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ADAPTATION OF FLUX-CORRECTED TRANSPORT ALGORITHMS FOR MODELING DUSTY FLOWS

M. A. Fry, Science Applications, Inc.
and
D. L. Book, Naval Research Laboratory

INTRODUCTION

In this paper we describe a series of calculations carried ocut as part of an
ongoing effort aimed at studying blast wave diffraction effects in air. The
phenamena of chief interest to us include welocity 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 wvortices
(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 techniques 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 shortly by the Defense Agency:
a 600-ton ammonium nitrate + fuel oil (ANFO) charge is detonated at a height of
burst (HOB) of 166 ft. The results are most conveniently exhibited in terms of
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 describe the 600-

ton 2D HOB calculations. In Section 4 we summarize our oonclusions and discuss
their domain of validity.

Manuscript approved September 13, 1883.




NUMERICAL TREATMENT

As described by Boris and Book!, FCT is a finite-difference technique for
solving the fluid equations in problems where sharp discontinuities arise (e.q.,
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 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 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 initiating the
calculation.

The FCT routine used in the present calculations, called JPBFCT (an
advanced version of ETBFCT¢), consists of a flexible, qeneral 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:

3
[ 9aV = = [ ¢(u-u_)+da + [ tdA, (1
L3 §V(t) sA() 2 T sa(t)

where ¢ represents the mass, momentum, energy or species mass density in cell
6v(t), u and Yy represent the fluid and grid velocities, respectively, and <t
represents the pressure/work terms. This formulation allows the grid to slide
with respect to the fluid without introducing any additional numerical diffusion.
Thus, knowing where the features of greatest interest are located, one can con-
centrate fine zones where they will resolve these features most effectively as the
system evolves.

The same transport routine was employed for both coordinate directions in the
2D r-z code (called FAST2D) via timestep splitting. A Jones-Wilkins-Lee (JWL)
equation of state (POS) was used for the detonation products and a real-air EOS
was used outside the HE-air interface’. The routine was written in the form of a
table lookup, using interpolation with logarithms to the base 16 computed by means
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of logical shifts*. By thus taking account of the architecture of the machine (in
these calculations, a 32-bit-word two-pipe Texas Instruments ASC) it was possible
to generate very efficient vector code, decreasing the time required for EOS cal-
culations to a small fraction of that required for the hydro. The BOS specifies
pressure as a function of density and internal energy. In mixed cells the
combined pressure was calculated according to Dalton's law.

The initial conditions were taken to be the self-similar flow field used by
Kuhl, et al.3, corresponding to a spherical Chapman-Jouquet detonation at the time
the detonation wave reaches the charge radius (Fig. 1). This was propagated with
the 1D 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 boundary oconditions were chosen to enforce perfect reflection on the
ground and on the axis of symmetry [(dwdn)bc = (0, where ¢ = p,p,vt, and vgc = 0],
where "t" and "n" denote tangential and normal components, respectively, and

outflow on the outer and the top boundaries [(dd’/dn)bc = 0, where ¢ = o,p,v=,v"].

For the 2D calculations the mesh was typically 200 x 100. Fixed qridding was
used to minimize numerical errors. The 2zone sizes were 2.1 m x 2.1 m, respec-
tively. For the late-time calculations, a fixed mesh with 100 2ones in the radial
and 200 2ones in the vertical direction was used, with all cells of dimension
4.2 mx 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 chosen appropriately. This approach ignores the properties
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, momentum and energy
conservation, as has been done in one dimension by Miura and Glass®. The dust

equations are ocoupled to those describing the air through drag and heat transfer
terms.
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It has been pointed out by Kuhl® that in such a treatment a dust par-
ticle tends to become entrained in the prevailing flow over a distance ~ 10°
particle diameters. Thus a one-phase description is satisfactory whenever par-
ticle sizes are at least a thousand times smaller than the smallest length scale
in the hydrodynamics. For the present calculation, this scale is roughly 1 m, so
particles smaller than 1 mm can be regarded as totally entrained.

When the mass density of the dust component is small compared with air
(or HE product) density, a further simplification is possible. Entrained dust
particles can be followed by passive advection. That is, the wind fields u,,
uy are taken from a dust-free hydrodynamics calcu.ation, and dust is advected in
these fields according to

=ux,g>t£=uy. (2)

&

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

av
Mmae=-me, +D(y =~V , (3)

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

the empirical drag coefficient employed by Miura and Glass®.

Equations (2) and (3) apply best in the limits of extremely small and
extremely large particles, respectively. Although they restrict the scope of the
calculation (by requiring the dust ocontent to be small), they have the computa-
tional advantage of allowing us to obtain time-dependent dust distributions for
many different choices of dust size spectrum and initial distribution from a
single hydrodynamics calculation.




600~-TON ANFO EXPLOSICN AT 166 FT

The yield and HOB (600 tons and 166 ft, respectively) in the calculation were
chosen to equal the values used in the Defense Nuclear Agency 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
NH, NO;-fuel oil (ANFO) mixture used as the explosive.

Figs. 3(a)=(c) show the contours of HE density and internal energy per unit
mass and the velocity arrow plot at t=0, just before the reflection at qround 2zero
occurs. Figs. 3(d)-(f) show the oorresponding plots 54 ms later, while Figs.
3(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 wortex, which is clearly seen in Fig. 3(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 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 ewvolution of the fireball at late times, we reinitialized on a
larger, ooarser 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 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 buoyant rise and the action of the vortices set
up by the early shocks.

Figure 4a, which shows the trajectories of passively advected tracer var-
ticles over the time interval 1.8 sec to 3.97 sec, displays the wortices 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 apparently a consequence of
entrainment by the major cnes. As far as we know, their existence has not been
noted previously.




It is clear that the major qualitative features persist longest in the
velocity plots. This is mot surprising, as the circulation patterns represented
by the wvortices have essentially infinite lifetimes in the absence of viscosity.
We have run out to stabilization (not shown here) and have found that these
: features persist in the velocity plots to the very end. At all times t>0 the peak
flow velocity in the HE case exceeds that in the comparable point source solution.
This is a reflection of the fact that the Chapman-Jouguet solution at a radius of
3 ‘ 10 m has a pressure peak of 52 kbar, vs 3 kbar for the Sedov solution at the same
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radius. The means that the former starts out with much wore violent motion, i.e.,
fluid wvelocities an order of magnitude larger. All in all, in many respects the
HE case does not closely resemble a point source.

CONCLUSIONS

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

(i) The flow establishes a pattern of four wortices, two forward and two
reversed, instead of one of each.

(ii) The upper vortex forms first, followed by the reverse wortex near the
axis of symmetry and the ground. Adjacent HE products begin to be
entrained into a positive vortex over a longer period of time, several
seconds.

(iii) Once picked wp (scoured) off the ground, dust is efficiently trans-
ported upward by the reverse vortex farther from the axis.

. — .

Phenomena neglected in the present model (e.g., terrain, oconditions 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
interior of the mesh and over long periods of time. Further study of the tracer
particle motions we have calculated is likely to be illuminating, particularly
when we begin to consider the ewolution of various initial configurations as a
function of particle size. 1In closing, it is appropriate to emphasize the far-
reaching significance of the role played by the HE-air interface in the dynamics
‘ of both airblast and cloud rise phenomena, and the importance for mumerical
: simulation of co~vectly tr ating this interface.
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