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19 1 An ability to simulate the flowfield

1produced in the wake of the Aerobraking Orbit Transfer Vehicle (AOTV) is needed to investigat'
mitigation of the expected ratio blackout by means of injecting SE as into the flow. This
complex problem is characterized by a density in the wake that is Wll below ambient and very
i,.tense shock fronts in the ram flow. Consequently, the free molecular flow, transition
flow, and continuum flow are simultaneous present in the AOTV problem. We show that Direct
Simulation Monte Carlo (DMSC) code can be used to simulate the flowfield in an AOTV wake. The
DMSC code produces reasonable results for air only flow, including many of the features known

from investigations of continuum flow wakes. When S' is added to the wake flow, the SF6 is
the dominant species controlling the flow near the veticle, is well mixed with the ambient
gas, and is largely confined to the wake. While our results demonstrate the utility of the

MSC code for the blackout probiem, we recommend additional effort to perform simulations in
3-D axisymetric geometry and to anchor our input data to ram flow calculations by

ASA-Langley.
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1. Introduction

Communications with a space vehicle reentering into the Earth's atmosphere are
severely disturbed by the dense electron population surrounding the vehicle. These
high electron densities occur through ionization of the ambient air which is elevated
to very high temperature by a very strong bow shock. Signal loss, or blackout, oc-
curs when the electron density in the shock layer reaches the critical values for the
selected signal frequencies. For frequencies of 0.28 GHz, 2.8 GHz and 28 GHz, the crit-
ical electron densities are respectively 10', 1011, and 1013 electron/cm. The blackout
problem can be mitigated by injection of an electrophile gas which, in effect, converts
the highly mobile electrons into massive negative ions. At the high radio frequencies,
electromagnetic waves are practically unaffected by these massive ions. One such elec-
trophile gas is sulfur hexaflouride (SF) which has been used in numerous programs,
both experimentally and theoretically.

This report describes work done by SAIC to evaluate the feasibility of injecting SF6

gas into the wake of an Aerobraking Orbital Transfer Vehicle (AOTV) for the purpose
of alleviating blackout during the brief reentry of the vehicle into the atmosphere. The
AOTV, or its scaled down precursor experimental vehicle called Aerobraking Flight
Experiment (AFE), relies on aerodynamic forces to dissipate orbit energy in order to

transition into a lower orbit.

The problem will first be stated and our approach will be described in the following
section. It will be shown that, in the present work, no attempt is made to solve for the
whole flow field over the vehicle due to the inherent complexities of such a simulation.
Rather, we focus our attention on the wake flow field which we analyze using a transition
flow model, namely the Direct Simulation Monte Carlo model (devised by Bird), since

the flow in the near wake always remains either in the transition or free molecule
regime throughout the aerobraking maneuver. Results obtained for the ram flow field
by NASA-Langley are used as input boundary conditions in our simulation. In the
third section, the basic structure of the flow field in the wake of supersonic blunt

bodies will be described. It will be shown that the supersonic wake is very rich in
features: expansion fan, recompression shocks, free shear layer, boundary layer and
viscous effects. Additional rarefaction effects in the wake of aerobraking vehicle further

complicate the flow structure. Section 4 summarizes the main results obtained during
the prior year. In that effort, we tried to gain basic insights into the problem and derive
first order estimates of the air and SF6 flow field characteristics.

Section 5 describes the present simulation method. The main features of the
Direct Simulation Monte Carlo code are explained and the diagnostic tools which we
constructed to monitor the progress of the code are described. In Section 6 we present



results obtained with this code for three problems. The fundamental problem of the
presence or absence of vortices in the wake of supersonic blunt bodies is analyzed in
the first problem. The expansion of SF6 into the AOTV wake is analyzed in the second
and third problems. The results presented here are preliminary, however, and further
work should be done in several areas (see Section 7), such as 3- dimensional geometry,
the effect of computational grid structure on flow field, and the effect of actual ram
conditions.
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2. Problem Statement and Methodology for Solution

The ultimate objective of the present task is to assess the potential of SF6 injected
into the wake of a reentering AOTV/AFE vehicle in an effort to decrease the electron
density below critical values along some path through which radio communication can
travel. To evaluate the merit of such an experiment, one has to answer the following
question:

(a) Where are the large electron populations located around the reentering vehicle and
what is the magnitude of these electron densities?

(b) Where does the SF go once injected into the vehicle wake? Can SF counterflow
against the air, or is it swept along by the high velocity air flow? Does SF6

penetrate and destroy the "recirculation vortices" which are formed at the bases of
blunt supersonic vehicles, or is SF contained in the "recirculation zone" and later
entrained through the "neck" of the wake shear layer? (See below for explanation
of the terms within quotation marks.)

(c) How much SF6 has to be injected into the wake to lower the electron density to
values less than the critical densities for the working frequencies?

The answer to the first question would come from the study of the air flow field
around the AOTV/AFE vehicle. This air flow field is inherently very complex and
extremely difficult to simulate with any accuracy, due to the high enthalpy of the gas
with respect to the spacecraft and the relatively high altitude, and therefore low am-
bient density, at which the AOTV/AFE vehicle reenters the atmosphere. As shown
in Fig. 1, the flight domain of these aerobraking vehicles is very different from the
ones contemplated for the Apollo program or the RAM program, and no experimental
data is available. The answer to question (a) would therefore have to come from a full
3-D simulation of the air flow field around the vehicle taking into account the chem-
istry (dissociation, recombination, ionization), internal energy exchange (translational,
rotational, vibrational, electronic), nonequilibrium (in all internal energy modes and
also in translational modes), gas-surface interaction (catalysis, outgassing, reflection
accommodation coefficients), radiation energy exchange (in nonequilibrium), plasma
effects (induced electric field, Earth's magnetic field, spacecraft charging), rarefaction
effects (breakdown of pressure tensor isotropy, breakdown of Chapman-Enskoy rela-
tions for transport properties, discontinuities at boundary surfaces such as velocity slip
and temperature jump). To understand the basic features of the flow field, however,
reference should be made to Fig. 2. The flow around the reentering space vehicle is
characterized by a wide, very strong bow shock which envelopes the whole forebody.
Near the stagnation point, the shock is a strong compression wave with a downstream

3
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temperature of several eV. Intense dissociation and some ionization would then occur
within the shock as shown in Fig. 3. Partial recombination and neutralization will then
occur as the air flow passes around the vehicle. The presence of streaming charged par-
ticles elevates the spacecraft potential and induces electric fields, which in turn affect
the distribution and density of charged particles around the spacecraft.

No attempts have been made in the present work to simulate the flow field in
the ram region of the vehicle. Rather, we are relying on the results of 2-D and 3-
D simulations which have been performed at NASA-Langley by Gnoffo, Moss and
Celenligil. Gnoffo's results are applicable in the lower altitude region near the perigee
of the AOTV/AFE vehicle, where the flow in the ram is in the continuum regime
(low Knudsen numbers). The results obtained by Moss and Celenligil are applicable
at higher altitudes (90-130 km) where the flow over the whole vehicle is either in the
transition regime or the free molecular regime (medium and high Knudsen numbers).
NASA's results are expressed in the form of neutral and charged particle densities
over the whole vehicle, together with temperature (translational and internal), and
flow speed (magnitude and direction). Since the main goal of NASA's simulations
is the eva!uation of the aerodynamic forces and moments, and the heat transfer to
the vehicle, little emphasis is put on the wake region which contributes little to those
parameters. Rarefaction effects in the wake are ignored in Gnoffo's simulation, whereas
quasi vacuum conditions are deemed sufficient in Moss's simulation.

Our approach to answering questions (b) and (c) is to concentrate on first trying to
solve for the air flow field structure and properties in the wake as accurately as possible,

utilizing Gnoffo's (in continuum regime) and Moss's (in transition regime) results as
boundary input conditions. Wake flows are usually very complex due primarily to the
fact that their structural characteristics depend heavily on the upstream flow field.

Furthermore, as shown in Section 3, the flow field structure in the wake of supersonic
blunt bodies is complex due to the presence of

- numerous expansion and compression waves (shocks),

- a recirculation region (vortex),

- rarefaction effects (due to low densities),

- a shear layer (which is intrinsically unstable), and

- viscous effects (which distort the wave pattern, generate additional compression
waves, thicken the shear layer and alter the flow separation process).

Hypersonic flows cannot "turn sharp angles." Hence, the gas density in the wake is
expected to be one or more order of magnitude lower than the ambient density. There-
fore, even at the lowest altitudes, where the flow in the ram could be well represented

5
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under the continuum assumption, the near wake would remain in either transition or
free molecule regime throughout the pass of the AOTV/AFE vehicle. Consequently,
it was decided to select a transition flow model to simulate the air flow field in the
wake of all cases. We have selected the method devised and developed by Bird (Di-
rect Simulation Monte Carlo, or DSMC) due to its wide acceptance in the engineering
community, its numerous critical reviews in literature and its relative simplicity of use.
The SF flow field in the wake is then studied by adding a source of SF6 gas in the
computer model.

7



3. General Features of Flow Fields in the Wake of Supersonic Blunt Bodies

Flow fields in the wake of supersonic blunt bodies are very complex and have

not been well characterized. Little experimental data is available and only incomplete
analysis have been made about them, as is shown in the book by S. Berger, entitled
"Laminar Wakes" (Ref. 2). Additional uncertainties with regard to aerobraking vehicle
wakes are due to the very low densities expected behind the vehicle which will induce

important rarefaction effects. This section first reviews what is currently known about
supersonic wakes in the continuum regime, i.e., in the absence of rarefaction effect. The

last part highlights the main rarefaction effects expected in an AOTV wake.

3.1 Continuum Regime

The fundamental structure of a supersonic wake flow can best be understood by
first considering the inviscid problem, i.e., neglecting the gas viscosity. As shown in

Fig. 4, the supersonic flow turns at the sharp shoulder or corner through the Prandtl-
Meyer expansion fan. Hypersonic flows, however, are unable to "turn sharply" around

corners, and can be deflected only up to a maximum angle. Table I lists the values of
the maximum deflection angles for several gases. As shown in Fig. 4, flow arriving at
the vehicle shoulder would separate, thus creating a free shear layer which divides the

bulk flow from a dead air zone.
Table I

SUPERSONIC DEFLECTION LIMIT IN DEGREES

GAS I FLOW MACH NO.

1 2 4 10

Ar,He 1.67 90 68 40 17

02, H2  1.41 128 102 62 27
H20 1.33 149 121 77 34

The incoming air streamlines first pass through the expansion fan and turn parallel

to the free shear layer surface. The wake shock then bends the streamlines to turn the

flow parallel to the initial direction. The intersection of the free shear layer with the
axis of symmetry is called the rear stagnation point. Within the dead air zone, a

recirculation vortex establishes itself. This vortex is stable due to the presence of the
wake compression shock, i.e. the vortex is not shed away as in the case of subsonic

flow.

The introduction of viscous effects somewhat changes this basic flow pattern, as
shown in Figs. 5 and 6. Fig. 6 is a Schlieren photograph (i.e., it highlights density

8
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gradients) of a flow over a tangent ogive. When the viscous boundary layer reaches
the shoulder, part of it is subsonic and part of it is supersonic. The subsonic region
is not constrained by the Prandlt-Meyer limitation and subsonic streamlines can turn
sharply over the corner. The supersonic streamlines can only slightly bend across the

expansion wave fan. Since the supersonic velocity profile is not uniform, the expansion
waves are no longer straight lines, which give rise to cross waves (see Fig. 5). After

turning around the sharp corner, the subsonic boundary layer separates from the wall

(due to unsurmountable adverse pressure gradients) and forms a free shear layer. The
boundary layer separation induces a separation lip shock. The lip shock extends into
the freestream and is reinforced by the reflection of the cross waves on the sonic line
(Fig. 5). Due to viscous transport across the shear surface, the shear layer grows as

gases from the recirculation zone and the bulk flow mix together. A "neck" is formed
near the rear stagnation point, i.e., the wake shock is no longer attached. Through the

neck, subsonic gases are allowed to "leak" from the recirculation zone.

3.2 Transition and Free Molecular Flow

At the extreme limit of collisionless or free molecular flow, no compression waves
or vortices can materialize in the wake of the body. The wake is "filled" according to
the transverse thermal velocity distribution of the molecules and the flow field appears
to uniformly turn around the corner. No studies, either experimental or theoretical,

have yet been done to determine the Knudsen number at which hulk recirculation starts

occurring in the wake. Therefore, it is difficult to predict the flow field structures in
the transition regime and to validate wake simulation codes in rarefied gas conditions.
If the simulation code fails to generate a vortex, the reason could be either physical
(too low a density) or numerical (insufficient spatial resolution, or two few collisions
between molecules). Further discussions on this point can be found in Section 6.

11



4. Review of Prior Year Method and Results

In the first phase of our work, we attempted to obtain basic information on the
overall problem by evaluating first order estimates of the air flow field and SF6 expan-

sion. Our prime objective was to determine a first order estimate of the required flux
of injected SF6 to "neutralize" electrons in a 1% ionized wake. The "neutralization"

process would proceed according to

SF + electron -o SF .

To do this, we represented the AOTV as a disk, 27 m in diameter and 10 m in length
(see Fig. 7). We used an Euler equation solver, i.e., a continuum fluid code which

neglects molecular transport (viscosity, thermal transfer, diffusion), nonequilibrium
effects, and assumes a perfect gas (no dissociation, ionization, chemical reaction). The

Euler equation solver we selected was based on the Godunov method which accurately
simulates flows with strong shock discontinuities. The geometry was assumed to be
axisymmetric. The numerical method is described in subsection 4.4.

In the first part of this section, we review the air flow field around the simulated

AOTV and discuss the results. In the second part, we describe the method we have
devised to characterize the flow field of SF as it expands from feed nozzles into the
wake region. In the third part, we present our results and show that, in order to achieve

a 1% SF/air ratio in the wake region, the SF input flux must be on the order of

200g/sec.

4.1 Air Flow field

Figs. 8a and b show the air lensity and flow field around the simulated AOTV for
the following nominal conditions:

AOTV velocity = 9000 m/sec

Ambient pressure = 6.5 mTorr, and

Ambient density = 3.3 1014 cm- 3 .

The ambient pressure and density correspond to a nominal altitude of 80 km where
the ram flow can be considered to be in the continuum flow regime. The flow field is
characterized by a strong bow shock with a pressure jump on the order of 500:1 at a

standoff distance of about 7 m from the AOTV front surface. Gas temperatures in front

of the AOTV are on the order of 30,000 K, which is a "frozen condition" temperature
since the code does not allow for dissociation, ionization or chemical reactions.

The flow field in the wake is characterized by a toroidal vortex and fairly low

12



Fig. 7 Simple geometry representation of AOTV used for first phase computation.
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density. The low air densities near the edge of the disk are due to the inability of a
supersonic flow to turn around sharp corners (Prandtl-Meyer expansion). The densities
shown is Fig. 8, however, are lower limits on the actual densities. Viscous effects would
tend to increase the density in the wake region through several mechanisms:

- Low velocity gases in the boundary layer along the side walls would not be con-
strained by the Prandtl-Meyer limitation and could sharply turn into the wake
region.

- Strong shear stresses are present in the vortex region. These stresses would become
unstable and create large scale turbulence in the wake. The large scale turbulence
could dramatically alter the flow field in the wake.

4.2 SF Flow Configuration and Computation Method

Review and analysis of the flow field results in Fig. 8 suggest that the optimum
locations for SF injectors in the wake correspond to the velocity shear intercept with
the aft body. These locations should provide efficient mixing of the injected SFB with
the ambient neutral and plasma distributions in the wake. To accurately track the SF6

expansion from the supply nozzle into the surrounding ambient air, it is necessary to
solve the complete set of Navier-Stokes equations for a two-species gas in 3 dimensions,
taking into account the exchange of mass, momentum and energy between air and
SF6 . A simpler approach is adopted here to obtain a first order estimate of the SF6

density field and, therefore, the magnitude of the SF6 flux required to achieve sufficient
SF/air ratio in the wake region. The method is as follows:

(a) We require that the mean SF concentration be fairly small compared to air con-
centration (i.e., only 1 - 2%). We can, therefore, assume that the injection of SF6

does not alter the flow field configuration of air. This assumption is rigorously
valid in most of the wake region, but breaks down in the close vicinity of the SF6

supply nozzle where air density is very low and SF6 density is high.

(b) Due to its low concentration with respect to air, SF6 is assumed to instantaneously
take the temperature of surrounding air.

(c) SF exchanges momentum with the surrounding air at a rate

PS F. - (tUir - US F.)

n

where ua,. and Us F, are the local stream velocities of air and SF, respectively,

pS F, is the local SF6 density, v is the mean collision frequency between a molecule
of SF and surrounding air molecules, n is the transfer efficiency coefficient which
stipulates that n collisions are necessary to "equilibrate" the air and SF6 velocities.

14
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The conservation equations for SF6 can therefore be written as

6U aF G-t- + -Y + - =S, + S2,,

where

pv

p's

PPV

put
Ppv"

-iPu /t

$i = I _, I,and

0

F:

with

.= PSF. (Uair - UsF,),and
n

F = PsF. -(v,,,. - VSF.).
n

This set of equations is similar to the ones solved for air (see Section 4.4) with two
exceptions: the additional term S2 which represents the momentum transfer from air
to SF6 , and the energy equation, which is not solved for SF6 since it is assumed that
air and SF6 are at the same temperature at all times. Hence, the partial pressure of

SF6 is
S PS Feisi

p = Psr M,,
p4 17Ms F.

where M,,. and Ms F. are the molecular weight of air and SF 6 , respectively.

It is understood that the assumptions described above might not be rigorously
correct. The results obtained should be regarded as a limiting case.

16



4.3 Results and Discussion

Figs. 9a and b show the real time evolution of the SF gas expansion from an

annular shaped supply nozzle under the following conditions:

Transfer efficiency n = 50,

Total SF6 flux = 193 g/sec,

Inlet pressure = 12.9 mTorr,

Inlet velocity = 1000 m/sec,

Inlet nozzle inner annulus radius = 6.4 cm, and width = 0.33 cm.

The following observations can be made:

- Within 10 msec, steady state is closely achieved within the "window" shown on

the figure.

- The sideways expansion of the SF6 cloud is limited by the high velocity air.

- At steady state, the SF /air ratio in the bulk of the wake region is in the range

0.5% to 1.5% with a higher concentration near the nozzle exit.

4.4 Numerical Code

The Euler equation solver we selected is based on the Godunov approach. In this

section, the approach is outlined. Further description of the code can be found in last

year's report (Ref. 1).

The unsteady 2-D axisymmetric Euler equations describing the air flow field can

be written as

aU aF aG

where

pw

F= I " I,
(e+P)u

G=I " I,and
(e+),
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- pV/r
S=1 -pu/r I_pe /r

-(e+ P)v/r

Here p is the density, u and v are the velocity components in the axial and radial
coordinate directions, P is the pressure and -y is the ratio of specific heats. The energy
per unit of volume, e, is defined by

u2 + v2e=p + 2

where c - (_ P1)p is the internal energy.
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5. Present Simulation Method

As explained above, the simulation of the flow in the wake of an AOTV/AFE
vehicle requires the use of a code which is explicitly designed to model flows in a

non-continuum region. In this flow regime, the Euler and Navier-Stokes equations
are not applicable. The gas cannot be considered as a fluid and must be treated as

an ensemble of molecules. In principle, the governing equation in this flow regime is
the Bolt.mann equation. For the AOTV problem, the Boltzmann equation should
be solved in 3-D over a complex geometry. The solution to the Boltzmann equation
would be the molecular velocity distribution functions over the whole computation
domain, and the macroscopic flow properties would be computed as the moments of
the distribution functions. This approach, however, is impossible, except for a very

simple flow geometry in 1-D. An alternative method is to simulate the gas as a large
ensemble of gas particles, and track each molecule as it collides with other molecules

and bounces on the surface boundaries. Bird (Refs. 8 and 9) has constructed such a
code, and over the years, has perfected it into a tool which is now widely used in the
engineering community. We have supplemented this Direct Simulation Monte Carlo
(DSMC) code with a set of diagnostic tools to monitor the time evaluation and the

initial setup of the code.

5.1 DSMC Code Summary Description

Bird's code tracks only a relatively small number of molecules. In a real gas, even

at low density, molecular number densities are on the order of 10"' per cubic meter.

Therefore, it is impossible to follow each molecule. However, it can be shown that
the statistics of the flow are well represented when only a few thousand "simulated
molecules" are considered in the flow field (Ref. 9). In the code, the position and
velocity vectors of the simulated molecules are stored in the computer and are periodi-

cally reevaluated as molecules intercollide and interact with the computational domain
boundaries. The computation marches in time with the help of a clock. At each clock
tick, the position and velocity of each simulated molecule in the computational domain
are advanced, and subsequently some molecules are allowed to collide with their nearest

neighbors. Molecular motion and collisions are thus decoupled. It has been demon-
strated that as long as the clock time increment is small with respect to the mean

collision time, this decoupling has no secondary effect on the flow properties (Ref. 9).
To define the nearest neighbor collision dynamics and evaluate the spatial distribution
of the macroscopic thermodynamics and flow properties, the computation domain has

to be divided into a network of cells, the size of which has to be less than the local
mean frt- path. Subcells, i.e., "cells within cells," have recently been added to the

simulation model to allow better control over the code. Subcells allow the decoupling
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of requirements for (1) a small spatial region to evaluate the closest neighbor collision,
and (2) a sufficiently large number of simulated molecules to evaluate macroscopic ther-
modynamic properties. Subcells are especially useful in regions where high vorticity is
expected. In the computation of wake flow, for example, special care must be given
to conserving rotational motion if emphasis is put on reproducing the structure of the
recirculation zone.

The cells in the computational domain are arranged in a series of "regions," each
of which has its own clock (with a given time increment) and its own ratio (FNUM)
of real molecules to simulated molecules. Proper use of these regions can help tune
the code so that the simulation requirements can be met without unduly penalizing
the overall computer time and memory. The number of allowed collisions between
simulated molecules in a given cell per clock tick is determined so as to make the
simulation computer time proportional to the number of simulated molecules. (Note
that in other rarefied flow simulation codes, the computer time is proportional to the
square of the number of simulated molecules.) The choice of the collision parameters,
together with the selection of the scattering parameters, is made on a probabilistic

manner, using random number generators (see Appendix A).

Collisions are computed with the VHS model, a tool which has been extensively
used and proved adequate in numerous engineering problems. In this model, molecules
are assumed to be spherical, i.e. isotropic scatterers, with a variable diameter which
depends on the relative velocity between the colliding partners.

A DSMC calculation is always unsteady and non-interactive. A converged flow
solution is obtained as the simulation is allowed to evolve over a long time from a
known steady state, such as either a vacuum or uniform flow. The simulation has been
shown to have no numerical instabilities. It is also thought to be ergodic, i.e., similar
results can be expected with either a small number of simulated molecules and long
run time or a large number of simulated molecules and a short run time.

5.2 Diagnostic Tools

We have developed a set of graphic diagnostics to assist in the implementation of
Bird's code. These tools, described in Appendix B, allows us to check the initial setup
of the code, monitor the time evolution of the code and optimize the run conditions.
With these tools, we can verify that the following conditions are met during a run:

- Cell size is 1/3 of the local mean free path, or less.

- During a clock tick, the molecule travels no more than 1/3 to 1/2 of a cell length.

- The number of molecules per cell is about 10.
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6. Problem Setup and Main Results

The complexity of the hypersonic rarefied gas wake flow problem dictates a step
by step approach to the present problem. Fundamental issues have to be dealt with

such as:

- Are vortices present in the wake of hypersonic blunt bodies in rarefied conditions?

- Can Bird's code reproduce such vortices?

- If no vortices materialize in Bird's code, should we conclude that, physically, there
cannot be vortices in rarefied wakes, or that the lack of vortices in the solution
shows the failure of Bird's code to conserve flow rotationality?

The first problem we study with Bird's code is aimed at trying to answer these
questions. The second and third test runs are directed towards the problem of SF6

injection into the vehicle wake.

6.1 First Computational Case

The first problem we solve with Bird's code has a fairly simple geometry, as shown
in Fig. 10. We consider the flow of an initially uniform velocity stream past a rect-
angular slab of 1 m height. The gas is assumed to be monatomic (Argon) and the
reference frame is 2-D Cartesian. The gas density corresponds to air density at 100 km
altitude and the gas temperature is initially set at 300 K. The initial condition around
the slab is a vacuum. Three runs are made under these conditions with initial free
stream gas velocities of 500 m/sec (Mach 1.5), 1300 m/sec (Mach 4), and 8000 m/sec

(orbital velocity).

The computational domain is divided into four regions (Fig. 11). The first region

is setup to deal with the inlet stream. The second region, which in effect is the source of

the gases flowing into the wake, is divided into a fine grid of small cells, each subdivided
into four subcells, in order to try to "capture" the initial flow rotationality and ensure a
good transfer of the flow vorticity into the lower region. The ratio of the number of real

molecules to simulated molecules (FNUM) is selected so that each cell contains about
10 simulated molecules. The third region encompasses the near wake. Gas densities

are lower in this region, but cell size is kept to a very small fraction of the local mean
free path. Cells are subdivided into 16 subcells to try to conserve and properly transfer
vorticity. The ratio of real molecules to simulated molecules is selected so that the
low density cells near the base face contain about 10 simulated molecules. The fourth
region is the "post-wake" and constraints on the cell size and ratio FNUM are slightly
relaxed. Further information on the input data can be found in Appendix C.

Figs. 12 through 15 show the results of the simulation in the case where the uniform
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Argon
1300 m/sec
300 K

Sdensity of air at 100 km
vacuum
boundary

accomadation coefficient of 0.5
surface temperature of 300 K

Fig. 10 Flow geometry for Computational Case # 1.
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velocity is 1300 m/sec (Mach 4). At 500 m/sec, no recirculation zone was observed as
the flow turned sharply over the corner. At 8000 m/sec, the code was difficult to tune

up, owing to the large density drop in the wake, and it was not possible to reach steady

state within the computer time allocated for this program.

Fig. 12 shows the direction of the velocity vectors in the wake, from which we
can visualize the flow steamlines. A thin recirculation zone near the body base plate is

clearly visible, with fluid counterflowing upwards near the surface. The solid inclined

line represents the Prandtl-Meyer limit which indicates the maximum deflection of the

flow if it were in the continuum regime.

Fig. 13 shows the number density contours. The expansion fan centered at the

body shoulder is clearly visible. The high density contours near the top wall are due to

the build up of a viscous boundary layer. (The top wall is assumed to have a momentum

accommodation coefficient of 0.5.) The density in the near wake is less than 5% of the

ambient density.

Fig. 14 shows the magnitude of the flow speed vectors. The flow speed in the

near wake is very small, less than 7% of the original flow speed. The presence of a

growing boundary layer near the top wall is clearly visible. Fig. 15 shows the number

density gradient in the horizontal direction within the wake. This figure is similar to a

Schlieren photograph with a slit axis parallel to the body base plate, and can be used to

visualize pressure waves. (More information is provided in this figure, however, through

the sign of the gradient.) A recompression region can be observed just downstream of

the body shoulder. This recompression could be the lip shock. Moreover, a fairly steep

recompression zone can also be observed downstream of the wake. This region could

be the foot of the wake shock.

6.2 Second and Third Computational Cases

The second and third computational cases constitute an attempt to run the code

under conditions close to the ones encountered in the flight of an AOTV/AFE vehicle

during reentry into the atmosphere. As shown in Fig. 16, inlet flux in these cases is

non-uniform, with gas velocities ranging from 500 m/sec on the body skirt surface to
3000 m/sec on the outer edge. This profile is a coarse approximation of the velocity

distribution computed by Gnoffo. Approximately at the center of the base face, we

allow SF6 to be injected into the wake at a velocity of 300 m/sec (about Mach 1)

and a temperature of 300 K. The mass flux of SF6 was varied by changing the feed
pressure (or number density). Computational Case #2 corresponds to a relatively low

feed pressure. Computational Case #3 corresponds to a higher feed pressure.

The flow geometry is identical to that used for Computational Case #1. Addi-
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tional regions are, however, introduced in order to either smooth the transition between
the primary regions described above, better tune the code, or allow for SF injection
(see Fig. 10). The top wall in this case is assumed to be specularly reflective (accom-
modation coefficient of 1). Air is represented by diatomic nitrogen and is assumed to
be initially at 300 K.

Figs. 17 through 34 shows the results obtained for a SF6 feel density of 1017 /cc
(Computational Case #2) and 10i s /cc (Computational Case #3). In these figures, the
velocity vector direction, and the density are shown over the whole domain for the mean
composition, and also for both species (air and SFs). The flow velocity magnitude is

given for the mean composition, and the density fraction is given for both species. As
can be seen from the velocity vector plots, the structure of the flow field in the wake is

dramatically altered by the SF injection. The total momentum (density x velocity)
of the SF6 gas dominates the air momentum in the near wake. Any vortex structure
that might have existed in the air flow prior to the SF6 injection would therefore be
swept away under these conditions.

At the lower feed density, it can be seen that SF6 barely penetrates into the "free
stream," i.e., barely leaves the wake area. Even at the higher feed density, the 1% SF6

fraction contour remains practically aligned with the spacecraft skirt.
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7. Future Plans

The results presented herein are preliminary. This initial effort affords a first look
at Bird's code as a tool to study gas injection into the wake of reentering AOTV/AFE
vehicles. Results are very promising and the method appears to give the expected

results, including the characteristic features of wake flow seen in past studies in the
continuum regime. However, work in several areas should be pursued:

- The dependence of the computation grid structure on the flow pattern has to be
analyzed. The vortex seen on the body base at Mach 4 is very thin, and we must
determine whether this result is due to cell/subcell sizes that are too large.

- To account for 3-D effects, the computation should be carried out in a 2-D ax-
isymmetric frame of reference. Such computation will allow us to determine the
flux of SF, needed to achieve a given threshold of SF6 /air mass fraction.

- The results obtained by Gnoffo (at low altitudes) and Moss and Celenligil (at
higher altitudes) should be used as boundary conditions to the present simulation.
The use of these numerical results to anchor the present code should yield fairly
reliable estimates of the SF6 flow field in the wake region of the AOTV.

- Conditions for which rarefaction effects are so important that the Navier-Stokes
equatins are no longer valid, i.e., the "breakdown" surface, should be identified

from Gnoffo's results at lower altitudes, when the ram is in the continuum flow
regime. The breakdown surface, shown on Fig. 35, is characterized as the locii of
the points for which the parameter

P = 1.5v/-r qA d np = 0.05,

where s is the ratio of the flow velocity to the most probable molecular velocity,

A is the near free path, and p is the gas density (Ref. 13). The flow field and

thermodynamic properties on this surface can be used as input boundary condi-
tions to our wake flow model. Preliminary investigation of Gnoffo's data have been

made in the vicinity of the spacecraft. Results are reproduced in Fig. 36. The
computer programs developed to obtain these results can be used to determine the

location of the whole breakdown surface over the AOTV wake region, and specify
the density and flow speed of the air flow at the breakdown surface.

- The chemistry between SFs and electrons should be inserted into the code.

- More diagnostics should be developed to monitor the progress of the code. Such
diagnostics would include a check for steady state attainment, check for global
mass, momentum, energy conservation, monitor the molecular collision process,
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Fig. 35 Breakdown surface for an AOTV near perigee.
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monitor molecule duplication and removal across region boundaries, etc.

Bird's code was specially designed to run on scalar computers such as personal
computers or minicomputers. On these machines, typical computer runs are very
long, on the order of several days. To make the code more like an engineering
tool, supercomputers should be used and attempts should therefore be made to

vectorize the source code.

- Do a more extensive literature search on wake flow in hypersonic and rarefied

gas conditions. An initial computer search done with NASA RECON revealed no
relevant material, but further work in this area is warranted.

58



8. Conclusions

Characterizing the expansion of SF6 gases into the wake of the Aerobraking Orbital
Transfer Vehicle is a very complex problem. This expansion depends strongly upon the
flow characteristics of the ambient air, which has previously been subjected to a very
intense shock wave and to momentum and thermal exchange with the body surface.
Our approach to this problem has therefore been a step by step approach.

The first task consisted of simulating the expansion of the ambient air into the
wake of the AOTV. Since the gas in the wake of an AOTV remains in rarefied con-
ditions throughout the passage of the vehicle through the atmosphere, we tried using
Bird's DSMC code, which has been widely accepted in the rarefied gas flow commu-
nity, to perform this first task. Results shown in this report indicate that this code
can satisfactorily represent the flow field in the wake of the AOTV. Many of the fea-
tures here are similar to those observed in continuum wake flows. We are not able to
attribute the absence of a corresponding feature or a difference in the intensity to the
simulation numerics (physics simulation in the code and code implementation) or the
actual physics (less transport of vorticity in transition than in continuum). Further
work in this area is warranted, such as determining the effect of the computational grid
structure on the results.

The second task examined the flow of the SF. gas into the air flow field background.
Would the SF6 be confined to the vortex region and "leak" through the neck at the
foot of the wake flow, or would the SF6 gas flow "overpower" the air flow and destroy
the recirculation vortices? We performed a numerical experiment of this, adding a
SF 6 source into the DSMC simulation of the air flow. Results shown in this report
indicate that, for a SF6 injection flux sufficient to ensure a 1% SF6 /air mole fraction
over a fairly large volume, the SF is the dominant species controlling the flow near
the vehicle, is well mixed with the ambient gas, and is largely confined to the wake.

These two tasks were preliminary steps which allowed us to develop and test our
simulation tools, and to explore the fundamental physics involved in hypersonic rarefied
wake flows. In view of the present results, the following two tasks should now be
performed to obtain a good first order estimate of the potential of injecting SF to
alleviate blackout:

- Perform simulations in 3-D (assuming axisymmetric geometry).

- Anchor these simulations to the results obtained by NASA-Langley for the ram
flow field.

Further improvements in these simulations could be made at a later stage in two
areas:
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Include chemistry between elections and SF. These chemical kinetics can be
entered readily into the DSMC simulation code.

Introduce electric and magnetic fields in the simulation. The present DSMC code

does not allow this. However, SAIC is in the process of merging the DMSC code
with proprietary particle-in-a-cell (PIC) codes for simulating problems involving
electromagnetic fields and ionized plasmas.
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Appendix A

Direct Simulation Monte Carlo (DSMC) Model
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Direct Simulation Monte Carlo (DSMC) Model

A Monte Carlo method is a generic method based on random numbers. The Direct
Simulation Monte Carlo method (DSMC) method tracks the gas molecules and treats
the collisions between molecules and betweem molecules and the walls in a probabilistic
manner (as opposed to deterministic), with random numbers used to evaluate the
probability of a given event.

In this appendix, the DSMC method is first described for the simplest gas, i.e., a
monatomic gas, with no internal degrees of freedom. In the second part, we describe
the extension of the method to gases with internal energy, nonequilibrium, chemical
reactions, ionization and radiation transport.

1. Monatomic Gas Simulation

The DSMC model is a particle simulation in which a very small sample of the
gas molecules is selected and tracked as they collide with themselves and the wall
boundaries in a simulated physical space in which all the other molecules have been
removed. The gas is therefore assumed to be composed of N "simulated molecules,"

with N being such that the density of simulated molecules is on the order of 10-100 per
cubic mean free path. (At 1 mTorr, the gas density is 101' per cubic mean free path in
a real gas). The value of N is a compromise between high values, which are computer
time and storage intensive, and low values, which lead to exceedingly high fluctuations
for the macroscopic thermodynamic and flow quantities.

1.1 Computational Grid Definition and Time Step

Just like for a continuum hydrocode, the flowfield around the body is broken down

into a grid-like arrangement of cells, the size of which is typically 1/3 to 1/2 the local
mean free path. The simulation is performed using a time step, At, which is typically
on the order of 1/3 to 1/2 of the mean collision time given by 1/oNV,, where o is
the molecular kinetic cross section and V, is the relative velocity between the two

molecules.

1.2 Molecular Motion

To help in tracking the simulated molecules, the physical motion of the molecules
and the collision events are treated as independent events. The flow is "frozen" while
the collisions are treated as described below. At the end of the time step, the molecules
are moved according to the actual velocities they have after the collisions, namely,

A 'At
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where V3 is the velocity component in the coordinate i for the simulated molecule ",
i

and, A4. is the increment in the coordinate i for the molecule j. The computed coor-
dinates are checked to identify collisions of molecules with the wall, and wall reflection
is treated as described below.

1.3 Intermolecular collision modelling

Collisions are considered only between a given simulated molecule and its nearest
neighbors, namely molecules belonging to the same cell. Since each simulated molecule
in fact represents a large number of actual molecules, the simulated molecules should
be viewed as a class of molecules within the cell, characterized by a certain range
of velocity vectors. Hence, when dealing with collisions, the computed location of the
molecules within the cell is ignored. For a given molecule, collision partners are selected
with a probability proportional to the relative velocity between the collision partners.

The collision mechanics are computed exactly, assuming hard sphere collisions that
conserve momentum. The collision angles are selected at random between 0 and 27r.
This Variable Hard Sphere (VHS) model has been adopted for DMSC because it has
been shown that, for engineering problems, the angular scattering characteristics have
little input on the flowfield solution.

1.4 Wall reflection

The physics of molecule-wall interaction is very complex and poorly known. Two
simple models are used in DSMC, namely diffuse and specular reflections. In a specular

reflection, the gas molecules do not transfer energy or parallel momentum to the wall,
only normal momentum. In a diffuse reflection, the molecules lose all "memory" of
their pre-collision velocity and are reflected back with an isotropic angular pattern
and a Maxwellian velocity magnitude distribution at a temperature T.. If full thermal
accommodation is assured, T. is the wall temperature. There is experimental evidence,
however, that these two asymptotic models are inadequate in many instances, and that
the flowfield is very sensitive to the gas- wall interaction model used.

1.5 Startup and Termination of the Simulation

The DSMC is always a nonsteady simulation which evolves from a well defined
state to a steady state. The initial state, for example, could be a uniform flow velocity
throughout, or a vacuum and uniform velocity combination. The characteristics of the
simulated molecules in the initial state are selected at random, velocity components
are selected from a drifted Maxwellian distribution and the molecular positions within
the cell are chosen with equiprobability in each dimension.

The simulation is terminated when steady state is reached, i.e., when some macro-
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scopic properties, such as heat transfer to the body walls, have reached asymptotic
values.

1.6 Computer Time and Storafe Requirements

For a typical problem, the DSMC model involves the simultaneous computation
of the trajectories of thousands of simulated molecules, for which velocity components,

position coordinates, and possibly internal energy status, species composition, etc.,

must be stored.

Use can be made of the flowfield symmetry and dimensionality (l-D, 2-D, 3-D) to
decrease the storage requirements. The collisions, however, are always treated as 3-D
phenomena, and the three velocity components of each molecules must be stored. Typ-
ically, machine storage 'imitation (for micro and minicomputers) restrict the number
of cells to a few thousand so that a compromise must be made between the available
machine storage and the desired flowfield resolution.

For a given body geometry, computation requirements increase significantly with
increasing freestream density since both the time step and the cell size must be reduced,
while the number of simulated molecules must remain constant.

1.7 Recent Development of the Method

When high density gases expand into a space vacuum, the gas density may vary
by several orders of magnitude within the flowfield of interest. To solve such problems
with the DSMC method, Bird (Ref. 9) proposes a computational scheme whereby
low density regions are associated with longer time steps and a lower ratio of real to
simulated molecules, so that, on the average, the flux across cell boundaries is conserved.

2. Complex Simulation

The rotational excitation and relaxation model implemented in the DSMC code
is based on the scheme proposed by Borgnakke and Larsen (Ref. 14). This model,
which satisfies the principle of detailed balancing, regards a fraction of the collisions as

inelastic, with the new rotational energies of the collision partners sampled from the

equilibrium rotational energy distribution of the gas (Local Thermodynamic Equilib-

rium). The relative translational energy of the collision partners sets the temperature
of the rotational energy distribution. The fraction of inelastic collision is chosen to

match the real gas rotational relaxation rate. Bird admits that this phenomenological
model is not physically realistic, but it is simple and gives "satisfactory results in all

applications."

The vibrational and electronic excitation and relaxation mechanisms can also be
implemented with Borgnakke and Larsen's scheme. Alternatively, the molecules in
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different energy states can be treated as different species.

2.1 Chemical Reactions

The particle nature of the DSMC model makes it particularly well suited to treat-
ment of chemical reactions with a chemical physics approach. Chemical reactions occur
if the relative energy of the collision partners is larger than some activation energy, with
a probability proportional to the ratio of chemical to kinetic cross sections. This ratio,
which is itself a function of the relative energy of the collision, can be determined from
chemical rate data, when available.

2.2 Charged Particles and Ionization

Ionization can be treated as a chemical reaction. Electrons, however, are very
mobile due to their low mass, so special procedures are needed to track them. In regions
of the flowfield where the Debye length is much smaller than the local mean free path,
each electron can be assumed to be "glued" to a given ion. In regions characterized
by large gradients (gradient scale smaller than the Debye length), ambipolar diffusion
must be allowed to occur. The ambipolar electric field E can be computed from the
electron density distributions, n,, using

E = kT An./n.
e

In these regions of large gradients, electrons and ions are therefore subjected not
only to collisions, but also to a "restoring" electric field.
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Diagnostics Developed for DMSC Code

The DSMC code developed by Bird is not easily mastered. The physics are un-
doubtedly well represented in the code, as witnessed by the coherent results obtained
by the many users in the engineering community. Any user would like to monitor the
time evaluation of the code and ensure a proper initial setup so that the code can be
made to run in the most optimal conditions with regards to computer time and required
memory.

Graphics produced by the SAIC-developed diagnostic routines allows us to quickly
verify the input data file, and therefore, easily spot any serious input data error. They
also allow us to check the gas velocity, density, and temperature at all inlets, all surface
characteristics (accommodation coefficients, temperature, outgasing, absorption), etc.
(See Figs. 11 and 16 in this report).

The time evaluation of the code during a run can be monitored with Figs. B1
through B6. Figure 1 shows the number of simulated molecules in each cell at a given
time. These numbers are color coded from red (for too low a number) to black (for
too high a number). The number of simulated molecule in a cell should be about 10.
Higher numbers unduly penalize computer time and memory, whereas lower numbers
impair the statistics for both collisions and macroscopic property evaluation. (Note
that numbers are limited at 99 on the graph.) Fig. B2 is similar to Fig. B1, but
represents the number of simulated molecules averaged over the time interval from
the initial time to the present. The same remarks apply as to the optimal number of
simulated molecules per cell.

Figs. B3 and B4 give the ratio of the local mean free path to the cell size in both
the horizontal and vertical directions. Proper operation of the code requires that this
number to be about 3. Lower values tend to smear gradients while higher values unduly
penalize computer time and memory. In a high vorticity region, howerver, higher values
are desirable. These numbers can be adjusted in each region by varying the local value
of the ratio of the number of real molecules to simulated molecules.

Figs. B5 and B6 represent the ratio of the cell size in both horizontal and vertical
directions to the distance transversed by a molecule during a time step. To ensure
proper collision dynamics, this number should be about 3. These numbers can be
adjusted in each region by varying the local clock time increment.

These diagnostic tools allowed us to tune the code to run under optimal conditions,
and, if necessary, place emphasis on specific regions within the computational domain.
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Data Deck for Computational Caue #1

&GENERAL
I FX-0
'as-,
MAXM-100
INS-0

NSP-10
NPS-19
NPT-10669
&END
tINIT

VFX-i30..VFY-0. .FND-i .E+i9,FTMP-300. .FRACT(i)ml.
&END
&GAS
NSS-1
NSSRmi

kEND
&GR ID
NREG-4

&END
&REGIONS
FNUM(i)-i E+16.DTM(i)-.0001
NC13(1)-i.NSCi3(i )-i.NC24(i)-3,NSC24(I).I
NTSi (1)-2.XPi(i1 -.. P(,)*0X~(,).gyi2i.0

SZi(i)-i.,NPRi(i)-i.NPSi (1)-i
NTS3(1)-2,XP3(i i)am-6.i ,YP3(1 .i).0.3,XP3(2,i)0..YP3(2i)..

SZ3(i)-1. .NPR3(1I- .NPS3(1)-1

WT42 (1)'i
FNUM(2)-.2E+16.DTM(2 -0.00005
NCi3(2)-20,NSCi3 (2) -2.NC24 (?; 2)6 C24(2)-2
NTS1 (2)-2,XP1(1.2)uo.60yp I.)usO.0XP1(2.2).mi.YP1(2,2)-8.9

SZI (2)-I. ,NPRI (2)-I .NPS1 2)-i
NrS3(2)-2.XP3(i,2)a-e eYP3 C 1.)'.6.3,XP3(2.2)mhI.,.YP3(2.2)..
SZ3(2)-i . NPR3(2)-i ,NPS3 (2)i

WT42 (2)-1
FNUM(3)-2.E+i5.DTM (3) -e.eeei
NCi3 (3) -28,NSCi3(3)-4.NC24 (3);I6,NSC24(3)-4

SZI (3)-i. .NPR1 (3)-i ,NPSI (35-i
NTS3(3)-2.XP3(i.3)-G .YP3 (1,3)-0.B.XP3(2.3)-2.9.YP3(2,3)-.,

SZ3(3)-1 .NPR3(3)-i .NPS3 (3)-i
NT2 (3)-i.

WT42 (3)-1
FNUM(4)-.2E+i8.DTU (4) -0.601
NC13 (4) -iS.NSCi3(4)-1 .NC24 (j7 43SC4)-1
NTS1 (4) -2.XPi (1,4)-i .0,Y1( ,4-.0XPi (2,4)-2.0,YPI (2.4)me.e.

SZI (4)-i ..NPRi (4)-i ,NPSi (4)-i
NTS3(4)-2,XP3(i.4)ii.8.YP3 ( i4)-0.3.XP3(2.4)-2.0,YP.3(2.4).3

SZ3(4)-1 . NPR3(4)-i .NPS3 (4)-i
NTS2 (4)-i,
NTS4 (4)-1
WT42 (4)-I

&END
&BOUNDARY
M*(i .1 );5MK(2. I )-3MK(3, 1 )5.MK(4 1 )m7
XGASV L 1.2,i )-0.
YGASVEL~.. -6.
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TEMPGAS (1.2.1 )m30.
DENSGAS (1.2,1 I)-i.E+19
FRACTS (1.1.,2.1)-i.
mz(1.1 )-S..MZ(3.1)-S.
SURFTEMP(1 .1.1)-300. .SURFTEMP( 1.3.1)-30.
SPECOIF( 1.1.1)-S5. SPECDIF(1.3.1)-.5
ABSORBD(1 1.1.1)-O.,ABSORGD(1.1.3.1)-O.
KSIDE(4.1571:JSIDE(1.4,1 )-2,IREGION(1.,1)-2

hK(1,2)-7.MK(2 2)-7.M((3.2) -5.MK(4.2)-7
MZ(3. 2)-G.
SURFTEMP(l .3.2)-306.
SPECOIF ( .3.2)-.5
ABSORBD(l 11.3.2)-0.
KSIE2: I.JSIDE(1.122 -3.IREION :2 :3

Kllg[ H -1.4,2
MK(1.3)-2,MK(2,3)-5.UK(3.3 S-7,MK(4.3)-8

MZ(1,3)-0.. MZ(2.3)-.
SURFiEMP(1 .1 3)-300. .SURFTEMP(1 2.3)-389.
SPECDIF (1.1.3)-.5.SPECDIF(1,2.35-.5
ABSORSO(I 1.1.3)-B..ABSORDD(1.1.2.3)m6.
KSIDE(3 .3-2.JSIDE(1.3.3)-1.IREGION(1,.3.3)-2.

JSIDE(2.3.3 ) m.IREGION(2.3.3)-4
MK(1.4)-7.MK(2.4)=7.MK(3.4 )-5.MK(4.4)u.8

MZ(3. 4)-S.
SURFTEMP(t .3,4)-366.
SPECDIF( 1.3.4)-.5
ABSORSD(l 13.4)-S.
KSIDE( 1,45-.JSIDE(1:1.4)-3:IREGION(1.1,4)m3
KSIOE(2.4)-1,JSIOE(1,2 4)-4 IREGXON(1.2.4)-2

&END
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Data Deck for Computational Case #2

$GENERAL
IPX-,
IQS-O
MAXM-69000
INS-O
HIS3-is
NSP-10
NPS-i6

$END NPT-38
$INIT

ISQ-1
$END VF-ae.VFY-0. .FND-1 .E+19.FTMP-300. .FRACT(1)-..i
$GAS

NSS-2

SED NSSR-6
$GR ID

SED NREG-9
$REGIONS

FNUM(1 )-.2E+16.DTM(1)in.Sg9g
1

SN ii i NP1(1).1 .NP2(1)=1 S241mNTS1)m2.XP3(11)f...e YP3(l1) 503 *.XP1(2 1) 0 .YP(2.)8SZ.3(i)-.,NPR3(1)si NPS3( )m
NTS2 (1)-i, X 3 1 1 9. YP ( l) 0 3 X 3 2 1 - . YP 2, -8 .NTS4 1-
WT42 (1)-i

FNUM(2)1.2E+6.DTM (2) -0.eeeee5NC13 (2)-20.NSC13 (2) -2.NC24 C2)-6.NSC24(2)-2
Sri (2)-i. .NPR1(2)ui.NP51 (2)-fNTS3(2).2XP3J.

2)..YP3 1 .2)-0.3.XP(2.2).i.0YP3(
2 2 ). 3SZ3(2)m...NPR3(2)-1 ,NPS3 (2)-i

WT42 (2)-1
FNUM(3)=. 622E+15 .DTM(3)-e .eeeeeNCI5 3) -10,NSC13(3)..4.NC241(3)-5,NSC24(3).4

SZI(3)m,. NPR1(3)asl.NPSi (3)11NTS3(3)u.2.XP3(i.
3 .* 9.0,YP3 1!iP(.)-..P(23-1

NTS2'3':1, ,NS 3NT 543-
FNUM(4)-.SE+16,DTM (4) -0.eeee2NCi3 (4) -lS.NSC134)

1 ,NC24j(4);3.NSC24(4)-1
NTSi (4) -2.XPI( i4)1 .OgYPI1, 4)1O.0.XPI(24)2.YPt(2.

4)in,,.SZI (4)-I.,NPR1 (4)-i .NPSI (4)1.1NTS3(4).2.XP3(.-.9.YP
3 (1.4)-0.3.XP3(24)-2.9.YP3(2.

4 )-..SZ3(4)..NPR3(4)-7 .NPS3 (4)1
NTS2 (4)-i.
NTS 4()1
WT42(4)-1

FNUM(5)-. 066E+i 6. DT(5)e .901NC13J )-5.NSC13(5 )-2.NC24(5)u.5.NSC24(5),2
NTS? (5)2XP1(t,1.8.lYP1 .i19XI25m.,P(.)i0SZI(5)-:. ,NPRI(5)-i.Ns (5)1.1NTSJ(5)2.XP3(is5)-.i

0yp i1.5)---.1.XP.3(2,5).2.e YP3(2 S).-
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SZ3 (5)-i ..NPR3(5)-1 .NPS3(5)-i
NTS2 (5)-1.
NTS4 (5)-1
WT42 (5) -1

FNUM(6)-.05E+16.DTM(S)-0.S002
NC13 (6) -i6NSC13(6)-.N2 ( 6)-2.NSC24(6)m2
NTSl1(6)-2.XP1 (I., ) SYpi 1. )-.I.XPI(2.6)-1.O.YPI(2.6)-.1.

SZi (6)-i . NPRi (6)-I .NPSl (6)-i
NTS3(6)-2.XP3(i.6)-O.6,YP3 ( i.)-O.6.XP3(2.6)-1.O.YP3(2.6)-6.O.

SZ3(6)-i.,NPR3(6)-i .NPS3 (6)1

NTS4(6i
WT42 (6)-1

FNUM(7)-.IE+16.DTM(7)-6.8062
N~i3(7)1SNCI37)-2.NC24 (7)-2.NSC'24(7)-2NTSI (7)-2,XPI (1 7)-I .,YPI (1.7)-.1.XPI(2.7)-2.O.YPI(2.7)-.1.

szi (7)-i. .NPR1 (7)-i ,NPSI (7)-l
NTS3(7)-2.XP3(1 .7)- .6,YP3 C 1.)-6.O.XP3(2.7)-2.9.YP3(2.7)-O.S.
SZ3(7)-1. .NPR3(7)-1 .NPS3 (7)-I

NTS2 (7)-i,
NTS4 (7)-1
WT42 (7)-1

FNUM(S)-.02E+15.DTM(S)-O.99012
NC13 (8) -10.NSC13(8)m4.NC24 ( );4.NSC24(8)m4
NTS1 (8)-2.XPI (18 eYPI (1 8)-1..XPI(2.8)-1.e.YPI(2.8)-1.,

SZI (8)-i. .NPRi (8)-i .NPSI 5.
NTS3(8)-2.XP3(I.)-.OYP( I -6.XP3(2.6)-i.S.YP3(2.8)-.6,
SZ3(8)i ..NPR3(8- NS a-

NTS2 (8)-i
NTS4(8-
WT42 (8)-1

FNUM(9)-.e5E+15.oTM(9)-e.eeel2
NC13(9) -Ie.NSC13(9)-4.NC24(9)-i.NSC24(9)-4
NTSI (9)-2,XPI (1 9)-6..YPI( .9)-.6.XPi(2.9)- .e.YPI(2.9)--.6.

SZ1 (9)-i. .NPRI (9)-i ,NPSI (9)-i
NTS3(9)-2.XP3(1 .9)-S. .YP3(1 .9)-.5.XP3(2.9)-1 .e.YP3(2,9)-.5.

SZ3(9)-1. .NPR3(9)-i.NPS3(i)-1
NTS2 (9) -1
NTS4 (9)-1
WT42 (9)-i

$ END
$BOUNDARY

MK(i . )-5.MK(2 1 )-4.MK(3. I)-5.MK(4. 1)-7
MU(2. 1)-i
XGASVEL (1.,1)-5ee.
YGASVE (1,2.1)-S.
TEMPGAS (1,21) -300.
DENSGAS~i.2,i )-I.E+19

XAVEL (2.2.1) -1265.YGASVEL2.2.1 )-e.
TEMPGAS (2.2.1) -360.
DENSGAS(2. 2..1)-i.E+19
FRACTS(1,2.2.1 -1.
FRACTS (2.2.2.1)-S.
XGASVE (3.2,1) -3666.
YGASVEL (3,2.1)-9.
TEMPGAS (3.2.1) -300.
DENSGAS(3.2.1 )-I.E+i9
FRACTS(I.3.2.l)-I.
FRACTS (2.3.2.1)-S.
XGASVEL(4.2. )-3655.
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YGASVEL (4.2.1)-9.
TEMPGAS 4,2.1) -306.
DENSGAS1(4.2.1 i-I.E+I9
FRACTS (1.4.2.1) -1.
FRACTS (2.2.1)-S.
XGASVE (5.2.1) -3060.
YGASVEL (5.2.1)-S.
TEMPGAS (5.2.1) -366.
DENSGAS (5.2.1 )-1.E+lg

FRACTS (2.5.2.1)-S.
XGASVE (6.2.1) -3000.
YGASVEL (6.2.1)-S.
TEUPGAS (6.2.1 )-390.
DENSOAS ( .2,1 )-1.E+19
FRACTS(1.6,2.1)-1.
FRACTS (2.6.2.1)-S.
XGASVEL (7.2.1) -3666.
YGASVE (7.2,1)-S.
TEMPGAS (7.2.1) -300.
DENSGAS (7.2.1 )-1.E+19
FRACTS (1.7.2.1)-i.
FRACTS(2,7.2.1)-S.
XGASVEL 8.2.1 -3066.
YCASVEL 8.2.1 -5.
TEMPGAS (8.2.1) -360.
OENSGAS(8.2.1)-1 .E+19
FRACTS (1.8.2.1)-i.
FRACTS (2.8.2 .1)-S.
XGASVEL (921-3000.
YGASVE(21 )-0.
TEUPGAS (9.2. )-300.
DENSCAS(9.2.11)-1.E+19
FRACTS (1.9.2.1 )-1.
FRACTS (2.9.2.1)-0.

XASVE[L(1S.2.1 )-30SS.YGSE (16.2.1)-S.
TEUPGAS (16.2.1 )-3e5.
DENSCAS (16.2.1 )-1.E+19
FRACTS (1,10,2.1).
FRACTS (2.16.2.1)-S.:

MZ(I,1)-.UZ(3. 1)-S.
SURFTE2IP(1.1 .1)-300. .SURFTEMP(1 ,3.1)m-355.
SPECDIF( t.1.t)-.5. SPECDIF(1 .3.1)-i.
ABSORBD(1,.1,.)-S..ABSORBD(I1 3 1)-S.
KSIDE(4.1)-1.JSIDE(1,4.1 2 )2IREG ION(1.4.1)-2

MK(1,2)-7,MK(2.2)-7.MK(3.2 )5 MK(4.2)-7
MZ(3.2)=e.
SURFTEMP(1 .3.2)-305.
SPECOIF (1.3.2)-I.
ABSORBD (1.1.3.2)-S.
KSIDE (12)-.SD(.12)3IEIO(112-
KSIDE(2 2-.SDE1.2 )4 IREG!N122)-
KSIDE 4.2 -1,JSIDE 1,.2 -2,IREGION( 1.4,2)-4

MK(.3)7.M(2.);5MK(.3-7,MK(4.3)-7
MZ(1.3)-S.. MZ(2.3)-S.
SURFTEMP(1 .1 .3)-300. .SURFTEMP(1 .2.3)-300.
SPECDIFp113)-.5.SPECOIF(1.2.3)-.5

ABSO3B * ,1.3)-S. .ABSORB( .123)-S.
KSIDE' )1JSIDE 11.)3.!REGIN( 1:133
KIDE(33)1.SIDE(1:33 ) -. IREGION(13)6

KSDE 4 .3)=I. JSIDE( 1. 4 3):2 .IREGION1.4.3)-5
UK( 1. 4)-7 . K(2 .4)-7. K(3. 4)- 5MW(4 .4)-8
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SURFTEIP(1 .3.4)-300.

KSIDE(1.45-i.JSIDE(i.1.4 -3.IREGION(1.1.4)-7
KSIDE(2.4)-1l.JSIDE(1.2.4 :4.IREGION(1.2.4)-2

M(5)MK(K(25,-, MK(3 5 -7.MK(4.5)-$
KSiDE(2.5)-3.JSIDE(1.2,5 -4! REGION1258

.JSIDE(2.2.5 -4.IREG1ON(2H2;5I-

.JSIDE(3.2.5 -4,IREGION(3.2,5)-3
KSIDE(3.5)-i,,JSIDE( 1.3.5 -i.!REGION(1,3.5)-7

MZ(1.6)-6., MZ(2.6)-O.
SURFTEMP(1 .1 .6)-3SB. .SURFTEMWP(1 2.6)-300.
SPECDIF( 1.i.6)-.5,SPECDIF(1.2.65-.5
ABSOReD (l1i.1.6)-e..AeSORBD(i.1.2.6)-0.
KSIDE(1.6)m1.JSIDE(1.1.6 -3.IREGION(1.1.6)-3
KSIDE(3.6)-i.JSIDE(i.3.6 -i.IREGION(1.3:6)-2
KSIDE(4,6)-1,JSIDE(i.4.6 -2.IREGION(1.4.6)-7

MK(1 .7)-7.MK(2.7)-7,UK(3 7 -7.MK(4.7)-S
KSIE17-1.,JSIDE(1.1.7 -3.IREGION(11.)5
KSIDE(2.7)-1.JSIDE(1.2.7 -4. IREGION(1.2.7)-6
KSIDE(3.7)-i.JSIDE(1,3 7 :1 IREGION(1.3.7)-4

MK(1.8)-2.MK(2.8)-5.MK(3.i -7.MK(4,6)-7
MZ41.8)-O.. MZ(2.8)6*2.)-6

SPECDIF( 1.i.6)-.5.SPECDIF(1.2.85m.5
A8SORBO ( .1.1.8)-S. .ABSORBO(i.1.2.8)-6.
KSIDE(3.6)-1.JSIDE(1.3.8)-1.IREGION(1.3.8)-9

MK(1.9)-7.MK 2 9)-4,MK(3.9 27.MKECON(14.8)
MU(2.9)-e 7M(49-
XGASVEL (1.2. 9):-308.
YGASVEL (1.2.'9)-S
TEMPGAS (1.2.9 )-3i8.
DENSGAS (1.2.9 )-1.E+i7
FRACTS (1.1,2.9)-S.
FRACTS (2.1.2.9)-l.
KSTOE (1,9 )-.JS!OE(1,1:9) -3:IREZION( 119-8
KSIDE(3:9 ) -1.JSIDE( 1.3 9 -1 IREG!ON(1.3.9)-
KSIOE( 4.9) -. JSIDE( 1.4.9)-2,IREGION(1.4.9 u5

$END
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Data Deck for Computational Cae #3

$GENERAL
I FX-0
'OS-.
MAXM-60000
INS-S
NI S-1S
NSP-1 0
NPS-10S
NPT-30

$ END
SINIT s1

VFX808 .VFY-6. .FNDIl. E+19.*FTMP-398. ,FRACT( )-..
$ END

$GS NSS-2
NSSR-8

$END
$RD NREG-9

SEND
$RGOSFNUM(l )-.2E+16.DTM(I )-9.69991

NC131)-,.N~l3 1 -. N2( 1-iNSC24(I)-l
NTSI (1)-2 XPI1.i ).1Y~ (11u.SXS2.)SS.P(.I"SS

NTS3( 1)i2,XP3( 1) IlYP3(lIi)S0.3.XP3(2.I)E1..YP3(2.)0.3.
SZ3(1)-I. .NPR3()-1 .NPS3(l)-I

NTS4 ()I
WT42 (1)-1

FNUM(2)-.2E+16.DTM (2) -0.60065
NCi3 (2)-20.NSC13 (2)-2,NC2412)-6,.NSC24(2)-2
NTSI (2)=2,X P(i.2)-9.S6YPI I,2)mS.S,XPI(2.2)mI.S.YPI(2.2)SO.S.

SZl (2)-i. ,NPRl (2)-I .NPSI 25-1
NTS3(2).2XP3(i 2)um.SYP3 1,2)um.3XP3(2.2)-i.S.YP3(2.2)"4.3.

SZ3(2)- . ,NPR3(2)m1.P32-
NTS2 (2)-I,
NTS4 (2)i
WT42R (2-

FNUM(3)-. 622E+15. DTM(3)-S .66666
NC13 (3)-10,NSC?3 (3)-4.NC24 3);3.NSC24(3)u.4
NTSl (3)-2,XP (1.3 3)-.8.YP1I 1 )-. 5,XPI(2.3)-l.S.YP(2.3)-.5.

SZ1(3)-1.,NPRI ()- 1.NPSl 35.i

Sz )1.,NPR3(3)-iNS33
NTS2 (3)-1,.
NTS4 (3)-1
WT42 (3)-1

FNUM(4 )-.6E+1SDTM (4) -0.9902
NC13 (4) -l.NSC13(4)-1.HC24(4)-3.NSC24(4)-I
NTS1 (4)-2,XP1(l.4)=-9SYPI 1 4)-S *.XPi(2.4)-2.S.YPI(2.4)nS.$.

SZ1( )31.,NPR(4)nI.NPS1(45 .1
NTS3(4)=2.X 1,i4)-l.SYP3 i.4)-S.3.XP3(2.4)E2..YP3(2.4).3.
SZ3(4)-i. .NPR3(4)-.kP34-

NTS2 ( 4)-i.
NTS4 (4)-1
WT42 (41-I

FNUM(5 )-.Se6E+16,0Th(5)-9.9SSI
MC13 (5)-$.NSCi3(5 )-2.NC24(5)-5 NSC24(5 52
NTSI (5)-.~ (15-1.SYPl (1 5-I.S.XX-(2.5).2.0,YPI(2.5)-1.0.

sz ()-.PI ()=I.N~ (55.1
NTS3(5)-2.XP3(i,d)..,YS 1,5)-.I.XP3(2.5)u'2.S.YP

3 (2.5)m.i.

84



SZ3(5)- . .NPR3(5)ml .NPS3(5)-i
NTS2 ()i
NTS4()-
WT42 (5)-I

FNUM(6)-w. 5E+16.OTM(6)-0.06002
eNC13 6):IO.NSC13(6);4.NC24 6)2.S26

SZi (6)-i. .NPR1 (6)-i~hp .NS1
NTS3(6)-2,XP3(I.6)-e.0 YP3( 1.6)-0.0.XP3(2.6)-1.0.YP3(2.6)-g.g.

SZ3(6)-i. .NPR3(6)-i .NPS3 (6)-I

WT42 (6)-1
FNUM(7)-.1E+16.DTM(7)-0.66602

NCi3 (7) -10.NSC13 (7) -2.NC24 (7)-2.NSC24(7)=2
NTS1 (7)-2.XPi(i.7) -1.S.YPI (I.)-i.XPI(2.7)-2.,YP(2.7)--.1.

SZI (7)-i..NPRI(7)-i ,NPSI (7)-1
NTS3( 7)-2.XP3(i .7)-I.e,YP3( 1.7)-0.6.XP3(2.7)-o2.9.YP3(2.7)-0.e.
SZ3(7)-i . NPR3(7)-i .NPS3 (7)-I

NTS4 (7)-I'
WT42 (7)-1

FNUM(8 -. 02E+15,DTM(8)-0.00012
NC13 (8) -i.NSC13(8)-4.NC2t C )-.S2a)4
NTSI (8)-2,XP1 (i.8) -6..1 ( )1..X 1 (2 8)-1.e.YPI(2.8)-1..

SZi (8)-i. NPRI( (8)-i .NPS a
NTS3(8)-2.XP3(i.8)-0.0.YP3 C15;)-.6.XP3(2.8)-l.0.YP3(2.8)-.6.

SZ3 (8)-i..NPR3(8)-1 ,NPS3 (8)-i
NTS2 (8)-i.
NTS4 (8)-1
WT42R (-1

F'NUM(9 -. 65E+1 5. DTM(9)-0 .0612
NC13 (9) -iO.NSC13(9)-4.NC24(9)1 .NSC24(9)-4
NTS1 (9)-2.XP1 (1.9)-S..YP1(1.9)--.6.XPI(2.9)-i.6.YPI(2.9)-.6.

SZI (9)-l. ,IPRI(S)-I ,tPSI(9)-i.
NTS3(9)-2.XP3(1.9)-6.,YP3( i.9)--.5.XP3(2.9)-1.0.YP3(2.9)-.5.

SZ3(9)-l. ,NPR3(9)-i .NPSS (9)-i
NTS2 (9)-I,
PJTS4 (9)-1
hT42 (9)-1

$ END
$BOUNDARY

MK(1 ,l)-5,MK(2.1)-4,MK(3.1)-5,MK(4,1)-7
MU (2.01)-
XGASVEL (1.2,1 )-500.
YGASV L1.2.1 )-0.
TEMPOAS (1,2.1 )-306.
DENSGAS( 1.2.1 )-i.E+i9
FRACTS(1,1.2,i ) 1.
FRACTS(2,1.2.1).
XGASVEL(2.2.1 )-1200.
YGASVE (2,2,1 )-0.
TEMPGAS (2.2.1) -360.
OENSGAS12(2,1)-1.E+lg
FRACTS(1,2.2.1.)-1.
FRACTS(2.2.2.1) -0.
XGASVE (3.2.1) -300.
YGASVEL (3.2,1) -0.
TEMPGAS (3.2.1) -300.
DENSGAS(3.2I )1-1.E+19
FRACTS(1I3.2, -1.FRACTS(2.3,2.i)-0.
XGASVEL(4.2. i)-300.
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YGASVEL (4.2.1)=0.
TEMPGAS(4.2.1 ) 399.
DENSGAS(4.2.1 )-1.E+19
FRACTS(1.4.2,1 )w..
FRACTS (2.4.2.1) -0.
XGASVEL (5.2.1 )-5000.
YGASVEL (5,2.1)-B.
TEMPGAS (5.2.1) -300.
DENSGAS(5.2.1 )-1.E+19
FRACTS(.5.2.8:)1.
FRACTS (2.5.2,1)-S.
XGASVEL (6.2.1) -3000.
YGASVEL (6.2,1)-B.
TEMPGAS(6.2.1 )-309.
DENSGAS(6,2.1 )-1.E+19
FRACTS (1,6,2,1 -1.
FRACTS (2.6.2.1)-B.
XGASVEL(7.2.1 )-3006.
YGASVEL (7.2.1)-B.
TEMPGAS (7.1) -300.
DENSGAS(7,2,1 )-1.E+19
FRACTSJ (.7.2,18: 1.
FRACTS(2.7.2.1 9-.
XGASVEL (8.2.1) -3000.
YGASVEL (8.2.1)-B.
TEMPGAS (8.2.1)-3OS.
DENSGAS(8.2.1 )-1.E+19
FRACTS (1.8,2,1 -1I.
FRACTS (2.8.2.1)-B.
XGASVEL (9.2.1 )-3000.
YGASVE (9.2.1 )-B.
TEMPGAS (9.2,1 )-300.
DENSGAS(9.2.1 )m1.E+19
FRACTS (1,9,2,1 )-1.
FRACTS (2.9,.1)-B.
XGASVEL (10,2.1) -3000.
YGASVEL(18,2,1 )-0.
TEMPGAS (10.2.1) -300.
DENSGAS(11.2.1 )-1.E+19

FRACTSil1.,)l

MZ(1 .1). ,MZ(3.1)-B.
sURTM(. .1)=300. .SURFTEMP (1.3.1)-3O0.
SPECDIF( 1,1.1)-.5. SPECDIF(1. 3.1)-i.

ABSORB(1,1.1 1 . .ABSORBD(1,1.3.t)-o.
KSIDE(4,1)-1,JSIDE(1.4.1 )-2.IREGION(1.,1)-2

MK(1.2)-7.MK(2.2)-7.MK(3.2 )-5,MK(4.2)-7
MZ(3.2)-e.
SURFTEMP(1 .3.2)-308.
SPECOIF (1.3,2)-I.
ABSORD(1.1,3,2)-B.
KSIDE(1,2 )-.JSIDE(1.1. 2)-3.IREGION(112-
KSIDE(2.2)-1.JSIDE(1,2 2)-4.IREGIONi!12)11
KSIDE(4.2)-1l,JSIDE(1,4,2 )-2.IREGION(1.4.2 -4

MK(1 .3)-7.MK(2.3)-5,MK(3,3 )-7,MK(4.3)-7
MZ(1.3)-B.. MZ(2.3)-B.
SURFTEMP(1 .1.3)-SOB. .SURFTEMP(1 .2.3)-30e.
SPECDIF( 1.1,3)-.5,SPECDIF(1 .2.3)-.5
ABSORBD(1.1 I 3)-S. .ABSORBD(1,1.,3)4-0.
KSIDE(1:3)-.SKE1..)3,RGIN1.,)

KSIO(3.3-1JIE(33 I -1,IREGION(1133)6
KSIDE(4 3)-1:JSIDE(1.4.3 )-2:IRCGION(1 .4.3)-3

MK(1 .4)-7.MK(2 4)-7,MK(3,4 )-5,MK(4.4)-S
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MZ43.4)me.

ABSORS0~l1.34)G
KSIDE(1,4)-1.JSIDE( ::):3 i.REGION(1.1.4J-7
KSIDE(2.4)mI.JSIDE(1j2.4 -4. REGION(1.24)-2

MK(1.5 ) 2.MK(2.3)m7.MK 3.5 -7. kl(4 5)-8
KSIDE(2.5)-3.JSJOC(1.2.5 -4.IREGIOtd(1 2.5

.JSIDE(2.2.5 -4. IREOION(2:2:3)-g
,JSIDE(3.2,5 -4.IREGION(3.2.5)-3

KSIDE(3.5)-l.JSIDf(1.3.5 -1.IREGION( 1.3.3)-7
MK(1 .6)-7,MIC(2,6)-5,MK(3,6 m7.MK(4.6)m7
MZ(1.6)-e.. MZ(2.6)me.
SU FTE d(1.1.6)-300.,SURFTEMP(1.2.6)-300.
SPECOIF( l.1.6)-.5,SPECDIP(l 12 6)m.5
ABSORBD(1.1.1.6)-..ABSOR D(11.2.6)-0.
KSIDE(1.6).1w,JSIDE(1.1.6)-3.IREGION(1 1 6)-3
KSIDC(3 .6)-I. JSIDE(1.3.6)-1. IRECION(1:3:6)-2

UK(1,7)-7.MK(2,7)-7.MK(3,7 )-7 MK(4.7)-a

KSIDE(2.7)m1.JSIDE(1.2.7 -4. IREGION(1.2.76
KSIDE(3.7)-1.JSIOE(1.3,7 :1 IREGION11,3,7)-4

MK(1,6)-2.MK(2.8)-5.MK(3.5 -7.IK(4.6)-7
,dZ(1.8)-e., MZ1(2.8)=#.
SURFTEMP(1 .1 ,)-300. .SURFTEMP(1 2 8)=390.

SPECIF(11.8-.S.PECDF1 2.85=.5

KSIDC(3,8)-1 .JSIOE(1,3. S)-I IRECIO6N(1,..,8)-g
KSIOE(4:8)-I:JSIDE 1.4:S -:I;REGION 1.4.6)-3

MU(2 ,9)-6
XGASVEL (,.)-306.
YGASVEL (1,29) -6.
TEMPOAS (1.2.9) -300.
DENSGAS( 1.2,9)-1.C+16
FRACTS( 1.1.2 91 @.
FRACTS (2,1,2,9)-i.

KSTOE(4.9)-1,JSIOC(1.4.9)-3.1REGION(1,4.9)-5

$EN
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