not obvious, but must be found by experimentation.

-:n the following section we derive the equations to be solved. The next

section iescribes the iteration procedure, the program implementing it, and

the display. The final section summarizes our conclusions and discusses

extension of the calculation to higher order and to the more complicated Mach

reflection cases.

DERIVATION OF EQUA=ONS

-n what follows we use the label "a" for quantities in the ambient gas

(ahead of the incident shock); "b" behind the incident shock; "c" between the

contact surface and the Mach stem; and "d" for the doubly shocked region

Vlbetween the reflected shock and the contact surface. Surfaces of aasdynamic

discontinuities are labelled by the two regions they separate, e.q. "cd" for

d w the 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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t -er= of the similarity variables th, , .e f.'uid equations become

durr

pu (-i - (v ) -- -) - O ;

( (uu-& + (- TO - + - 0 4

~where Y Is the adiabat.ic index.

1-f we defi-ne dimensionless variables by

~x - ,/C, y, 71n/c (5

(u-&c);; V -v-n - ,0;

R P/Pa ' p  P/Pa (7)

a a

where

X c Y pa'/ (5)

• then the fluid eouations become

U - + - R + R (-L -V + 2) O (9)ax ay ax ay

Azle.
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ax ax

av 3v ap
R (U - +7 w *)+-L- 0; (1

U a-+ V-yp +(-L-- -LV + 2) 0. (12)
ax a x 3

in each of regions c and d we expand R, U, V, P in double power series,

R(X,Y) ROD 4 10X 4 1Y + R20X2  R11X ~ 02Y (13)

30 2 1 X2  0 -3

U(X,Y) U +o U 4 +7 1 4 y :x + U1 1 y Xy + (14)+

V(XY)- 00 410~ V0 1 4 72 X2 4 11 Y + U02Y4 (14)

v21 x~~ 12 + 03Y
3

P(Xy) O +0  4 P10 X +4 0~1  4 20X2 4 11x XY VOZ + p6

30X 
3 4 v 1 x 2 l zxv 4 0Y + ...

Tb appl.y the rat"-oction boundary condition, we set

MP
8p au ao I
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at in 0 for all . - follows tha: we must have

Rol R 21 ' 0;

U0 1 j =l = = 3 ... * 0;

P. PI. P " 3 0 0 0; (20)

and

V0 0  V 10 -V, 0  V30 - 0. (21)

To proceed further, we substitute Eqs. (13)-(16) in Eqs. (9)-(12) and

collect terms of like powers X , equating their coefficients to zero order

by order. The task of doing this by conventional methods rapidly becomes

hopeless, but it can readily be automated. To see what is going on in the

lowest orders of our Ohand" 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

V0 2 0 V1 2 - V2 a o.o - 0, (22)

f12

P03 0 13 - 23 **0. 0. (23)



Some of the equations then vanish identically. In each of regions c and d

there are more variables than nontrivial equations, as shown by the following

table:

Equations Variables

Order R U V P Toal R U V P Total

3 1 0 1 3 2 2 1 2 7

1 1 14 2 2 1 27

2 2 2 1, 2 7 3 3 2 2 100

3 3 3 2 3 11 4 4 3 3 14

4 4 4 3 4 15 5 5 4 4 18

5 5 5 4 5 19 6 6 5 5 22

Table 1

Table 1 shows that in each reqion there are three more unknowns than

equations in each order, except for N - 0, where '-he number is four. The

additional equations are supplied by the jump conditions, imposed on surfaces

ac and bd for regions c and d, respectively.

If we represent a shock boundary parametrically by X-- F(s), Y G G(s),

then the Rankine-Huaoniot conditions become

X' (U - U) + Y' (V - V) - 0; (24)

d0
.4b
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-"Y' R U-R U) ,X' (R V -R V);2=

* I

'S P + R (22 * V2) , P - R (22 - V';26)

- v2 *2= .62 72 2Y -

wile on a contact surface

P ,,.; (28)

* Y' T. X' V, (29)S.

Y' U X' V. (30)

-,

Here --he variables in. front of and behind the discontinuity are denoted

"* by unbarred and barred symbols, respectively.

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

representation

.-

X - X0  XY + x. + x 3 Y 3 + .... (31)

%a a
is valid. Substituting Eq. (31) and the ambient conditions u - 0 in

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

t hu takes the form

" 11
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~- - - - - -x- u - . .- .. . . . .

c- c a c aX, (U -U ) ,(32)

X, 0; (33)

1 v c VX 

I + v~ o VzX 0 +. .

X2 0 , '34)

2 (X 0 r '4 + UIoXo + U20 . .

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

in Bus. (25)-(27) (with v.. 1) yields three conditions in each order on

Analogously, we write the equation for the reflected shock bd as

2 3
Yu Y X + Y2 X 4 Y3X + .... (35)

- Substitution in the condition for continuity of the parallel velocities at

bd,

d"0- " "(V - )  0, (36)

yields

-12
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d 2 d
=(V 01  1) Y U 0 +

v

2 b ,(38,

3(v ad ) + cvd +' U~ d0 3(V1 '' )12 11 + 12 )  20

et.(Nt --a b an b ,  iku a an a  Vb ,

etc. (ote that uand like and v, are constants, whereas ,

a, are not.) Substition of Bq. (35) is Eqs. (25)-(27) with Xt - 1--hen

Syields three conditions per order on the "d" variables.

At this point we need three more conditions: two for the remaining

* • variables in order zero, and another to determine X0 . For this purpose we

use Eas. (28)-(30). Note that to apply these conditions everywhere on cd

would overdetermine the system. 7his is equivalent to asserting the

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

from a to c, across bd from b to d, and then across od from c back to d,

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

(30) at the triple point.

.4..
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-i-st we define X., YT by setting

U6
2 3

Y, Y, X YX Y X +4..0
T " XT ZXT 3 T (40)

z 3 .
X X0 + X, Y 4 X YT * X3YT  .... (41)

Then we recuire

pC(XTYT) - pd(XT); (42)

T T T

ud(xTY &YT (X TY (44)TT T T'

where

0 -p(c - dc d-
( (X,Y) - (X,Y) - (XTYT (XTYT

-(45)

AxT (p -) + AY lp ap)T ax " ay 5y

determines the ratio 4X,,/AYT

T.-

-4 1



For our trial calculation we work to order N - 5. Includinc the cuant--

ti es which vanish identically, we then have 183 equations in 183 unkrnowns, ?

which are tc be solved simultaneously.

SOLUTION OF EBtUA."ONS

"e solution is obtained by iteration. Several points are important in

the design of a satisfactory iteration scheme:

(i) Good values of the quantities X., XT , YT' etc., can be jj

obtained from the experimental data ( 1i. 1) and used as initial.

guesses.

*0 (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 obtained

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 using some form of (under)relaxation, eo4.,

new value - old value + relaxation factor x corrections.

*O The current version of the code works as follows:

(i) For N - 0, use the X- and Y- independent terms of Bqs. (9)-(12),

together with the zeroth-order form of Egs. (25)-(27) and Eq. (43) to update
c c c c c
R. R , Uc , VC  , ;

00 10 00 10 01 00 10
d(ii) Do the same thing [using Eq. (44) instead of (43)] for R

d 00• ., Pd ; .P do
* 10 I

' (iii) Solve Eqs. (9)-(12) and Eqs. (25)-(27) on ac order by order for

N - t to 5 to obtain the region-c variables;

(iv) Solve Eqs. (9)-(12) and Eqs. (2A'-(27) on bd order by order for

N 1 to 5 to obtain the region-d variables plus Y

(v) Iterate Eqs. (40)-(42) together with the successive orders of

Eq. (32) [e.g., Eq. (34) for X2] to solve for XT, YT' and Xi, i - 0, l,

... , 6. (To a good approximation, Xi - 0 for all i 0, 2.)

15
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This scheme is repeated until no further change (to some preset tolerance) in

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

at about one second per iteration.

.Results are most conveniently displayed as contour plots in pressure (or

density). Although it is possible to drive t.he plottng pen directly using

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

500x500), fill it with pressures calculated at every X, Y, and use a standard

contour plot-ing package on this.

CONCLUSION

The program described above ii still under development, and no results

have yet been generated. For this sample problem, it seems straightforward

to carry the method to a successful solution. we have encountered, and

apparently overcome, --o types of difficulties: determining the formulation

for the problem, and solving the resulting set of equations. Only if both

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

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

hich order N. This is of interest chiefly in connection with studying the

behavior of the roll-up in the contact surface.

Finally, extension to other forms of Mach reflection is of interest.

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

and can be handled using the techniques described here. Complex Mach

reflection and detached shocks are less clear. At present we do not know how

to formulate the problem in either situation so as to make it well-posed.

This will be addressed in future work.
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