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I. INTRODUCTION

Accurate experimental determination or verification of

aerodynamic force coefficients (CDand/or CL) requires

. @ccurate simultaneous measurements of the forces (or

accelerations) and the dynamic pressure (q = 1/2p Uz).

Comparison with theoretical predictions requires independent

knowledge of the density (p) and velocity (U) to establish
the proper values of the non-dimensional parameters such as
Reynolds number (Re) and Mach number (M). These parameters
in principle require independent measurement of temperature
and measurement or inference of viscosity. Under hypersonic
conditions during the early phases of re-entry the Mach
number becomes a secondary parameter while the relevant
Reynolds number is based on viscosity within the gas layer
near the vehicle and is only weakly dependent on'free stream
temperature. During'the earliest part of re-entry,
independent knowledge of density is necessary to establish
the degree of rarefaction generally measured by the Knudsen
number Kn = )/L where ) is a relevant mean free path and L
the characteristic Physical dimension (either vehicle size
for the.overall flowfield or entrance dimensions for the
local behavior at the instrument).

The Shuttle Upper Atmosphere Mass Spectrometer (SUMS)
Experiment(l) is designed to provide independent measurement
of q = 1/2pU2 within the high altitude range. When combined
with information of vehicle velocity, it will provide

independent determination of upper atmosphere density and



coupled to accelerometer data will give the aerodynamic force
coefficients within a regime difficult to simulate on the
ground. The experiment is primarily intended to provide
information between about B0 Km and 140 Km where rarefaction
effects on the force coefficients are most important for a
vehicle of the size of the Space Shuttle. It is also a
regime where information on the atmosphere is relatively
sparse as it lies below the altitude traversed by satellites -
and above that regularly assessed by ground launched
meterological vehicles. The interpretation of the
measurements, however, requires an adeguate understanding of
the flowfield around the Space Shuttle within the vicinity of
the SUMS experiment in order to provide the proper data
reduction procedure and an assessment of the accuracy of the
results, .

At sufficiently low altitudes (below about B8O Km for the
Space Shuttle), conventional pitot probe measurements can
provide the dynamic pressure with straightforward data
reduction and relatively minor corrections. At sufficiently
high altitude (above about 150 Km), free molecular theory can
be used to infer free stream conditions from surface
measurements. The forces, however, are small and of little
interest while the measurements require instruments of high
sensitivity and are therefore difficult. In the intermediate
range of altitudes where SUMS is designed to provide data,
the typical molecular mean free path is of the same order as

the characteristic vehicle dimensions. Figure 1 shows the
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variation with altitude of the free stream Knudsen number (Kn
=1 /D) based on the free stream mean free path A, and the
Shuttle diameter D at the location of the SUMS orifice just
ahead of the wheel well. Note that Kn_= .01 at about 87 Km
and Kn = 10.0 at about 136 Km. Intermolecular collisions
can, therefore, neither pe neglected (free molecular theory)
nhor represented by the resultant transport properties
(continuum theory) over the major portion of the SUMS
measurement regime. The gas properties at the entrance to
the instrument are, therefore, dependent on a flowfield that
can only be determined on the basis of a "molecular"” theory.
In addition to the above "external flow problem"; needed
to establish properties near the surface of the vehicle, the
entrance region of the instrument is typically either smaller
or comparable to a local mean free path. 1In such
circumstances, the connection between the gas properties at
some distance into the internal Plumbing and those at the
vehicle surface, can be very sensitive to the velocity and
angular distribution of the incoming molecules. This
reqﬁires both a high degree of detail from the "external
flow" and a local analysis that must assess the mol ecul ar
behavior at the instrument entrance. We shall refer to this
as the "entrance problem". Figure 1 also shows an
approximate band of Knudsen numbers for the entrance region
of the SUMS experiment. Kns is based on the mean free path As
at the vehicle surface and the orifice diameter (dc»= « 235
cm) with surface properties fitted between free molecular
results at high altitude and continuum Newtonian values at
low altitude. Knc is a similar Knudsen number based on
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conditions behind the "entrance" tube with Ac estimated on

(2) at

free molecular results using Hughes and deleeuw theory
high altitude, with continuum constant pressure results
applied at low altitude. Note that conditions within the
entrance tube range from clearly free molecular behavior
above about 110 Km to transitional behavior near BO Km with
fully continuum results only approached at the lowest
altitude of interest.

The subsequent connection betweén the properties
immediately behind the entrance tube and the measurements at
the mass spectrometer shall be referred toc as the "internal
problem"”. The analytical procedures for calculating pressure
profiles through the internal plumbing are well established
and will be further verified by instrument calibratinn(l)

During the preliminary phase of NASA Grant NSG 1630
(July 1979 to November 1979), the feasibility of examining
the “"external flow problem” for the Space Shuttle nose region
within the relevant altitude range was established. A
previously developed Direct Simulation Monte Carlo Computer
Code(3'4'5) was found to be suitable as the starting point
for this geometry and altitude range. Freliminary results
were obtained at 87, 95, 105, 115 Km altitudes.

During the subsequent grant periods (November 1979 to
September 1982) improvements in the modelling of the geometry
and the molecular interactions have been incorporated in the
external flow computer code. A number of runs at altitudes
of 87, 95, 105, and 115 Km have been made to obtain a range

of the relevant parameters and to provide input information
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at the SUMS entrance location. The "entrance problem" has
been examined both by using published infafmation(2'6'7) N
and a previously developed Monte Carlo code for internal
geometries(a' . Because of the combination of entrance
geometry (very long tube) and the range of local Knudsen
number over the altitudes considered, a totally new
"entrance" computer code had to developed. This ceode
provides the connection between the flux information at the
orifice entrance obtained from the external code and the
local gas properties behind the entrance tube where the gas

is in equilibrium with the "cold" walls of the internal

Plumbing. This new code has only been exercised to a limited

extent, but preliminary results relating the pressure within
the tube behind the tile to the free stream dynamic pressure
have been obtained. This information coupled with an
appropriate calibration of the mass spectrometer provides the
basis for a viable data reducion procedure of the SumMs
experiment.

Section IIA contains a brief description of the
operation of the EXTERNAL computer code (the detailed code
is attached in Appendix A). Section IIB describes the
issues associated with geometric modelling of the shuttle
nose region and the modelling of intermolecular collisions
including rotational energy excﬁange and a preliminary
analysis of the vibrational excitation and dissociation
effects. Section IIC discusses the selection of the trial
runs and presents the major results.

Section IIlA contains a brief describtion of both the
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original version and the modified present code (INTERNAL) for
the entrance problem (Appendix C contains the code listing).
Section IIIB contains a disucssion justifying the selection
of geometric, collisional and surface modelling parameters
used for the trial runs. Section IIIC presents the preliminary
results and discusses the major effects.

Section IV presents the conclusions that can be drawn
from the present study, provides a preliminary estimate of the

data reduction procedure and suggests future work.
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11. EXTERNAL FLOWFIELD

The physical properties of the gas monitored by the SUMS
instrument are not those of the free stream but are altered
both by the intermolecular interactionﬁ in the external
flowfield and by the combination of intermolecular and

surface interactiqns within the entrance orifice and tubing

leading to the instrument. External flowfield effects

can be summarized in terms of the relation between local

"stagnation" pressure and the free stream dynamic pressure (q
= 1/2pU2) at sufficiently low altitudes. Within the
“transition" regime of interest (BO-140 Km) the gas entering
the orifice is neither in equilibrium with the surface nor
simply related to the free streanm. The only currently
available technique for describing the flowfield within this
regime and providing sufficiently detailed data on the
physical state of the gas at the surface is the Direct

Simulation Monte Carlo Code.
A. DIRECT SIMULATION MONTE CARLD COMPUTER CODE

"Monte Carlo" is the technique of using a simulated
situation and random numbers to generate solutions from which
information for the real case is then deduced statistically.
The Monte Carlo approach ranges from being a strictly
mathematical technique for evaluating the complicated multi-
dimensional Boltzmann collision integral to a complete

-

simulation of a number of molecules, with randomness



introduced only in the initial conditions; A modification of
this latter approach is the one used in the present
development. It consists of simutaneously following a large
number of particles which yields, to some degree, a “direct
simulation" of the processes taking place. EBecause there are
finite limits on computer storage space, a modification to
the direct simulation technique was developed by G.A. Bird
(Ref. &) wherein the real gas is simulated by several
thousand "sample" particles populated into cells of the
sample space considered. For collision calculations, all the
particles in one cell are used as a representation of the
local distribution function from which collision Ppairs are
chosen at random, but in proportion to their collision v
probability based on the real gas. This prgcedinq discussion
applies ﬁo 8 general program incorpgrating-the direct
simulatioﬁ procedure. A specific computer program for the
generalized three-dimensional program for axisymmetric bodies
in @ hypersonic muiti-fluid flow is described below.

The program (EXTERNAL) conducts numerical experiments
with & model multi-component gas. The real gas is simulated
by several thousand molecules which may be thought of as a
representative sample of the many billions of molecules in
the corresponding real gas. The positions and velocity
components of the simulated molecules are stored in the
computer and typical collisions are computed among them as a
time parameter is advanced. Since the flow is at an angle of
attack to the body, three position coordinates, three

velocity components and appropriate internal energy levels




must be stored for each simulated molecule.

The computation of collisions starts at zero time with
the molecules moving along the flow axis at the required
freestream Mach number. The body is inserted into this flow
at the ;ero time and the desired steady flow is obtained as
the large-time solution of the resulting unsteady flow.

The free-stream flow vector lies in the x-y plane. The
simulated region is bounded by the x-y plane as a plane of
symmetry, an outer cylindrical boundary (the axis of the
cylinder is the x axis), and two planes parallel to the y-2
plane. These boundaries must be set sufficiently far from
the body to eliminate interference. The simulated region is
divided into a number of cells which are sufficiently small
for the expected change in flow properties across the cells
to be small.

The first step is to generate the initial, or zero time,
configuration of molecules. The molecules are distributed
over the simulated region and the velocity components
assigned are appropriate to a gas in Maxwellian equilibrium
and moving at the required Mach number. The body is then
inserted into the flow and the molecules are allowed to move
and collide among themselves. The move and collide processes
are uncoupled by computing a number of collisions appropriate
te a time interval Atm equivalent to a small fraction of the
mean time between ctollisions, and then moving the molecules
through distances appropriate to Atm and their instantaneous
velocities. The distortion produced in the molecular paths
by this gpproximation is small as long as Atm is small
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compared with the mean time between collisions, and smaller
than the typical transit time of a molecule through a cell.

Since the change in flow properties over the width of
one cell is assumed small, the molecules in a cell at any
instant may be regarded as a samplé of the molecules at the
location of the cell. The relative location of the various
molecules within the cell can then be disregarded. A pair of
molecules is chosen at random from those within the cell
under consideration and is retained or rejected in such a way
that the probability of retention is proportional to the
relative collision probability for the appropriate
interaction law. When a pair is retained, a typical
collision is computed between the two molecules and the new
velocity components and internal energies are stored in place
of the old ones.

In general, the relative number ratio of the species of
molecules in the multi-component gas will differ from unity,
requiring the computation of different types of collisions.
There is, therefore, one time counter for each type of
collision in each cell. For each collision, the correct time
counter is advanced for the cell by an amount appropriate to
the collision parameters. The probability of collision, and
therefore the time advancement per collision, is made
proportional to the number of mQIe:ules in the cell, and the
relative velocity and cross-sections of the colliding
molecules. Collisions are computed in each cell until all
the time counters have advanced through at least a time Atm .

When this procedure has been carried out for all cells, the
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overall experiment time is advanced by Atm and the molecules
are moved through appropriate distances.

The set of molecules in each cell changes as the
molecules are moved and abprapriate conditions must be
applied at the boundaries of the region begin simulated.
Every boundary is treated as a source of molecules with
velocity components representative of molecules moving in
thermal equilibrium at the appropriate fraction of the free-
stream Mach number. (The fractional Mach number is
determined by the cosine of the angle between the local
boundary normal and the flow direction.) Any molecule which
moves outward across any boundary is regarded as being lost
and is removed from the sample. The plane of symmetry (the x-
Y Plane) is regarded as a specularly reflecting surface.
Interactions with the body are also computed. The body
consists of a number of conic sections rotated about the axis
of symmetry. Each section must be separately specified
according to the coefficients of the defining equation, a
procedure to be described later in the report. For the
purpose of computing the momentum and energy transfers to the
surface, each region of the body can be subdivided into
smaller sections. Within these smaller sections, the
following three parameters must be specified: wall
temperature/gas temperature, energy accommodation coefficient
for each species, and tangential‘(momentum) accommodation
coefficient for each species.

After the flow has settled down to a steady state, the

number flux, momentum and energy transfers to the surface are
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accumulated and used to compute the aerodynamic data. The
time required to establish steady flow is usually assumed to
be close to the time required for the free-stream flow to
traverse several body lengths. The overall number flux,
drag, and heat t?ans*er coefficients are determined, along
with their distribution along the surface.

In addition, it is possible to generate data on the body
surface which can be used as input to the companion program,
INTERNAL, described separately. (INTERNAL) computes the flow
field regime inside an axially symmetric cavity, such as
might be used for a spacecraft-borne sensor. The input data
needed for this computation includes the moiecular
distribution functions present at the orifice to the cavity,
the orifice being on the surface of the spacecraft.) This data
consists of velocity and internal energy samples in three
coordinate directions for all species of the mixture.

Flow field properties are also computed. Instantaneous
values are sampled at appropriate time intervals anq these
are time-averaged for greater accuracy. Number densities,
velocities and temperatures are printed for each cell.

The numerical experiment takes place in a cylindrical
block of space whose axis is coincident with the axis of
revolution of the conic surfaces comprising the test body.
This space is subdivided into cells in which the flow field
properties of the experiment caﬁ’be monitored. Cylindrical
surfaces concentric with the axis partition the space into

nested clindrical volumes, as shown:
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Planes parallel to the end-faces of the cylinders divide the

cylinders into a stack of nested rings.
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Finally, planes perpendicular to the preceding planes and
passing through the aiis, called radial planes, divide up the
rings in the acimuthal direction, producing cells which are
wedge-shaped pieces of rings. The geometry is more easily
visualized if one considers a trace of the cell configuration

in a radial plane. A typical planar trace is shown:
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axis

The axis shown is the axis of symmetry of the sample space
(and of the test body). This axis is considered to be the x«
axis. When this direction must be specified in vector
algebra computations, a unit vector i is assumed in the x
direction.

Assume that the planar trace shown above is bounded by
the x-axis ésdescribedand by the -y axis. This plane is at
0° azimuth angle and is called the zero plane. It is the
plane normally depicted when describing the sample space.

A unit vector J points in the +y direction. The =
direction points out of the paper, and in this direction is
the unit vector k, which is given by I x 3.

The flow velocity is in the direction I cosa + 3 sina,
where a is the defined angle of attack between 0° and %0°,
Since the flow is thus in the xy plane, there is symmetry in
the z direction. That is, any condition in effect at +z is
also in effect at -z. Thus azimuth angles need be specified
only from 0 ° to 1B0O®° where 0° is in the -y direction, 90° is

in the +z direction, and 180° is in the +y direction.
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Now the fact is that the gas density in the vicinity of
the stagnation point of the body can become many tens of
times higher than the density far from the body. It is thus
desirable to use small cells in this region while the cells
are larger in the regions of relatively low dengsity. This
partitioning of cell sizes is accomplished in two ways.

First, the rings can be divided azimuthally into two
different sizes. This is done by specifying an angle, called
THETAZ, and the number of wedge divisions both below and
above this theta plane, called NWEDBEJ'and NNEDBEZ.. ("Below
the theta plane" means azimuth angles between O ° and THETAZ,
and "above the theta plane" means azimuth angles between
THETAZ and 180 °))

Second, the cells below the theta plane can be
subdivided in the axial and radial directions down to second
and then third level cells. In the 0 °radial plane
representation of the sample space, this would appear as
large rectangles being sub-divided into small rectangles.

In this way, the sample space geometry can be tailored
to the configuration of the test body angle of attack to the
flow. The following examples are presented to clarify the
above statement. Assume for all cases that the test body in
question is a short cylinder. A@As explainea in the section
TEST BODY, the cylinder cannot have flat end faces, so the

ends are cones with apex angles. of about 175 °.

a) For O °angle of attack, the flow impinges

directly on the left face of the cylinder.

16
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It is thus desirable to have, if possible,
constant azimuthal angles since there is no
angles since there is no azimuthal assymetry.

One possible configuration is therefore: THETAZ =
180.° NWEDGE ; = 6, NWEDGE , = O (producing 30 °
wedges), and the axial and radial directions

can be subdivided any convenient way, producing

a zero radial plane that looks like:

’-Q.
\zoby [
- ——aa ;
FLow
La

r
In this type of geometry, all radial planes

are the same as the zero plane.

b) For 90 °angle of attack, the flow impinges on

17



the curved cylindrical surface of the cylinder
at the bottom. It is thus necessary to have

small azimuthal wedges on the lower portion of
the cylinder at and near the stagnation point,
~hile larger wedges will suffice on the upper

portions of the body (in the wake of the flow).

For instance, an acceptable set of parameters

is: THETAZ = 60°, NNEDBEl = 3, NWEDGE, = 3

2
(producing 20° and 40° wedges), and again the
axial and radial directions can be subdivided
in any convenient way. Any radial plane up te
60° looks like the radial plane in example
(&), with the body and smaller cells centered

about a-a, while any radial plane between 60°

and 180° looks like:

ORIGEEL [T -
OF POOR QUALITY

t FLoW
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c) For an angle of attack between 0° and %0°,
the configuration looks generally like that of
example (b)). In this case, however, the theta
plane generally should be at an azimuth angle
which is relatively low (near 60° for a high
angle of attack (45¢ - 90°) and relatively high

(near 120° for a low angle of attack.

Because the test body is located on the axis of the
cylindrical sample space, for each particle that interacts
directly with the body, many more do not. In the interest of
minimizing the program running time necessary to permit a
statistically sufficient number of particles to strike the
body, the computation makes use of zonal weighting factors.
That is to say, each particle in the sample-space in reality
represents one or more particles, the actual number depending
upon the weighting factor of the zone in which the particle
currently exists.

Up to five cylindrical boundaries are selected across

which the zonal weighting factors change. These boundaries
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are specified in terms of the number of first level cells
between the axis and the boundary. The change in the zonal

weighting factor across each boundary can be given by:

LDn+l + LDn n=1'2'0005

II LF
j=

where the LD values are the number of first
level cells between the axis and the cylindrical
boundaries; and LFO=1, LDé=LD§=LDK=NH were Kiﬂlast'
This equation is the result of haviﬁg the zonal
weighting factors defined in such a way that they are eqgual
to the ratio of sample space volume in the zone above the
weighting-factor boundary to the sample space volume in the
zone below the weighting factor boundaries. The importance
of the region near the axis :an:be emphasized by choosing LF
values larger than those given above.
The sample space is populated with a distribution of gas

molecules. Each molecule is assigned a velocity, a rotational
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energy and a position, such that the sample space is
uniformly (élbeit in a random manner) filled with a gas in
thermal equilibrium and flowing at the required Mach number.
Each molecule is assigned a number corresponding to its zonal
weighting factor. The molecule thus represents in actuality
a number of molecules (including itself) equal to the zonal
weighting factor. While the molecule moves in such a way as
to stay within the given zone, its weighting factor does not
change. If it crosses a weighting factor boundary while
moving in toward the axis, a number of molecules is added to

the distribution. The number of molecules added is equal to:

old weighting factor -1
new weighting factor

For instance, assume that above a boundary, the zonal
weighting factor is &, and below the boundary it is 3. Hence
6€/3 - 1, or 1, molecule must be added to the distribution
when the molecule crosses the boundary. This is clearer if
one considers that above the boundary, the molecule
represents a total of & molecules. When the molecule drops
below the boundary, it can only represent 3 molecules, so
another molecule must be added to the distribution teo
represent the other 3 molecules.

The added molecule(s) is (are) assigned the same
position and vélocity components as the original molecule.
While this does not approximate true kinetic theory at first,

in praétice the positions and velocities are soon randomized
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by collision processes.

On the other hand, if a molecule crosses a weighting
factor boundary while moving away from the axis of the sample
space, there is a probability that it must be dropped from

the molecular distribution. The probability is given by

1 - 0ld weighting factor
new weighting factor

The random number generator is used to generate a
histogram of disappearing molecules to match the actual
probability of disappearance. The whole idea behind using
weighting factors is to increase test body - flow field
interaction in a given running time. Thus, when body surface
quantities are accumulated (like flux, energy, momentum,
heat), they are accumulated in terms of the weighted number
of molecules striking the body. This is particularly
important if the body exists in two or more weighting cones,
s0 that surface gquantities in different zones can be
correctly compared.

The program is set up to handle a test body consisting
of a sequence of connected conic sections rotated about a
common axis of symmetry. Some typical surfaces which can be
considered without modification are sections of spheres,
cones, cylinders, ellipsoids, h;perboloids, and paraboloids.
A disc perpendicular to the symmetry axis cannot be handled
without modification, since it represents a multi-valued

function in r. Cones with very large apex anﬁles (~180°) are
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used in place of discs. The procedure used to specify body
surfaces is to generate a form of the standard equation of
the surface in question, substitute into this equation the
actual values of the constants, and reduce the standard form

to the following type of equation:

sz + Brz + Cx + D=0

where A, B, C, and D are numerical values

These coefficients are used as input data to the program.
The program requires additional parameters for each conic
surface. Each surface can be axially divided into several
segments for the purpose of accumulating.the body surface
parameters like flux, heat transfer, etc. The x-coordinate
on the right side of the segment is required as data. (The
segments are divided azimuthally by the same radial planes
that partition the sample-space.) In addition, the
temperature, energy accommodation coefficients and tangential
accommodation coefficients for each species are required for
each segment. The temperature of a surface is normalized by
the free-stream temperature.

The tangential accommodation coefficient specifies the
fractional part of incoming tangential momentum that is lost
to the surface. For the reflection model used in this
program, this also represents thé fractional part of the
molecules colliding with the body surface whose collisions
are diffuse. The remainder collide specularly.

The energy accommodation coefficient specifies the ratio

23



of the net molecular energy flux absorbed by the body to that
energy which would be absorbed if all re-emission were
appropriate to equilibrium at the surface temperature of the
body. This coefficient together with the tangential
accommodation coefficient and the surface temperature
determines the effective temperature of the diffuse component
of the re-emitted molecules in the reflection model used in
this program.

It is also possible to collect velocity samples of the
colliding molecules on a restricted number of surface
segments to generate distributions for the internal flow
program. For this prupose, molecules that collide with the
body surface are considered in two classes. The class called
"UNCOLLIDED" consists of "free-stream" molecules. That is,
these molecules have not previously collided with the body
surface or with any other molecules other than "“free-stream"
molecules. The other class, called “COLLIDED", consists of
molecules which have previously collided with either the body
surface or with other "“COLLIDED" molecules.

Appendix A contains the full listing of the computer
code in Fortran IV. The main program consists of dimensioning
statements coupled to a fiarly detailed description of the
input cards (using the NAMELIST input). The main operating
program is called RUN which in turn calls the appropriate
subroutines. Figure 2 shows a schematic of the flow chart for

the operation of the Program EXTERNAL.
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B. Modelling of the SUMS Problem

I. Geometric Hodelling

The computer code described above requires an
axisymetric geometry of the body, although the flow vector
can be at an arbitrary direction. The Space Shuttle nose
geometry in the vicinity of the SUMS orifice has to be
modelled by an equivalent body of reveolution. A paraboloid
of revolution around as axi's inclined at about B ° with
respect to the shuttle axis models the lower sur{gce Cross
sections of the body both in the symmetry plane and in the
transverse direction reasonably well. Figure I shows a
sketch of the actual and modelled Space Shuttle nose
geometry. This model will be called the parabola model, and
the flow direction of 32°with respect to the axis will be
used to represent the 40 ° angle of attack of the Space
Shuttle.

Both for the purpose of benchmarking the test runs
against continuum results and to achieve better resolution an
alternative axisymmetric flow model was examined. This model
consists of a hyperbola rotated about the flow velocity
vector passing through the stagnation point. Figure 4 shows
a typical cell geometry for this model. This is also the
model used by Frofessor Clark Le;is for his continuum
calculations. As will be seen from the results in the next
section the latter (axisymmetric) model is questionable as a

representation of the flow in the stagnation region of the
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Space Shuttle, at least at higher altitudes.
2. Modelling of Cross Sections

In order to avoid uncertainties associated with the
choice of hard sphere cross-section to best model the
"typical" collision, an energy dependent inverse power law
cross-section collision code has been incorporated in the

program. The power law exponent and reference cross—-section

— . i e ———— e e

is chosen to provide the best fit to E@gﬂy;559§§;y
temperature dependence over the rangeAbetween_the_wa;lhand
stagnation conditions which represents the energy range of
the important collisions. Figure 5 shows that viscosity can
5; matched to within a few percent over the relevant range
with a single choice of exponent and reference conditions

Using the exponent of N=.552 and a reference temperature

of 1000°K four axisymmetric cases of a hyperbola at 0° have
been run to simulate 87KM, 95KM, 105KM and 115KM altitudes.

Since in these cases ro;gpional energy was not included these
represent & ficticious monatomic gas of y=5/3. Figure 6 shows
"smoothed" temperature profiles normalized to the free stream
temperature. Note that at the two lower altitudes a relatively
"flat" Rankine Hugoniot (R.H.) region exists, while at 105KM

R.H. conditions are barely reached and at 115KM the temperature
peaks at about 70% of R.H. temperature. The shock layer in all
cases is, however, very much thicker than the inviscid result
based on nose radius RN. Noté, however, that the hyperbola is
very blunt and it is not clear that the nose radius is the appro-

priate dimension or that this models properly the flow about the

Space Shuttle Nose.
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3. Rotational Energy Exchange

On the basis of previous experience in modelling
rotational energy exchange in Reference 4 the model of Larsen
and Borgnakke (9) was chosen as appropriate for the blunt
geometry under investigation. The External Flow Frogram was
therefore re-coded to include an arbitrary number of internal
energy modes but with a single relaxation time related to the
parameter ¢ which ranges from ¢=0 representing no exchange to
=1 simulating maximum available exchange at each collision.
An indication of the effect at 115KM is shown in Figure 7 and

8 for the most rapid energy exchange (¢=1). Note that, as

expected, the peak temperature is lower for the Y=1.4 case
because some of the energy goes into rotation. Also note
that significant non-eugilibrium exists between translation
and rotation even at this maximum energy exchange rate
corresponding to ¢=1. The effect on surface properties shown
in Figure B is virtually non-existent for the shear, but

noti:eéble on the heat flux and pressure.
-""_‘,T'-'"N":"“—-'
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4. Preliminary Attempts at Comparison with Continuum

Results

Some preliminary comparisons of both the monatomic (y
=1.6467) and diatomic (y=1.4) runs for the axisymmetric
hyperbola were made with continuum results provided by Frof.

C.H. Lewis based on continuum theory(lo'll)

. Among the
surface properties only the pressure distribution agreed
reasonably well. Since this is the property least sensitive
to detailed flow field behavior the agreement is not a very
sensitive test. A typical comparison is shown on Figure B.
A comparison of heat flux is not shown on this figure as it
is Aot the same scale at this high altitude. The continuum
result of Prof. Lewis gives the stagnation point heat
transfer coefficient C}fQ/1/20U3 =2.8 which is physiceally
unrealistic. At 105KM the continuum heat transfer
coefficient CH is below one but still appreciably above the
Monte Carlo results. At 95KM the Monte Carlo results give

heat transfer that is almost twice as large as Frof. Lewis's

result for yvi1.4. .,
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most significant discrepancy between the continuum
and Monte Carlo results arises in the shock layer thickness.
While the definition is somewhat arbitrary, a comparison of
the subsonic region in the vicinity of the stagnation point
does give a good indication of the extent of influence of the
"downstream" portions of the body. Figure 9 shows the Monte
Carlo results for the M=1 line at 115KM together with the
shock line from C.H. Lewis. This discrepancy led to a whole

re-examination of the modelling of the nose geometry.

5. Re-examination of Geometric Modelling

Since the subsonic region appears to extend to the
shoulder" wherever the hyperbola is terminated as shown in
Figure 9, the applicability of the hyperbola model becomes
suspect, at least for the Monte Carlo calculation where
upstream influence cannot be eliminated. In order to further
assess the effect of the geometric model on the results a
comparison of the hyperbola at 0°to the parbola at 32 ° are
presented in Figures 10 and 11. It can be seen from Figure
10 that the subsonic layer in the vicinity of the SUMS
orifice is signi4icént1y different in the two cases. Figure
11 shows that while the pPressure is not dramatically affected
by the model the heat flux and shear are significantly
altered. On the basis of these results it was concluded that
while the runs for the hyperbola may indicate trends they are
neither representative of the SUMS region on the Space

Shuttle nor good candidates for benchmarking with the
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continuum results. All subsequent runs were therefore made
using the geometric model of a parabola at Iz ° angle of

attack.
6. Inelastic vibrational Excitation and Dissociations

Because of the high energies of collision between free-
stream and reflected molecules, inelastic collisions
(certainly vibration and dissociation) are in principle
possible. At the highest altitude the number of such
collisions is expected to be insignificant because the cross-
sections are low enough so0 that a typical molecule will reach
the body with a negligible probability of a preQious

- vibrationally exciting or dissociating collision. At the
lower altitudes B7 to 95Km the number of collisions suffered
by a typical molecule before reaching the body surface is
measured in the tens or hundreds and therfore inelastic cross-
sections that are only a few hundredths of the elastic and
rotational ones may produce significant effects. The detail
needed to properly model these collisions in the Monte Carlo
Programs far exceeds the available experimental information,
which primarily gives overall rate constants. An
investigation of the best combination of analytical and
empirical information was initiated early within the grant
period. A theoretical attempt ﬁo couple low energy
vibrational excitation experimental information to the highly
non-equilibrium high energy collisions through theoretical

work was initiated. Appendix B contains a Master's thesis
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pPresenting the formalism and giving the initial results of a
theoretical formalism. Based on those results, coupled to
some limited experimental data, a method for determining the
probabilities of specific outcomes in individual collisions

in the Monte Carlo Programs can be developed. The increase in
computing times, however, may make the feasability of using

such a code, for anything but benchmarking, prohititive.
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C. MAJOR RESULTS FOR EXTERNAL FLOW

The primary effort during the grant period up to
February 1981 was spent in developing the code for external
flow and establishing the appropriate geometry to model the
region of the Space Shuttle in the vicinity of the SUMS
experiment. The major results to that date are presented in
the renewal proposal for the period February 1, 1981 to July
30, 1982 which also served as & progress report on the
previous grant period.(lz) We will only summarize those
results here and update them on the basis of additional
external flow computations.

A representation of the shuttle nose geometry as a
parabeloid of revolution around an axis 8¢ from the actual
shuttle axis (Figure 3) was found to adequately modél the
windward side of the shuttle in the vicinity of the SUMS
orifice. Computatons for both this model at an effective
angle of attack of 3Z° and an alternative axisymmetric flow
about hyperboloid model centered on an axis through the
nominal stagnation point, demonstrated that the paraboloid
model at angle of attack is necessary to adequately model
conditions near the SUMS orifice. The typical body and
computation cell geometry is shown in Figure 12.

A resonable indication of the flowfield can be obtained
by examining density contours or. Mach number contours about
the body. Figure 1T shows the sonic lines and the M = 5
lines indicating approximately the outer extent of the

"shock" layer at 95 Km and 115 Km, within the plane formed by
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the velocity vector and the axis of the modelled paraboloid.
Note the greater "shock" layer thickness at the higher
altitude. Also note the fact that even at ?5 Km, the shock
layer is a large fraction of the local body dimension such as
nose radius. The "shock" thickness is a major portion of the
entire “shock layer" casting doubt on any calculation
incorporating a thin "shock" assumption. Figure 14 shows
some density contours on the "windward" side of the body at
95 Km altitude as weil as the sonic line. Note the rather
constant density rise towards the body with no discernible
separation between “shock" and "boundary layer." Also shown
are estimates of the stagnation streamline and another
streamline along which the velocity ohly goes slightly
subsonic. Note the rather gradual turning along the latter
streamline and the rather diffuse nature of the shock leyer
even at this altitude where the nominal free stream'Knudsen
number is 0.04. 1In order to give a better picture of the
three-dimensional aspect of the flowfield, a sketch of one-
half of the paraboloid and some contour plots of M = 1, and M
= 5. lines are shown on Figure 15.

Information in Figures 13 through 15 gives some
indication of the nature of the flowfield in the vicinity of
the SUMS orifice. The ultimate objective, however, is to
establish properties at the vehicle surface. Figure 146 shows
the variation of two surface flu;es (normal pressure and heat
flux) at 95 Km along the four cross-planes shown in Figure
15. The normal pressure Pg normalized by 1/2pU2 (Cp = pslllzp

2
U) is shown on the right side of the figure while a heat
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transfer coefficient (!:H-= Q/i/2pU3 ) is shown on the left.
Figure 17 shows the variation versus angle in the cross-plane
nearest the one containing the SUMS orifice, and compares the
results to some theoretical and semi—empirical predictions.
The pressure coefficient, as expected, lies approximately
between the free molecul ar (CF}F.M.)) value and the modified New-
tonian (C_(NEWT) value, up to about 90°, (Note that at 90°
around the axis the local angle (8 between the velocity
vector and the surface normal is approximately &4° at this
cross—plane.) The heat transfer coefficient lies
substantially below the free molecular value. It is also
compared to a semi-empirical extrapolation of experimental
results of stagnation heat transfer on hemispheres presented
in reference 1J3. Direct comparison is clearly dubious due

to the substantially different bédy geoemtry and the
implicit assumption of totally local behavior contained in
the cos® wvariation with local angle of the surface to the
velocity vector. Some additional degree of uncertainty is
contained in the choice of "body size® that is used to
evaluate the correlation parameter Ki .

The ultimate objective of the external flow
calculations is to provide information on the properties of
the gas entering the SUMS orifice. It is the potential non-
equilibrium nature of the entering distributin of molecules
that is responsible {or/EPe difference between the surface
"pressure"” and the gas pressure within the internal plumbing

around the mass spectrometer. The non-equilibrium aspect is

most commonly represented by a temperature jump and a
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velocity siip within the continuum formalism. Under the
highly rarefied conditions at the upper end of the altitude
range of interest, even that description may be inadequate
because of the highly non-Boltzmann distribution of the
molecules arriving at the surface. Figure 18 shows the
distribution function of the flux of molecules arriving at
the SUMS orifice at 95 Km and 115 Km obtained from the
external program. The flux distribution is plotted both
versus molecular velocities normal to the local surface and
tangential within the plane formed by the free stream
velocity vector and the local normal. Note that at 25 Km one
could fit the distribtion by @ Maxwedllian with some |
temperature different than the body temperature and a slip
velocity which is comparable to the free stream mean
molecular speed. At 115 Km the distribtion is clearly
composed of two components, the free stream molecules
arriving unperturbed at the surface, and the collided
molecules having a broader distribution possibly
representable by another Maxwellian. Clearly this potential
bimodal character of the incoming molecules must be
recognized in the evaluation of the "entrance" problem at the

SUMS entrance.
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I11. Entrance Froblem

Az a companion to the initial version of the external
code (EXT) an internal code (INT) was developed (8). The
objective of this code was to determine local properties and
surface fluxes in & cavity connected by a tuc~ to the

vterior surface. The input molecular distribution is
obtained from the surface flux information provided by the
external code. While the code is in principle general to
2llow a wide variety of geometric configurations it is
optimized for & short tube-large caviiy geometry. Early
atte=mpts to apply this code directly to the SUMS inlet

try resulted in very long running times with little
assurance that & steady state solution had been achieved. &
total recoding of the entrance problem was therefore
implemented resulting in & code (INTERNAL) that allows
agreater flexibility inm handling the long tube geometry of
SUME as well a3 incorporates all of the changes in
intermslecular collisions, numbers of species anc rotationel
gnergy 2rchancs developed +for the code EXTERNAL.

~

&, Entrence Computer Code INTERNAL

The purpocse of the program described in this section is
to determine the fluid field inside a cavity which consists
of a connected segquence of conic sections rotated about an

symmetry. The cavity is conesidered in two parts: a

main cavity on whose interior surface the sensor will be
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located, and an inlet tube whose orifice is presumed to be at

-

the entori & spacecratt. A detailed code
listing is given in Appendix C.

The input data for this program includes a molecular
distribution function which is obtained from an external-flow
run. Some= Y the otier data refers to input parameters of
the external-flow run. Thus it is seen that the pair of
programs can be run as a set, computing the conditions inside
& cavity which exist for a given set of conditions in the
undisturbed free-stream flow. The programs have not vet been
directly coupled, although they are written with thiz intent.

The program was constructed by turning an external-flow
program inside out. In doing this, the basic molecule/body
collision mechanism is preserved with only minor changes,
while the molecule/molecule collision mechanism are not
changed in any way.

A general description of the way in which the internal-
fiow program conducts the experiment is unnecessary since the
description in the preceding section generally applies here.
Any important differences will be describzd as they occur.

The numerical experiment takes place in a cylindrical
plock of space guite similar to that used in external f1ow.
However, the inlet region must be cylindrical in shape while
the cavity region can be defined by conic sections.

There is no subdivision of lst level cells into smaller
sized cells. Also, the numbe; of azimuthal wedges is
spzcified for a full Z40° (since there is no plane of

symmatry determined by an input flow direction) and is the
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same for both regions. No weighting factors are used as the
desired surface fluies on the walls generally occur near the

outer edges of the sample space.

The orientation of the sample space is determined by the
geometry of the particular body surface segment.in external
flow which is used as the orifice area of internal flow. The
body surface normal of external flow becomes the x-axis (axis
of symmetry) of internal flow; the direction given by the
cross product of the x—axis of external flow and the body
surface normal becomes the z-axis of internal flow; and the
direction given by the cross product of the above cross
product and the body éur{a:e normal becomes the y-axis.

The zero radial plane is the positive x-y plane, and
azimuth angles range from 0° to Z60° |, with the pscitive z-
a:-;is at 90° .

The sample space is initially populated with gas
molecules in a manner similar to that used in external flow.
In this program, however, the gas molecules are initially in
thermal with the walls locally., The selection of the density
profile initially in the tube indeed poses a problem and is
very critical in minimizing running time. The code therefore
allows an arbitrary initial distribution specified by the
user. The choices and procedures for selecting them are
described in the next section. The key objecti?e is to
provide a distribution that ié ctonsistent with the input flux
and will not have to be severly altered in magnitude to

arrive at the steady state.

38




The molecular input distributions are generated from
data produced by an extermal-flow run. This data consists of
velocity samples of molecules impinging on the external body
surface segment which is considered to be the orifice area of
the inlet region. The form of the velocity samples is a
series of horizontal S-shaped curves, one for each molecule
type, in each of three directions, for both UNCOLLIDED (free-
stream) and COLLIDED molecules. Each s-curve gives the
fraction of molecules (impinging on the body surface segment)
with a velocity < the given velocity. A typical curve for
UNCOLLIDED molecules is given [VM is the velocityr
corresponding to the center velocity of the distribution as

computed in the external flow programl:

1.0 9 . i . ® * "

The information from these curves is used directly to

generate the molecular distribution of the molecules entering
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The population (pressure! inside the cavity region is
selected initially as an input. The computer simulation
proceeds until a steady profile inside the tube entrancs
region is generated. Since this does not necessarily require
zero net flux, a series of runs with different cavity
pressures is generated and a cross plot of flux versus
pressure is the output for a single external flow input
condition. The equilibrium solution if desired can be

obtained from the zero flux point.

Y. Scope of "Entrance Froblem" for SUMS experiment

Within thes free molecular regime the "entrance problem”
hes been examined by Hughes and deLeeuw(z). In order o
indicate the potential magnitude of the problem, Figure 20
shows th= variation of both the surface pressure (ps) and the

\

chamber prescuwre (p ' versuzs angle of attack under free
: C

molecular conditions at infinite speed ratio and a very long
tube (corditione a2pproaches at high altitude during Epacs
Shuttle re-entry:. For thes SUME location, the local angle of

att

v

—k B is approximately 2B° giving a possible difference of
& factor of 10 bstwesn the surface pressure (ps) and the
internal chambe:r (pc) that directly atfects the mass
spectrometer reading. While this theoretical result is
expected to be accurate at 1%0 Em and above, at lower
altitudes the locel flw: distribution will have both a

directed and & rather diffuse component (see Figure 1), and
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also the effect of internal collisions within the tube will
begin to play a role (see Figure 1).

Because the tube length to diameter ratio is very large
(37) the time constant and therefore the computing time to
reach equilibrium is very long. For this reason no attempt
is made to simulate the problem all the way to the condition
where the chamber pressure behind the tube is at the correct
value to nearly balance the net flux. Instead a series of
runs with different assumed "cavity" pressures are performed
and the zero net flux (or a given small value for the dynamic
condition) can be selected to interpolate the correct
"cavity" pressure. This procedure if it proves generally

successful can of course be automated within the code.
C. Preliminary Results of INTERNAL Code

Freliminary results for the SUMS entrance tube geometry
are presented as a couple points on Figure 21 giving to the
ratio pc/ps versus altitude.

Also shown are some theoretical curves for full
continuum (Continuum), for continuum external flow but free
molecular flow through the tube (No slip, Hns+ =), and for
fully free molecular flow (Free Molecule). In addition, some
points using & best fit Maxwellian to the external flow flux
and free molecular internal 419w from reference 2, are shown
at 95 Km and 115 Km. These results are preliminary; but they

do indicate the magnitude of the . correction and the fact that

no simple use of the currently available results can cover
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the entire range of altitudes of interest.
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IV. DISCUSSION

If we couple information from INTERNAL (Figure 21) to
the results of the external flow computations (summarized as
a plot of ps/1/2pU2 versus altitude in Figure 22), we can
produce a preliminary estimate of the data reduction curve
that could be coupled to the calibration of the mass
spectrometer to deduce the g = 1/20U2 during Space Shuttle re-
entry. Figure 2T is a cross—plot of the q/pc versus p
obtained from Figures 21 and 22 with the 87 and 105 Em
results only estimated on the basis of interpolation of
Figure 21. The establishment of such a data reduction curve
for the nominal re-entry conditions, together with associated
error bars as well sensitivities to wall temperature and
angle of attack is necessary for the proper interpretation of
data to be obtained by the SUME instrument.

The data measured by the mass spectrometer in the SUMS
experiment essentially provides collector currents of charged
species of different masses. Calibration of the instrument
can relate these to the overall pressure and composition at
the entrance to the instrument being calibrated. Since the
actual environment of the flux of molecules to be encountered
under flight conditions cannot be simulafed the calibration
is performed with the incident flux essentially in
equilibrium with the instrument outer walls (room temperature
and no flow). The data reduction procedure must therefore
relate the effective environment in the ground test

simulation to the desired dynamic pressure q under the
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fiowing non-equilibrium condition and through the calibration
to thes instrumsnt measuremsnts.

A

[U]

discussed above, capability now exists {for
calculating the surface flux distribution of molecules
entering an opening at the SUME location. The computational
procedures for connescting that information to the pressure
immediately behind the entrence tube has also been developed,
although not fully exercised over the entire range of
parameters applicable to the SUME euxperiment. That pressure,
in turn, can be directly related to the ground test
environment used to produce the calibration curves for the
maz=s spectrometer.

The primary objective of future work must be to provide a
date reduction procedure that relates the spectrometer

resding to the free stream dynamic pressure (g = 172 ou2).

With currently available proceduress a relation between the

i1

pressure p. and g such as the preliminary one shown on Figure
27 can be obtained using the best available information on
the flight paremetiser-s =zuch as velocity, angle of attack, tile
tenperature, surfaze conditions, molecular collision
parameters, =tc. This relation must then be combined with
the calibration curve where the instrument readings are
related esither to pc directly, or to a calibration pressure
which can be related to pe by conventional means. A singile
plot of g versus totel measured collector current can thus be
obtsined from the :ombinatioﬁ of these results.

The relation between the dynamic pressure q and the

zalibration pressure pc depends on many parameters of the
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problem. Some of these, such as flight velocity, angle of
attack, and tile surface temperature are expected to vary
only slightly from their nominal values. Since the actual
measured values of these quantities will be available on each
individual flight, corrections to the data reduction relation
should be evaluated in the form of sensitivity coefficients
for small changes from the nominal. Studies to determine the
effects of these parameters are necessary to establish the
significant sensitivity coefficients that must be
incorporated into the data reduction scheme.

The parameters such as surface accommodation, surface
recombination, and free stream composition can aléo aftfect
the results. In addition, modeling simiplifications of both
the geometry of the problem and the molecular collision

henomena can alter the quantitative value of the relaticon
P

between g and p c® Because of the unavailability of any in-
flight measurements that could lead to an evaluation of these

parameters, bounds on the uncertainties they produce should

-

ce studied. Sensitivity of the data reduction relation to

s
]

the most significant of these can then produce bounds on
uncertaintises on the dynamic pressuwe q, due to reasonable
variations. The {final goal of future work is an algorithm
tor the evaluation of the dynamic pressure g, from the
calibration pressure pc , together with error bounds, due to
the uncertainties associated with the external flow and ths

entrance problems.
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FIGURE 1. RELEVANT KNUDSEN NUMBERS VERSUS ALTITUDE
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FIGURE 2. SYSTEM FLOW-CHART
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lStopJ
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FIGURE 3. MODELING OF SPACE SHUTTLE NOSE (PARABOLA)
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FIGURE 6. TEMPERATURE DISTRIBUTIONS (EFFECT OF ALTITUDE)
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FIGURE ll. SURFACE FLUXES (EFFECT OF GEOMETRIC MODEL)
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MACH NUMBER CONTOURS IN SYMMETRY PLANE AT 95 Km

and 115 Km

FIGURE 13.
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ORIZINAL ¥..2

OF PCCR QUALIVY

FIGURE 16. SURFACE PROPERTIES; PRESSURE COEFFICIENT Cp = ps/l/2pU2 AND
HEAT TRANSFER COEFFICIENT CH = Q/l/i.’pU3 IN FOUR CROSS-
PLANES AT 95 Km ALTITUDE
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FIGURE 17. SURFACE PROPERTIES; PRESSURE Cp AND HEAT TRANSFER
' COEFFICIENT CH VERSUS ANGLE IN CROSS-PLANE x = 75
cm (NEAR THE SUMS ENTRANCE) AT 95 Km ALTITUDE
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Flux Distribution Function

FIGURE 18. FLUX DISTRIBUTION FUNCTION AT SUMS INLET
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FIGURE 20. FREE MOLECULAR PROBE RESPONSE (S =~ «, d/L -=0)
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FIGURE 21. PRESSURE CORRECTION FACTOR (pc/ps)
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'ILE: GKBEXT DECK A PRINCETON UNIVERSITY TINE-SHARING SYSTEN ~

‘/ JOB GKB 0367425.GKESPACE N=EXTCONP REG=500 T=.8 P=150 C=0
‘/*POREAT PR, DDNAME=SYSNSG,DEST=VN3T70
'/ EXEC PORTXCL,PARM.FORT='XREP®
'/PORT.SYSIK DD * )
: BAIK PROGRAN FOR MORTE CARLO 3-D EXTERNAL PLOW CALCULATIONS
OBJECTIVE OF THIS MAIN PROGRAN IS TO SET THE DIMENSIOKNS
BAIF RUNNING PROGRAE IS *#* RUN **=

POLLOWING TWO CARDS HAVE TO BE ELININATED POR KON IBH MACHINES
SEEEEAEERRREEEEIEERREEE RS R RELER AR LSRR AKEA KBS RR XL XX KL XL EE SR EE XX RS KA SRS
INTEGER*2 LB,NBX,NBN,NB,NBP, NBT, NBS, NUNCEL

INTEGER*2 L%,LPF,LCOL,LKW
SEEEEREXS EEREEEEX XX RRET SRR EETRRXE A XBEEBXSLEXBFRAEE XX ER XX KX S XX T RE R R R X

THE NEXT CARD IS ASSOCIATED ¥ITH PRINCETON RANDOX RUBBER GENERATOR
SESSEEETAE R EESE SRR KRR SEEXRLERXIRXEBER XS EX XSS AEE X EF EX SR XX XX KRR ER PO

COMNOK/RANCON/RRAN (8)
SEEREXRRE SRR SR SRR SR KX RS EERXEX SRR EREE T AR XA XS RE XL RE KX BERKFR KX RN SRR £ K

THE POLLOWING DIXENSION STATEMENTS SET THE MAJOR ARRAY DIMENSIONS
AKD MUST BE CONSISTENT WITH THE POLLOWIRG DATA CARD

NSP=NUMBER OP SPECIES - EXAMPLE BELOW RSP=1

NEB=KUKBER OF BSOXES WITHOUT COOUNTING SUBDIVISIONS OR THOSE
OCCUOPIED BY THE BODY -~ EXAMPLE BELOW ¥HB=2600

NNC=FUMBER OP PINAL CELLS - EXAMPLE BELOW NNC=1500

NMP=MAX NOUMBER OPF MOLECULES OF EACH SPECIES ALLOWED IN PROGRAH.
IF EXCEEDED, PROGRAX EITHER PAILS OR RESTABTS AT BEGINNING
¥ITH KUMBER REDUCED BY 10% = EXAXPLE BELOW NMP=20000

NPB=BEAXINUN NOKDER IN FEACH CELL - EXANPLE NPB=100

DIXENSION DBA(1,1500),KB(1,1500),8BF(1,1500) ,NBT (1,1500) ,LKW (1500)
DIMENSIOE THP(1,1500),T%PA (1, 1500),XV (1, 1500),XVA(1, 1500)
DIEENSIOK YV(1,1500),YVva(1,1500),2V (1, 1500),2ZVA(1, 1500),DR (1,1500)
DIXENSION TEP(1,1500),TRPA (1, 1500),NBS(1,1500) ,NBN(1,1500)
DIXENSION KBX¥(1500),T(1,1,1500)

DIXENSIOF LB{20000),LX{1,20000),ER{1,20000)

DIXENSION LPP(1,20000),PAD (1,20000),PAV(1,20000),PAV(1,20000)
DISENSION PAX{1,20000),PAY {1,20000),PAZ{1,20000),LCOL(1,20000)
DIXERSION PKB(2600),XC(2600),YC(2600),2C(2600) ,NUNCEL(2600)

DATA NSP/1/,NKB/2600/,KNC/1500/,88P/20000/,KPB/100/

2 PORMAT(/17X,'FORMAL TERNINATION OF THE PROGRAR')
RAKELIST/DIN/NSP,NMB,NMC, N8P, NPB, NRAR ¢
IXITIALIZATION OP RANDOM RUXBER GENERATOR - PRINCETON ROUTIFRE
NRAX (1)=0
KRAK (2)=0
NRAK (3)=0
NRASW (8)=0

PRIRTOOT OF BAJOR ARRAY DINENSIONS USED ABOVE




ORIGHAL ©
OF POOR Qusisy

ILB: GKBEXT DECK 1 PRINCETON UNIVERSITY TINP-SHARING SYSTEX

WRITE (6,DIN)

- - CALL OF NAIN OPERATING PROGRAN WHICH REQUIRES INPUTS:
- GCONTRL,ETINES, EPLOREF, EMOLEC,6SHBAPES ,6GEON, 6COUPLE
THESE IRPUTS ARE ALL CURRENTLY IN THE BANELIST POREAT
ARD NAY BAVE TO BE CHANGED IF THAT CONVERTIOF IS NOT AVAILABLE
. - DRIEP? DESCEIPTION OF THE PARAMETERS POLLOSNS
ECONTRL - OKRE OCCURRERCE (NEW OR RESTART)
PARANETER DEFAULT DEPINITION OR EXPLANATIONXN

XYEY)

tvevetans s

NABE 8 BLANKS ANY ALPHAKUNERIC RANE OP TO 8 CHARACTERS
TITLE 24 BLNKS ANY ALPEARUNERIC TITLE UP TO 24 CHARACTERS
PERCNT .001 ACCURACY IX INTEGRATIONX PROCEDURES

Icory 1 NUNBER OF ADDITIONAL COPIES OF OUTPUT

puxnp «TRUE. Ir TRUE WILL CAUSE SYSTEX DUMP POR ANY OP 12

precaivavana

_ PROGRANMER DESIGNED EREOR HALTS.
~DEBUG (1) «PALSE. I? TRUE WILL PRINT BESSAGE WHEN CELL POP. EXCEEDS HNKNB
DEBUG (2) «FALSE, I¥ TRUE WILL PRINT CPU TINE AROUND EACH PART OF LOOP
DEBUG (3) «TRUE. I¥ TRUE WILL PRINT CPU TIME REMAINING AT ENXD OF LOOP

IR

‘NEW «TRUE. I¥ TRUE - NEW RUN - IF PALSE - RESTART OP RUN
D SAVE «FALSE. I? TRUE - SNAPSHOT SAVED ON TAPE(9) POR RESTART
® REDO - « PALSE. I¥ TRUE PROGRAM WILL AUTOMATICALLY RESTART KITH 90%

OF TOTAL If TOTAL CELL 'POPULATION EXCEEDS M4BRN

© ETIMES = ONE OCCURRENCE (NEW OB RESTART) -
© PARAMETER DEPAULT DEPINITION OR EXPLANATION
: DTN - .- REAL NOUXBER = PEACTION OF MEAN PREE TINE PER CYCLE

© ITS - - INTEGER - FUMBER OF CYCLES PER SAMPLE

" ITP - - - INTEGEE - NUMBEF OPF CYCLES BETWZIEN PEZINTOUTS

" TST - - - INTEGER = ESTIMATE OFP NUNBER OP CYCLES TO STEADY STATE
T TLIN --- INTEGER ~ TOTAL NURBER OF CYCLES TO END OF RUK =

WILL TERMINATE SOONZIR IP CPU TINE 1S TO BE EXCCEDED

; CFLOREF = ONE OCCURRENCE (NEV ROY ONLY)
_PARAMETER DEPAULT DEFINITIOX

" INY - - - INITIAL NUSBER OF MOLECULES INNKYNM< OB = NNP
NN - - - HAXIBUY NUMBER OP XOLECULES PER SPECIES

" MNB - - - MAXIMUN NUSBER PER CELL - DIAGNOSTIC ONLY
ESP - - - RUNBFR OF NOLECOLAR SPECIES (MAX. IS 3)

- BET - 0 - IP O - DATA IS IR SI (METRIC) UKITS

. Do : - IP>0 - DATA IS IN ENGLISH UNITS

U ee - PLOW VELOCITY (M/SEC) OR (PT/SEC)

" ANGLE « ® =_ . ANGLE OF ATTACK (DEGREES)
RNO 0.0 ARRAY GIVING NOLE PRACTIONS OP SPECIES IN PREE STREAM
REL 0.0 AREAY GIVING MOLECULAR WEIGHETS OPF SPRCIES ABOVE
TF.- . - ® = ="' PREE STREAE TENPERATURE (K OR R)

“DEN?i;;'T' <™= = .. PREE STREAM NUYBER DENSITY (NUN/N=*23 OR NON/PT**3)

CMGLEC- - OKE OCCURRENCE (NEW RUN ONLY)

PARARETER DEPAULT DEPINITION ’
TRE. .: - .= = = REFERENCE TEMPERATURE POR MOLECULAR DATA

DIR. . - .0.0 CROSS-SECTIONS AT REPEZRENCE TEMP. (NSPINSP)
JBTA. . - . 0.0 PARAMETERS IN DIPFUSION AND VISCOSITY LAW (XSPXMSP)
PRL.T. 'C -0.0 PARAMETERS POR ROTATIONAL RELAXATION (RSPXNSP)
CRI" 0.0 ROTATIONAL DEGREE OF PPEEDOM PARANETER (R20T/2 -~ 1)
lc%?-y-:::.pp1:;::3 ACCURACY IN MOLECULAR COLLISION CALCULATIOKS
~
A-2

-

QR Ch o




‘ILE: GKBEXT DECK ) | _ PRINCETON UNIVERSITY TIME-SHARING SYSTEY

IR AU B R BN

Y EYEY EY Y Y]

P R R R Y B IR RN BN ]

Y EY R R A R K AY AR R R B R BRI BRI B LI

W EY Y]

§SHAPES - KD+1 OCCURRENCES WHERE ND=NUMBER OF BODY SEGMENTS (REW RUN)
PARAXETER DEFAULT DEFINRITION
FIRST OCCUFRERCE

BODY (1) 0.0 STARTING POINT OF BODY FROX PRONT OFP CELLS (® OR FT)
BODY {I) I>1 - =~ REED NOT BE SPECIFIED
SUBSEQUENT OCCURRENCES (ND)

BODY (1) - - - Y COORDINATE PROE PRONT OF BODY OF THE DOWNSTREAHN

" EDGE OF THE CURRENT BODY SEGHNENT
BODY (2) - - - TESPERATURE OP THIS BODY SEGHERT
BODY (3) --- SURPACE AREA/TOTAL CROSS-SECTIONKAL AREA POR SEGNERT.

I? 0.0 PROGRAS WILL CONPUTE THIS QUANTITY

BODY (4) - - - SWITCH - IP 0.0 THIS SEGNMENT'S EQ. WILL APPEAR LATER

Ir¥ >0.0 THE EQ. OPF THIS AND PRECEEDING SEGMENTS IS
GIVER BY BODY(6+2%NSP) TO BODY (9+2%MSP)

BODY (5) --- SWITCE - IP NOT 0.0 TEIS IS THE LAST SHAPES CARD
BODY (1) I EVEN ALPHA ~ ENERGY ACCOMODATION COEPPICIENT POR SPECIES
BODY (J) J ODD SIGMA - TANGEKNTIAL ACCONODATION COEFF. POR SPECIES
I ARD J < {6+2*MSP)
BODY (6+2*MSP) ORIGIK OF COORDIKATES WITH RESPECT TO BODY START
' FOR THE EQUATION OF TBIS BODY SECTION
BODY (7+42%4SP) = COBPPICIENTS A,B,C IN THE EQUATION
BODY (9+2%MSP) R*%2¢ A*X#32+B*X+C=0,0 POR THIS BODY SECTION

£GEO® - ONE OCCURRENCE (NEW RUN OKLY)

PARAMETER DEPAULT DEFINITION

NWEDGE - - - TW0 IKTEGERS GIVING THE NUXBER OF WEDGES BELOW
AED ABOVE THE ANGLE THETAZ

TRETAZ - - ANGLE PROM NEG. Y AXIS DIVIDING DIFPF. WEDGE SIZ2ES

REB --- ®AX. BODY RADIUS - IP O. WILL BE COMPUTED BY PROGRAHN

BY - - - RIDTH (DEL X) OF FIRST LEVEL CELLS (M OR FT)

BH --- HEIGHT (DEL R) OF PIRST LEVEL CELLS (% OR FT)

N¥ - - - ROKBER OP PIRST LEVEL CELLS IF X DIRECTION

NH - - - NUEZBER OF PIRST LEVEL CELLS IN RADIAL DIRECTION

KL 1 RUABER OP LEVELS OF CELLS

NFPA 0 NUXBER OP PIRST LEVEL CELLS AHEAD OF LEVEL 2

NCA 0 NDNBER OF FIRST LEVEZL CELLS SUBDIVIDED IFTO SECOND
LEVEL CELLS ALONG THE X DIRECTIOK

NEA 0 AS ABOVE BUT IN RADIAL DIRECTION

MR 0 NUXBER OF SECOKD LEVEL CELLS IN THE X DIPECTION

¥R 0 NOEBER OF SECOND LEVEL CELLS IN THE RADIAL DIRECTION

NFB 0 EUNBER OP SECOND LEVEL CELLS ABEAD OFP LEVEL 3

NCB 0 NUXBER OP SECOND LEVEL CELLS SUBDIVIDED INTO THIRD
LEVEL CELLS ALONG THE X DIRECTION

NHB 0 AS ABOVE BUT IN EADIAL DIBECTIOK

Lw 0 NOEBER OF THIRD LEVEL CELLS IN X DIRECTION

i8 Y NUMBER OP THIRD LEVEL CELLS XN RADIAL DIRECTION

LD - - NUNBER OF PIRST LEVEL CELLS PRON AXIS IE B DIRECTION
POR WEIGHTING PACTOR BOUNDARIES (5 INTEGERS)

34 4 - - - © WBIGHTIRG PACTOR RATIOS AT BOUBDARIES ABOVE (5 INTEGERS)

§COUPLE -~ ONE OCCURRERCE (NER RUN ONLY) - DISTRIBUTION PUNCTION

PAPANETER DEPAULT DEFINITION

NS - - - THE NUMBER OF BODY SEGEENTS POR ACCUNULATING VELOCITY
DISTRIBUTION PUNCTION INPORMATION

A-3

L.

R e g
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ORIGHAL £

"ILE: GKBEXT DECK A PRINCETON UNIVERSITY TINE-SHARING SYSTEX
C us e - - ARRAY (NS} OP AXIAL SEGMENT NUMBERS

C IWs - e - ARRAY (NS) OP AZIMUTHAL WEDGE NUNBERS

T VEL 3e03.,4. THERNAL VELOCITY SPREAD FOR THE UNCOLLIDED MOLECULES

K 20 NOMBER OF DEL V REGIONS POR SAKPLING VELOCITY SPACE

> sL - - - AREAY GIVING LOWER BOUND ON THE VELOCITY SANPLE QF

< COLLIDED MOLBCULES (NSP I NS X 3)

s DELS - - THE RANGE (SLKVKSL+DELS) POR SAMPLE OF COLLIDED

s BOLECOLES (ESP X RS X 3)

IP DISTRIBOTION PUNCTION INTPORBATION IS NOT DESIRED USE:

~ GCOUPLE NS=0 ELEKD

AR ENNEY)

EECONTRL RAME='SHUT',*TLE ',TITLZ='H!PZ','RBOL','L AT',' 9SK','n M¢,tON, ¢
DEBUG=.P.,.T.,.I.,NZY=.T.,SAVE=.T.,ICOPY=O,RBDO%.T. EEND

L SABPLE INPUT DRCK IS GIVEN BELOW:

GTINES DTH=.025.ITS=5,ITP=1000,T$T=000,TLIH=1000 GEND

ZEFLOREP INH=4500,!HH=20000,HNB=100,!SP=1,52T=0,U=7085.9,ANGL£=0.0,RRD=1.,2'0..
RHA=28.9“,0.,0.,TP=195.51,DZN?=2.522019 E2ND

-ENMOLEC TRP=1000,DIE=3.52-19,2TA=.1OU,PHI=0.0,CHI=-1.,ACB=.001 EEND

"GSHAPES BODY=1.00 £END . .

" "SHAPES BODY=.0173,1590.,3‘0.0[2*1.0 LEND

‘ESHAPES BODI=.0672,1590.,3'0.0,2‘1.0 GEND

‘6 SHAPES BODY=.1000,1590.,3*0.0,2f1.0 GERD

‘6SEAPES 80DY=,2432,1590., 3%0,0, 2*%1.0 EEND

‘6 SEAPES BOD!=.3579,1590.,3‘0.0,2‘1.0 GEND

ESHAPES BOD}=.“8“2,1590,,3'0.0,2*1.0 EEND

‘"SHAPES BODY=.6192,1590.,3*0.0,2*1.0 CEND

ESHAPES BODI=.7405,1590m.3‘0.0,2‘1.0 EEND

‘ESHAPES BOD!=.7500,1590.,0.,1.,O.,2‘1.}0.,-1.023278.-2.286,0. GEND

ESHAPES BOD!=.9000,1590.,0.0,0*1.0,0.9000,-111.82,2‘0.0 CEND

EGEOHX X?ZDGE=1,0,THBTAZ=180.,RHB=0.0,BU=.05,BH=.1,Ni=uc,NH=20,NL=2,
N?A=15,RCA=20,NHA=16,HV=QO,HH=32,LD=1,2,",8,12,LP=3,2,2,2,1 EEND

“COOPLE XS=3,HS=1,5,8,I?S=1,1,1,VBL=2.5,2.5,2.0,BJ=20,SL=9‘1.,18‘-9..
DELS=27#%20. &END

CALL RUN(NSP,R!B,NHC,XHP,NPB,DBA,HB,NB?,NB?,T:P,TAPA,XV,X?A,YV,
1YVA.ZV,ZVA,:,DB,FHB.XC,!C,ZC,NUHCBL,Lu.LPP,PAU,P&Y,PAH,PAX,PA!,
ZPAZ,LCOL,TRP,TRPA,ER,LKH,NBS,LB,RBS,NBX)

VRITE (6, 2)

STOP

END

SUBROUTIXE RUN(NSP,RSB,NHC,!BP,NPB,DBA,NB.RBP,HBT,THP,THPA,X?.XVA,
1 YV'YVA,ZV,ZVA,T,DB,PNB,XC,YC,ZC,NUSCEL,LH,LPP,PAU,PIY,PAY,PAX,
ZPAY,PAZ,LCOL,TEP,THPA,BR,LKF,NBS,LB,NBH,NBK)

BAIN RONNING PROGRAR ** RUN *®* CALLS ALL OTHER SUROUTIEES

EEXEXRTEEXTRRESE EXEEREEEEEERT R =% tt#tt't".t“t‘i‘*"‘ XX FL XL SE SRR K% e

~

v . - - -

IBTEGER*2 LN,LPP,LCOL,LK¥ S i tozotznies

INTEGER*2 LB, NBM,RBH,KB, NBP, BT, NBS, NUNCEL - - -~ -~ ~- =% -
INTEGER PRT, SARP,TST,TLIN, TINE,Q N T
"LOGICAL DU3P,DEBUG (3) ,SAVE,NEW,REDO . - L-Z"i1iiTioi

-

- - - PR - .-

e . —

L e s

‘Nl 2!

F R




ILE:

CRIGINAL o oo
OF POOR Qu,‘_.nv

GKBEXT DECK A PRIRCETON UNIVERSITY TINE-SHARIRG SYSTEN

REAL INTGRL,LAX,50,NU,JAY,KAY

DIMENSIOR BTA(3),C1(3),C2(3),C3(3),C7({3),C8(3),DPA(3),PL(3)
DIMENSION DELARKG(2).PDR{3),HTI(3),HTR(3),INT(3),KNN(3),KE(3),SR(3)
DINENSIOK NAME (2),TITLE(6).,NWEDGE(2),LD(5),LP(S),LRP {6),RLD(6)
DIEENSION RNU(3),RB4A(3),WTE(3), CEI(3), DIER(3,3),DAN(3,3),PRI(3,3)
DIMENSION ETA(3,3), CNB(3,3), CNG(3),CMG(3), CN(3,3,3),CH(3,3,3)
DIMERSION CTI{(3,3),CTR(3,3),CNI(3,3),CER (3,3),LEV(3),SK(3),ST(3)
DIRERSION D1 (3),D2(3),D3(3),D4 (3),BODY(15),DBG1{3,3),LINIT (10)
DIXERSION VL (3,3),DELV(3,3),5SA(2,3),SSB(2,3),VEL(3),COEFP (4,9)
DIMENSION XLIM({12) ,NTCP (3,3) .85 (3),I¥S(3),TANGN(3),8COL(3,3)
DINENSION PV (3,3,2,20,3),8TCY(3,3,2,20,3),SL(3,3,3),DELS (3,3,3)
DINERSIOE XCB(18),XS(18),YCB(18),TB(18),ALPHA (3, 18),SIGNA {3, 18)
DINERSION KTS (3, 18,12) ,NTSP(3, 18,12),UTL(3,18,12),0TT(3, 18,12)
DINENSION VTS {3,18,12),HTSI(3, 18,12) ,BTS (3,18, 12)

DIXENSION DTLI(3,18,12),UTTI (3,18,12),VTSI(3,18,12)

DIRENSIOK SN7?(2,3,6,12),RE4(2,3,6,12),ENTS (3,12) ,RERS(3,12)
DINENSION PTH(3,12),THETA(12),DTH(12)

DIMENSION LB (NNP),NBN (NMC),NBM (NSP,NNC),LX (NSP,NNP)

DIMENSION ER (NSP,NX¥P),TRP (NSP,NKC),TRPA (NSP,NXC)

DIXENSION DBA (NSP,NHC),NB(NSR,NNC),NBP (NSP,NAC), NBT (NSP, NAC)
DIXENSIOE TMP(NSP,NKC),THPA (NSP,NAC),XV (NSP,NNC),XVA (RSP, NXNC)
DIMENSIOK YV (NSP,N%C),YVA (NSP,NSC),ZV (NSP,N4C) ,ZVA(NSP,HNC)
DINENSIOR T(NSP,NSP,NMC),DB(NSP,KNC),LKW (RNC), KBS (NSP, NAC)
DINENSION PNB(N%B),XC (NMB),YC (NEB),2C (NKB), NURCEL (NXB)

BUNO360
DIXERSIOK LPP (NSP,NXP),PAU (NSP,NMP),PAV(NSP,NP), PAK (NSP,N%P)
DIMENSION PAX (NSP,NRP),PAY (NSP,NMP),PAZ (RSP,R4P),LCOL (NSP, NXP)
: RONO 44O
EXTERNAL PNCTK,PRCTE . © ROURO4S50
ROKOUGE0

COMMOR /RARCOX/NRAK (4) ,KAWLS
CONNMOR /PIRST/NL,NW,NE,MR, %H,LW,LH,BXA,NXB,NCA,NCB,NFA NFB, NHBA, NHBRUBO4BO

CO¥%OK /SECKD/B¥,BH,BWB,BHB, BNC, BHC,XLB, XLC RUNOUSIO
CONNO¥ /THIRD/PI,NREG,S,SINANG,COSANG, AKN ROUNOS00
COMMON /PORTH/NBX,RH,XR,DUNP,C9, RFPN,LL RUNOS10
CORMNON /PIPTH/ND,TINME,DTN,TI,ITS,ITP,TST,TLIN,RXA,RND,DIR RONOS20
COXMON /SIXTH/RXE, XSTART, NN, ANN,ANE, KZW,SAVE, PERCFT,NSR, TR RONOS30
COMNOR /SYNTH/LAN, A0, NU,NT,N,J,X,Y,2,TOSE ROBOS540

COMNON/EIGTH/DENF, U, TP ,ANGLE, TRP,CHI,PHI,ETA,¥TH,DAN,VELR, XRE?
NAMELIST/CONTRL/NAME,TITLE, PERCKT,ICOPY, DUXP,DEBUG,NEW,SAVE, REDO
NANELIST/TIMES/DTH,ITS,ITP,TST, TLIN RUN0580
NAXELIST/PLOREP/INN, ¥N¥,%KB, ¥SP,MET, U, ANGLE, BNU, RMA, TP, DENF
FABELIST/MOLEC/TRP,DIR,2TA,PHI,CEI,ACR

FAMELIST/SHAPES/BODY . RONOS570
NAMELIST/GEOM/NWEDGE, THETAZ, RSB, BW,BE, NW,KH,NL ,NPA,ECA,NHA, BN, 8H, K
14B,L¥,1E,LD,1P,NPB,NCB

FAMELIST/COOPLE/NS,®S,IVS, VEL,8J,SL, DELS RUK0590
DATA IC/0/,ICOPY/1/

DATA DBG1/' GAS',* AT *,*110 ', 'FLOW',* AT ¢,*130 *,° ROUR',* AT *,RUNO630

11303 v/ RUBOG64LO
DATA LIKIT/%2,9,18,500, 3600 70 900 3, 20 Ey4

DATA TITLE/! P !t P ', ! '/ RUK0660
DATA NAME/® t, t/ RURO670

DATA CPC/0.0/,CPN/0.0/,CPB/0.0/,CP3/15.0/
RUK0680
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“TLE: GKBEIXT DECKX - A PRIRCETON URIVERSITY TINE-SHARIRG SYSTEN

CEXEERXEEX S X SIER XXX E LR SR RERSER ST R R SRT R EREEXEBRREER B EX X S *xecexexexexRONOGI0

RUND700
RUNO710
POREATS BRONO720
BRURO730
RONO740
PORNAT (1E1) : . RONO750
PORMAT (1H1/17X, *RARIPIED SUPERSONIC PLOR OF BINARY GAS*,T74,'I') RONO760
PORNAT ('+',103Y, *COPY ',I2) ROKO770
PORMAT (/17X,'PLO¥ TEROUGE ALL THE BOUNDARIES'//)
PORKAT (3%, 3I4,6E18.6/)
PORXAT (7X,2I%, ©E18.6,72X,E18.6)
30 POREAT (*1TINE =',P6.3,60X, 'RANDOE NUEBER GENERATOR EAS BEEN CALLED
1 %,I10,' TIKESY) RONOBOO
31 PORNAT (' CPU TINE LEPT~ ',P8.3) RONO810
32 PORNAT (7X,'-%OLECULES~*'/3X, 316)
33 PORMAT(' TINE = ',¥8.3,5X,'COLLISION LOOP=!',P?8,3,5X, 'HOVE LOOP = *
1,F8.3,5X,"TOTAL TINE = *,PB.3/21X,'2ND MOYE LOOP =',P8.3,5%,
2'CLEANUP LOOP=',FB8.3,4X, PARTICLE KUNBERS = ',4I6) i
34 PORMAT (91, °'=SOLECULAR COLLISIONS-'/3(3I14/))
35 PORNAT (2X, *~COLLISIONS WITH SURFPACE-*/3I,318)

(W ,‘!l"‘

AN EWN -

36 FORMAT (' MAIIMUM NCUMXBER OP MOLECULES SO PAR- ',16/7) RUNOSBBO
38 PORMAT (' EXCESS MOLECULBS OCCUR2ED IF ',3h4) RURO0890
40 PORXAT (/' SOMETEING IS WRONG WITE BOX BUMBERIEG IN RUN */515,2E17.R0N0900
17,315,2817.7,515/2817.7) - BUN0910

42 PORNAT (/' SOBETHING WRONG IN COXPUTING XSTART*/1X,8E16.8) RUNDS20
84 PORMAT(" NB(',I2,',',I4,') POPULATION EXCEEDED *,I3,' IN EAIN AT TRUKOS3D
1I%E = *,P7.3) RONOO4O

SO PORXAT(///! SNAP SAVED OX TAPE!') RON0950

: RONO960

R bbbt g g ad T T L I F L)
’ RUR0S80

CPA=ELTIXE (0)
_CALL ROUNDP

LIXIT (4)=N%C
LIXIT(5)=Fxp
LIAIT(6)=KPB
LIBIT{7)=NHNB
LIKIT (10)=NSP

EAVLS=0
- PI=3.141593 RUK 1030 :
PIROOT=SQRT (PI) RON1040 ;
HET=0 i
LARGE=0 RUK1060 :
KL=1 RON1080 i
FPA=0 RON1090 ;
RCA=0 BU¥1100 i
NEA=0 ROR1110 :
BV=0 . RON1120 }
BE=0 RUN1130 s
NPB=0 RUF1140 :
BCB=0 RUR1150
*  NEB=0 : RUN1160
~ L¥=0 RUN1170
LE=0 . RUK1180




ILE:

58

59

60

GKBEXT  DECK A PRINCETON UNIVERSITY TIME-SHARIRG SYSTEN

BJ3=20

puMp=.TRUE. RUN1190

DEBUG (1) =. PALSE.

DEBUG (2) =. PALSE.

DEBUG (3) =. TRUE.

SAVE=.PALSE. RUN1230

RE®=,TRUE. RUN1260

REDO=, PALSE. RUK1240

PERCNT=.001 RUE1250

ACR=.001

Do 58 I=1,15

BODY (I)=0.0

PO 60 I=1,3

RNU(I)=0.0

RNA(I)=0.0

CHI(I)=0.0

po 59 J=1,18

ALPHA (I,J)=1.0

SIGXA(I,J)=1.0

po 60 K=1,3
" BTA(I,K)=0.0

PHI (1,K)=0.0

DIR({I,K)=0.0

VEL (1) =3, RUN1300

VBL {2)=3. : RUN1310

YEL({3)=4. . e RON1320

VYRITE {6, 1) RUN1330

READ (5, CONTEL) RUR1340

WRITE (6,CONTRL)

IF(NEW) GO TO 103 RUN1360

REWIND 9 : RON1370

READ (9) DENF,U,XREP,TRF, KAWLS,NL,NW,NE, 8¥,MH,LW,LH,NXA,NXB,NCA RUN1380
1 ,NCB,S?A,NFB,HHA,NHB,BE,BH,BEB,BHB,BHC,BHC,ILB,XLC,PI,NREGRUN139O
2 ,S,SIFANG,COSANG, AKN, NBX, RN, XR,ND,TINE,DTX,TI, ITS,ITP, TST ROK1400
3 ,TLIX,R%A,RKU, DIR,XSTART, NS, NNX, XNB, TR, BZC,CKT7,DR¥, FCT RON1410
[ ,PEA,BTP,INK,ITYPE,JTYPE,4J,HAV, N¥AX, NS, KWEDG, PRT, SAKP RON1420
s ,BTA,C1,C2,C3,C7,C8,DAN,DPA, PL, DELANG, DX, BTI, HTR, JXT, KNA RUN1430
6 ,N%,¥TK,C4,VRN,NCOL,LD,L?,LVF,BLD,CTI,CTR,CKI, CKE, LEV, SK RON1440
7 ,ST,D1,D2,D3,D4,SSA,SSB, %5, NSP,N"B, NKC,NXP,NPB, NRAK, VELR

8 ,I¥S,TANGN,XLIN,COEPP,XCB, XS, YCB, TB,ALPHA, SIGNA, NTS, NTSP RUN1460
9 ,UTL,UTT,VTS,HTS,HTSI,EHT,RBH,ENTS,BZHS,FTH,THETA,DTB,TSPARUK1U70
A ,DBA,NB,HBP,NBT,THP,XV,!VA,!V,!VA.ZV,ZV!.T,DE,?NB,XC.XC,ZCRUN1U80
B ,NUMCEL,PAD,PAV,PAW,PAX,PAY,PAZ, FVY, NTCV,NTCP,LP?,LCOL, LY RUN1490
C,ETA,PHI,CHI,CK,CH,CNG,CKG,CNG,TRP,TRPA,THETAZ,NVEDGB,HSP,ANGLE,TF
p,UTLI,UTTI, VTSI, ZR,B"B,LK¥,NBS,LB, NBN, NBN .

REWIND 9 RON1500

DTEO=DTH

READ (5,TINES)

WRITE (6, TINES)

IP(DTA.EQ.DTXO) GO TO 100

AINE=TIXE*DTNO

ORIGINAL £/ 7

OF POOR QUALITY

TINE=AINE/DTM+0.1

po 99 J=1,N5P

po 99 L=1,NWEDG

ERTS (J,L)=ERTS {J,1) *DTX/DTHO
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“?ILE: GKBEIT DECK .3 PRINCETON UNIVERSITY TINE~SHARING SYSTEM

DO 98 K=1,6
DO 98 I=1,2
ERT(1,J,K,L)=ERT (I,J,K,L) *DTH/DTYO
-~ 98 CONTINUZ
’ 99 CONTINUE

100 IP(TI.GT.0.0) TST=TI/DTH
WRITE (6, 2)
WRITE (6,8) _
WRITE(6,5) (((X,J,L, (ERT(I,J,K,., .K=1,6),1=1,NVEDG) ,J=1,15P) ,I=1,2)
WRITE (6,6) ({(J,L,ENTS(J,Ll),PTH (J,Ll),L=1,NWEDG) ,J=1,KSP)
WRITE (6, 2) RUN1540
CALL PRIRTA(TRETAZ,NVWEDGE,TITLE,NAME,XCB,YCB,TB,ALPHA,SIGNA,LD,LF,RUNI550
1XLI¥,COSPP,LINIT,NSP)
CALL PRINTB(PNA,XSP,PNB,LEV,LVWF, NX,RLD,XLIN, XC,YC,2C,NB, NONCEL, LKW
1,RSP)
GO TO 280 . RON1590

103 READ (5,TINES)
WRITE(6, TINES)
READ (5,FLOREF)
WRITE(6, PLORE?P)
READ (5,M0LEC) .
WRITE(6,50LEC)
IP(2SP.GT.LINIT(10))CALL DI\G(10 LI®IT(10),4SP)
CHI®=0.0
DaBﬁ0.0
DO 115 ¥=1,MSP
RMR=RNR¢RMA (N) *RRU (X
CHBIN=CEIN+CHI () *RNU (2)
DO 115 K=1,2SP

115 DMR=DNR+REU (X) *RNU (K) *DIR (%,K) ¢ (TRP/TF)** (ETA (%,K) /2.)
XREP=1,/(DENP*DER*1,4114214)
VELR=SQRT (16628, 64*T7?/RXR)
‘IP (MET.KE.0) VEBLR=SQRT (99437.92%TP/RNR)

TER=IREP/VELR
S=U/VELR
ILIN(1)=0. : RUN1610
TR=0. ) RUN1620
TR=0. BROK1630
. EREG=0 BON1640
ND=0 ROR1650
READ (5,SHAPES)
WRITE (6, SHAPES)
: X0=BODY (1) /X2EBP
104 READ (5,SEAPES) RUX1670
WRITE (6, SHAPES) :
- ND=ED+1 RUN1680
I?(ND.GT.LINIT(3)) CALL DIAG(3,LINIT(3),5D) RU¥1630

XCB (XD)=BODY (1) /XREF+X0
TB (ND)=BODY (2) /TP . .
. YCB(ND)=BODY (3) i
. DO 1104 M=1,94SP
. "ALPHA (X, ND)=BODY (4 +2%N)
1108 SIGKL {M,ND)=BODY (S+2%X)
" IP(TB(ND).GT.TR) TR=TB(ND) RUE1770

. A-8
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- PILE:

108

109

111

112

ORIGINAL (7270 %
OF POOR QUALIY

GKBEIT DECK A

IP (YCB (ND) «GT. TIR) TYB=YCB (KD)

IP (BODY (4) .EQ.0.0) GO TO 104

NREG=NREG+1

ILIX (NREG+2)=XCB (ND)

IT=BODY (6+2*M4SP) /XREF+X0

A=BODY (7+2*KSP)

B=BODY (8+2*XSP) /XREP

C=BODY (9+2%KSP) /XEEP**2

COEP? (1, NREG) =2

COEFP (2, NREG)=1.0

COEPF (3, NREG) =B~-2. *A*XT

COEPP (4, NREG) =A*XT#$2-B*XT+C

IF (BODY(5) .BEQ.0.0) GO TO 104

IP (RREG.GT.LIKIT(2)) CALL DIAG(2,LIXIT (2),KREG)
ESTEP=FREG+2 . .
A=COEPP (1,1) ‘

B=COEFF (3, 1)

C=COEPP (4, 1)

DPISC=B*B-4.*1%C

IF (DISC.LT.0.) DISC=0.

DISC=SQRT (DISC)

IF (A.NE.0.) GO TO 108

YSTART=-C/B

GO TO 109

X1=.5/4*% (-B+DISC) .

X2=.5/A% (- B=DISC)

XSTART=AKINT (X1,X2)

YHMAX=ANAX?(X1,X2)

IP (XNAX.LT.XLIN(3)) YSTART=IMAX

IP ({START.GT.0.) GO TO 109

WRITE (6,42)XSTART,A,COEPP(2,1),B,C,DISC,X1,X2
IP (DOXP) CALL ABEED({1)

STOP

XLIN (2)=XSTART

A=COEFP (1,NREG)

B=COEFPF (3, HREG)

C=COEPP (4, NREG)

DISC=B*B-U.*A*C

IP(DISC.LT.0.) DISC=0.

DISC=SQRT (DISC)

IP(A.NE.0.) GO TO 111

ILIN (NSTEP)=-C/B

60 TO 112

X1=.5/4#% (-B+DISC)

X2=.5/4% (~B-DISC)

XLI% (NSTEP)=AXAX1(X1,X2)

ISIN=ANIN1 (X1,X2)

IP (XXIK.GT.XLIX (RSTEP-1)) XLI¥(KSTEP)=XXIN
IP (XLIN(NSTEP).GT.XLIM (NSTEP-1))- GO TO Y12
WRITE(6,42) XLIM(NSTEP),A,COEFP(2,NREG),B,C,DISC,X1,X2
IP (DURP) CALL ABEND(1)

STOP

AKN=1,/(XLIE (NSTEP)-XSTART)

XCB (ND)=XLIN {NSTEP)

DO 260 K=1,3
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“®ILE: GKBEXT DECK A PRINCETOF UNIVERSITY TIME~-SHARING SYSTE®

HS (§) =0
INS(N) =0
DO 259 A=1,3
~ NCOL (N,%) =0
. DO 258 X=1,3
SL(¥,%,K)=0.0
258 DELS (N,¥,K)=0.0 -
259 CONTINUE
260 CONTINUE
- READ (5,GE0N) ,
READ {5,COUPLE) RUN2200
WRITE (6,GEON) .
WRITE (6,COUPLE)
B¥=BW/XREP
BB=BE/XREP
RXB=RNB/XREP )
I? (REB.GT.0.) GO TO 264
DO 262 K=1,NREG
XBEG=XLIY (K+1)
XEND=ILIN (K+2)
A=COBPP(1,K)
B=COE?P (2, K)
- C=COEPP(3,K)
D=COEPF (4,K) -
REND=SQRT (435 ( (A*XEND**2+C*XEND+D) /B))
XPEAK=0, - :
I¥ (A.NE.0.) XPEAK=-,5%C/A
IF ((XPEAK.LE.XBEG) .OR. (XPEAK.GE.XERD)) GO TO 261
BTEXP=SQRT (ABS ((L*IPEAR®&2+CxXPEAK+D) /8) )
IP(RTEXP.GT.R®XD) REND=RTEEP
261 IP (RZND.GT.RMB) B¥B=RIKD
262 CONTINDE
264 CONTINOUE
NREDG=NWEDGE (1) + N¥EDGE {2}
IP(NWEDGE(2).20.0) THETAZ=180.0

IP (SAVE) REWIND 9 _RON2220
IP(NWEDG.GT.LINIT (1)) CALL DIAG(?,LIXIT(1),NWEDG)

IP (8N4.6T.LIXIT(5)) CALL DIAG(5,LINXIT(5),NKN) © PUN2230
IP (SNB.GT.LINIT(6)) CALL DIAG(6,LINIT(6),XNB) BUN2240
IF (NS.GT.LIMIT(8)) CALL DIAG(8,LI%IT(8),KS) RUN2250
IP ((RS.¥E.0).ARD. (3J.GT.LINIT(9)))CALL DIAG(S,LINIT(9),8J)

JNN=INN . RUN2290
DELARG (1) =THETAZ /NWEDGE (1) RUE2300

DELANG (2)=0.0
IP (RWEDGE(2).¥E.0) DELARG(2)={180.-THETAZ) /SWEDGE (2)

- SINANG=SIN (ANGLE/180.%P1I) RUN2320
~ COSANG=COS [ANGLZ/180.*PT) ROK2330
IR=BW*§¥ BRON2380
XLI¥ (SSTEP+1)=XR . RON2390
RE=BH*§H RUN2400
YOL=PIsRN&RuexR -
NXA=NU*EH®*RWEDG RUN2420
7 NIB=MW*XB*NWEDGE (1) RUN2430
NXC=LW¥SLE*RWEDGE (1) - BRON2440
IXA=NVSEH*NWEDGE (1) RUN2450
-~ A-10
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?ILE:

113

817
117

GKBEXT DECK A PRINCETON UNIVERSITY TIME-SHARING SYSTEX
NBX=NXA+NXB+NXC RUN2U60
IP (NBX.GT.LINIT(7)) CALL DIAG(7,LINMIT(7),KBX) RUN2470
BR=SQRT (TR) ROK2480
Do 113 K=1,5 RUN2490
RLD (N) =BH*LD (K) RON2500
RLD(6) =RN RUN2510
LWP (1) =1 ROUN2520
BWPN=RLD (1) RUN2530
B=RWFN*RKPK RUN2540
C=B RUN2550
DO 114 N=2,6 RUN2560
A=RLD (H) *RLD {K) RON2570
LWP (N) =LWF (N=1) *LF.(§=1) RUN2580
B=B+ (A=C) /LWF (R) RUN2590
D=RLD (F) /LWP (K) RON2600
1P (D.GT.RWPN) RWFN=D RON2610
c=A RUN2620
INN=IRN*RN*RN/B BRON2630
DDN=INK/VOL

DO 140 XT=1,HSP

WTHN (XT)=REA (5T) /RNR

FDN (XT) =RNU (8T) *DDN

DPA (MT)=RNU (XT)

BTA (ET)=SQRT (RTH {¥T))

SR (NT) =S*BTA (XT) ROK2730
SN (8T).=SR (MT) *COSANG RUN2740
ST (XT) =SB (XT) *SINANG RON2750
po 117 K=1,HSP .

DAN(K,YT)=DIR(K,ET)* (TRF/TF) *% (ETA (K, ¥T) /2.) /DXR

CH8 (K, KT)=DDN/DAN (K, XT) *1, 4 14214

BT=ANIK1 (BTA (K),BTA(ET))

VER1=S+3.% (1, +SQRT (TR)) /BT
VR2=3.%SQRT((1.42.%5%*2/ (5.+CEIN) )% (1./RTX (K) ¢ 1. /WTE (8T) })

CK (K,XT,1)=AMAX1(VR1,VR2)

CF (K, %T, 1) =RAKD (0) *CH(K,NT, 1)

DP=PHI (K,%T) * (CHI (K) +CHI (NT) +2.) =1

DS=PRI (K,%T) * (2.-.5%*ETA (K, %T))=1.0

DO 917 ¥=2,3

IPS=ACR**ANINT (DF,DS)
IP((DF.GT.0.).2ND. (DS.GT.0.)) XPH={DF/ (DF+DS) ) **DP#* (DS/ (DP+DS)) **DS
IPR=ACR**ANAX1 (DF,DS)

IF ((DF.LT.0.)+AKD. {DS.LT.0.)) XPE=(DP/ (DF¢DS)) **DP* (DS/ (DP+DS)) **DS

CH (K, NT,N) =XPE-XPK

CN (K, MT,N) =RAND (0) *C% (K, T, §)

DP=CHI (K)

DS=CHI (XT)

CONTINUE

COKTINUE

ARG=SK (47T) ) RON2760
Do 119 NT=1,2 ' . RUN2770
D=ERRP (ARG) . RUK2780
TEXPA=EXP (~SN(NT) * SK (XT) ) /3.54490840.5%ARG*D RUN2790
TENPA=TEXPA/BTA (MT) RUN2800
TERPC=0 RUN2810
DO 118 E=1,6 RUK2820
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"ILE:

116
i18

119

120
125
“134

135
140

GKBEIXT DECK A

TENPB=RLD {N) *RLD (N)~
TEXPD=IRN*TENDA*DTM/ (XR*RN*R4) * (TEXPB-TEXPC) /L¥P (¥)
DO 116 K=1,FRWEDG

DELTE=DELANG (1)

IP (K.GT.HWEDGE (1)) DELTH=DELANG (2)

ENT (NT,XT,H,K) =TEXPD*DELTH/180.

REN (RT,5T,N,K)=0.

TEXPC=TEXPB

CONTINUE

SSR=ARG*ARG

SSA(¥T,ET) =ARG+SQRT (SSB+2.)

SSB (NT,8T) =SSk (NT, 4T) * (. 25*SSA (KT, ET) -ARG)
ARG=-1RG

CHET=CHI (MT)

IP(CRT.GT.0.) CHG (ET)=CHT*#*CET*EXP (~CET)
I¥ (CHT.EQ.0.) CHMG(®T)=1.0

IP(CET.LT.0.) CMG(NT)=ACR®=*CHT*EXP (~ACR)
CNG (ET)=RARD (0) ®CMG (3T)

ANG=0.

N=0

ARG=ST (4T) :
TEXPD=INM/PI*DTN/RN*2./ (BTA (XT)*LWP (6))
DO 135 8=1,2

I=HWEDGE (X)

IP(I.2Q.0) GO TO 135

Do 134 K=1,I e
R=N+1 :

AA=2KG

BB=DELAKG (")

CC=AA+BB -

ANG=ANG+3B

THETA (N)=AA

DTH(X)=BB

AA=AA*PI/180.,

CC=CC*PI/180.

ARGA=1RG*COS (AA)

ARGC=LARG*COS (CC)

ENTS (MT,K) =0.

RESS (4T, N) =0,

PTE (XT,N)=0.

TEZP A=0.

IP (ARGA.LE.=10.) GO TO 120

TEKPA=PN¥CTX (ARGA,PIROOT,L,COEFF)

¥TH (%T,8)=2. *PIR00T*TERPA

TENPB=0,

IP (ARGC.LE.~10.) GO TO 125 .
TESPB=FNCTN (ARGC, PIROOT,L,COEPP)
SUK1=TEXPA+TENDB
TEERPC=.5%SUX1% (CC-AL) *TEXPD

IP (TEXPC.LT. 1.E-06) GO TO 134

CALL SIEPSN(ARGX,ARGC,0,INTGRL,PERCNT,COEPP,PIRCOT,SON1, PNCTY)
ENTS (¥T,N) SINTGRL*TEMPD#* (CC-AA)

CONTIRUE : .
CORTINUE
CONTINUE

N - -
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ILE: GKBEXT DECK A PRIRCETOR UNIVERSITY TINME-SEARING SYSTEX

XS (1) =.5% (XCB (1) ~-XSTART) *AKN RUN3370

DO 155 N=2,RD RON3380

155 XS (N)=(.5% (XCE (N) +XCB (§=1) ) ~XSTART) #AKN RUN3390

IF (RS.EQ.0) GO TO 160 RUN3400

DO 159 I=1,KS RUN3410

N=NS (I) RUN3420

X=XS {N) /AKRN+XSTART RON3430

J=0 RUN3440O

157 J3=J+1 . RUN3450

IP (X.GT.XLIN(J+2)) GO TO 157 RUN3460

CALL HEIGHT(X,Y,J,COEFF,3) RON3470

TANGN {I) = (INS(I)=.5) *DELANG (1) RUN3480

IP (IWS (I) *DELANG (1).. GT.TEETAZ) TAKGN (I)=THETAZ+ (I¥S(I)-NWEDGE(1)-.RUK3490

15) #£DELAKG (2) _ RON3500

Z=Y*SIN (TANGK (I) *P1/180.) RUN3510

==Y*COS (TANGEK (I) *PI/180.) . RUN3520

CALL NORSAL(EYE,JAY,KAY,ONE,COEFF) RON3530

SKN==5® (COSANG*EYE+SINANG*JAY) RUN3540

ST1=S# (COSANG*ONE-EYE*SINANG*JAY/ONE) RUN3550

ST2=~S*SINANG*KAY/ONE RUN3560

DO 159 MT=1,HSP -

VL(HT,1)—AHAI1(0.,SNH-VEL(1)/BTA(HT)) RUK3580

VL (%T,2)=ST1-VEL(2) /BTA (NT) RUN3590

VL (3T, 3) =ST2-VEL(3) /BTA (1T) ° RON3600

DELV (NT, 1) =SNK+VEL (1) /BTA (ST)-VL (4T, 1) RUN3610

DELV (MT, 2) =2. *VEL (2) /BTA (%T) : RUN3620

DELV (XT, 3) =2. *V’L(J)/ETA(!T) RUN3630

AMI=NJI-1 RUN3640

DO 159 K=1,3 : v RON3650

DO 159 J=1,8J RON3660

PV (%T,I,1,J,K)=VL(NT,K)+ (J=1) /ARJ*DELV (*T, K) - BUN3670

PV(%T,I,2,J,K)=SL(%T,I,K)+ (J-1)/ABI*DELS (KT,I,K) RUN3680

159 CONTINUE RUK3690

160 CONTINUE RON3700

IP (YR.GT.0.) GO TO 169 RON3710

A=XSTART RUK3720

B=XCB (1) RUN373C

1=1 RUN3740

SOE1= ?RCTh(A PIROOT,L,COEPP) +PECTN (B, PIROOT,L,COEPF) RON3750

CALL SIEPSK(A,B,L, IKTGEL,PERCNT,COEPF, PIROOT, SUN1, FNCTN) RUON3760

INTGBL=IHTGRL/(ABS(COBPF(Z,L))'RHB*BHB)*(B-A) RON3770

YCB(1)=INTGRL RUR3780

DO 168 N=2,KD ROK3790

A=XCB (§-1) ROUN3800

B=XCB (K) ) RUN3810

IP (XLIX(L+¢2).GE.B) GO TO 167 RON3820

1=L+1 RON3830

167 SUM1=PNCTN (A,PIROOT,L,COEPP) +PKCTK (B, PIROOT, L, COEFP) RON3840

CALL SINPSN(A,B,L,INTGRL,PERCNT,COEFF, PIROOT,SUK1, FNCTN) RUB3850

INTGRL=INTGRL/ (ABS (COEPP(2,L)) *REE*REB) * (B-1) RUN3860

16: YCB (N) =INTGRL ROK3870
16 v=2

I?(NWEDGB(Z) EQ 0) 1Lv=1
CALL CELL(TRETAZ,LV,BW,BH,NW,NH,0.,0,0,DELANG, NWEDGE,XC,YC,2C,PNB)
IP(NL.LT.2) GO TO 170 RUE3890

»
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PILE: GKBEXT DECK A PRINCETOR URIVERSITY TINE-SHARING SYSTEY

CALL ZERO (K¥,KH,NPA,NCA,NHA,O0,NVEDGE (1), PKB) RUN3900

ILB=BW*NFA RUN3910
BUB=BW*NCA/NV¥ RUK3920
BEB=BH*NEHA /NE RON3930
CALL CELL(THEETAZ,1,BWB,BHB,MW,6MH,XLB,NX2,0,DELANG, NNEDGE, XC, YC,2C,RON3940
1PEB) RON3950
IF (NL.LT.3) GO TO 170 RON3960
CALL ZERO(MW,XH,HFB,NCB, NBB, XXA, Ki'DGE(?) PNB) ROUN3970
ILC=XLB+BWB*HFB RUN3980
BRC=BYB*NCB/L¥ . BOUN3990
BBC=BHB*NHEB/LE RUN4000
CALL CELL(THETAZ,1,BWC,BHC,L¥W,LE,I1C,RXA,NXB,DELANG, NREDGE, XIC, YC,ZRON40O10
1C,PRB) RUX4020
170 CALL SBTRCT(1,IXA,NXA,B¥,BH,DELANG,XC,YC,PNB,XLIN,COEPY) RUN4030

LEV (1) =FBX+1
LEV (2) =FBX +1 .
IF(NL.LT.2) GO TO 190 RUNUG 040

NI=NXA+1 RUR4050
FP=NXA+NXB RUNG 060
LEY (1) =NI RONG070
CALL SBTRCT(KI,XP,¥P,BWB,BHB,DELANG,XC,IC,PNB,ILIN,COLFF) RONU0BO
IP(NL.LT.3) GO TO 190 ROY¥4090
BI=NP+1 . RUNY100
NP=NBX ROK4110
LEV (2) =XI o : RON4 120
CALL SBTRCT(NI,NF,XP,BWC,BEC,DELAXG,XC,YC,PNB, XLIX,COEF?) RUN4 130

190 PRA=0.0 RUNG 140
=0 RUNL 150
DO 210 N=1,NBX RONL160
NUBCEL (F) =0 RUN4 170
IP (PNB (¥).LE.O.) GO TO 210 RUN4 180
N=n+1 ROXL 190
' NUACEL (¥) =¥ RUN4200
PRA=PNA+PKE (X) RUN4210
DYC=BH/2.

IP (R.GT.NIA) DYC=BHE/2.
IP(N.GT.KXA¢NIB) DIC=BHC/2.
YTC=YC (N} +DIC
DO 200 LA=1,6
) IF (YTC.LE.RLD (LA})) GO TO 201
200 CONTIRUE
201 LKW (M) =LWP (LA)

210 COXTINUE RON4220
- NpPX=N BUN4230
IP (SPX.GT. LIXIT(8)) CALL DIAG (4,LIEIT(&),NPX) RUNG 240
220 TIRE=0 RUN4250
LARGE=0 RONG 260
SARP=0 RUNG 270

PRT=0 . -
NAY=0 ’ BRONS290
AINE=0, ) ROR4300
) TI==1, BON4310
NEAX=0 RUN4380

DO 250 KT=1,3 g

C1(XT)=RAND (D) RUNGL 10
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’ILE:

230

GKBEXT DECK A

C2 (XT) =RAND({0)
€3 {¥T) =RARD(0)
C7(KT)=RAND(0)
C8 (MT) =RAND {0)
D1 (8T) =RAND(O)
D2 (5T)=RAKD (0)
D3 (NT) =RAKD(0)
D& (3T)=RAKD (0)
FL (8T)=0.
BTI(%T)=0.

BTR (8T)=0.
JKT(ET)=0

KX (%T) =0

DO 230 N=1,3
CTI(MT,N)=0.
CTR(NT,N)=0.
CNI (XT,K)=0.
CNR(XT,N)=0.
DO 240 K=1,KD

DO 240 K=1,FWEDG

240

250

245

NTS(AT,N,K)=0
ETSF (MT,N,K) =0
HTSI (YT, ¥,K)=0.
UTLI (XT,N,K)=0.
UTTI (¥T,N,K)=0.
VTSI (%T,N,K)=0.
UTL(MT,N,K)=0.
UTT (®T,N,K)=0.
YTS(XT,¥,K)=0.
HTS (MT.¥,K)=0.
po 250 I=1,3
NTCP (MT,I) =0

DO 250 L=1,2

Do 250 K=1,3

DO 250 J=1,8J
RTCV {%7,I,L,3,K)=0
CORTINUE

DO 245 N=1,KPX
DO 245 ET=1,KNSP
NB (XT,N) =0

KBP (NT,N)=0

NBS (NT,N)=0

KRBT (MT,K)=0

DBA (AT,F)=0.

XVA (MT,K)=0.

YVA (NT,N)=0.

2VA (¥T,K)=0.
THPA (8T, N) =0.
TRPA (8T, N) =0.0
DO 245 ¥N=1,XNSP
T (%T,NE,N)=0.0
FND=DD¥
CORTINUE )
DRF=2./(PRD*S*S*REB*RNB*PI)
FCF=1./(FPKD*S*REB*BYB*PI)

A-15
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RUN4420
RONGY430
RURLLUO
RUR4450
RUNGUGED
RONG4TO
RUN44BO
BRONGY490
RUNLS00
RON4S10
RON4520
RON4S30
RUN4S5U0
RUN4550
RUN4560
ROR4570
RUNGS580
RUN4590
RON4600
RUNU610
BUNG4 620
RUB4630
BONS 640

RUN4ES0
RUNU4660
RUNUG6TO
RUNU68O

RUN4820
RUN4830
RUNLBUO
RONUBSO
RUNUBEO
RO¥Y 870
BRON4690

ROX4700
ROR4T10

RURL 720
RUNLT30
RURLT40
RU¥A750
RUN4T760
RONUTS0

RUN4800
RUKR4930
RUNLOLO
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*=1P: GKBEXT DECK 2 PRIRCETOK OURIVERSITY TINE-SHARING SYSTEX

HTP=.5%DRF/S

C9=RAND(0) *RWPN RUN4960

L1l=PHA/VOL*INN RUNU49TO
~ WRITE (6, 2)

¥RITE (6,4)

vaxrz(s.S)(((I,J,L,(zxr(z,a,x,n).x=1.6).L=1.BVBDG).J=1.HSP).I=1.2)

WRITE (6, 6) ((J,L,ENTS(J,L),PTH(J,L)'L=1pFVEDG)IJ=1rSSP)

¥RITE (6,2) ROKRS5000

Call PRINTA(THETLZ,NEEDGZ,TITLB,NAEB.XCB,!CB,TB,LLPHA,SIGSA,LD,LP,RUH501O
1ILIN,COEPP,LIRIT,NSP)

CALL GAS(HH!DG,THBTAZ,DZLARG,RHEDGE,BTA,C1,D?A,R!,RLD,LHF,PHB,DB,NBUNSOBO
1B,HBP,LP!,PAU,PAV,PAE,PLX,PL!,PAZ,XLI!,COEP?,L!,LI!IT(Q),LIHIT(é),BUNSORO
2L1RGE, KEY, XNB,DEBUG (1) ,LCOL, NUACEL,%SP,ER,CHI, CNG,CAG, XSP,LE,KBY,
3NBYN)

CPUTYM=TPIKD (0)

I? (LARGE.NE.O) GO TO 385 . . BUNS060

po 265 I=1,MSP

265 IF(N#{I).GT.F4AX) KXEAX=N2(I)

CLLL PRINTB(PNA,%SP,PX3,LEV,L¥?, N¥,RLD,XLIN, IC,¥C,2C, NS, NUSCEL, LKW
1,XSP)

1P (DEBUG(2)) WRITE(6,1) . -

CALL ACCOUN (NMC,NPB,FNB,EE,PAU,PAV,PAW,ER,TEP,TRP,IV,IV,2V,15,X5P,
1NSP,LPP, 58P, NBN)

CPA=ELTIXE (0)

CPI=CPA ,
GO TO 340 B ‘ BUNS 130
280 TIME=TIRE+1 ' BON5140
285 LARGE=0 .
CPI=ELTIXE (0)
AINE=TIME*DT™ RUNS5170
IF (DEBUG (1)) RRITE (6, 33)AI%E,CPC,CPY,CPI,CPB,CPA, (NE(I) ,I=1,3), NAX
PRT=PRT+1 RONS180
SAEP=SANP+1 ROK5190

CALL COLIDZ(CR,C!,RTH,DB,DBA,HB,NCOL,LCOL,PAU,PAV,PEE,ER,T,LH,HSP,
1LIHIT(H),LIHIT(G),NUHCBL.BTA,PEI,CBI,CNB,HSP,LP?,LKF,NBF,KBH)

KFK (1) =0 RUNRS220
RNN (2) =0 RUN5230
XKX (3)=0

CPC=ELTILE (0)
IF (DESUG (1)) ¥RITE (6, 33) AINE,CPC, CPX,CPI,CPB,CPA, (N%(I),I=1,3), HEAX
CALL BOVE(0,AKN,2J,KS, NVEDG, THETAZ, XSTART, LIAIT(3),LINIT (1),LINIT RUR5240
1(8),LIAIT(9) ,DELAKG, RREDGE,3T4,C2,C3,DPA,PL, BT, BTR, JNT, KN, ¥, XC3 RON5250
2,XLIN,2S,I¥S,NTC?, NTCY, PV, CTI,CTR,CNI,CFR, ALPHA, SIGSL, COET?, HIS, HTRON5260
3sI, TS, NTSP,UTL, UTT, VTS, PAD,PAV, PAW, PAX, PAY,PAZ,LPF, LCOL, TB, SP, ER
4,CEI,CNG,CHG,NSP,OTLI, UTTI, VTSI)
~ KEN( 1) =EX(1) - RUNS280
" KN (2)=KH(2) . RO¥5290
KNB(3) =HE (3)
CPM=ELTISE (0) .
IP (DEBOG (1)) WEITE (6,33) AI%E, CBC, CPY, CPI,CPB,CPA, (N8 (I) ,I=1,3),BNLI
CALL PLOV(¥4EDG,4NM,LARGE,BTA,C1,C7,C8,D1;D2,D3,Dy4,DTE, N8, SN,ST, THRUN5300
1ZTA,LUP,RLD, PTE, ENTS, REAS, SSA, SSB, PAU, PAY, PAW, PAX, PAY, PAZ, LP¥, ENT,BUNS310
~  2RER,LCOL,RSP,ER,CHI,CKG,CNG, NSP) .
. IP (LARGE.KE.0) GO TO 345 RONS330
. CPB=ELTIHE (0) :
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ILE: GKBEIXT DECK A PRINCETOR UNIVERSITY TINE-SEARING SYSTEN

IF (DEBUG (1)) RRITE(6,33) AINE,CPC,CPK,CPI,CPE,CPA, (NK(I),I=1,3), NEAX

CALL MOVE(1,AK¥,NJ,RS,NVEDG, THETAZ,XSTART,LINIT (3),LINIT (1), LIAIT
1(8),LINIT(9) ,DELANG, NNEDGE,BTA,C2,C3,DPA,FL, HTI, BTR, JNT,KXN, N4, XCBRON5350
2,XLIN,HS,IVS,RTCP, RTCY, PV, CTI,CTR, CRI, CRR, ALPHA, SIGNA, COEFP, HTS, HTRUK5360
3S1,KTS,NTSP,UTL, OTT, VTS, PAU, PAV,PAR, PAX, PAY, PAZ, LPF, LCOL, TB, ASP, ER
4,CHBI,C¥G,CHG,NSP,UTLI, OTTI, VTSI)

DO 330 xT=1,mSP

CPB=CPB+ELTIXE (0)
1P (DEBJG (1)) WRITE (6,33) AINE,CPC,CPX,CPI, CPB,CPA, (N8 (I) ,I=1,3), NNAX

8=0 RUN5410
DO 290 N=1,NBX ‘ RUN5420
IF (NUMCEL(N) .£Q.0) GO TO 290
B=Ne 1 RUN5440
NB (XT,H) =0 ) RON5450
NBP (NT,N)=0 RON5460
290 CONTINDE RUN5470
NG=NN (MT) : ROR5480
¥=0 . RONS490
295 N=N+1 RUN5500
IP (N.GT.NG) GO TO 310 RUN5510
X=PAX (MT,N) RUNS520
Y=PAY (BT, N) RUN5530
2=PAZ (5T, N) . RONS540
R=SQRT (Y#Y+2%2) BRUKS550
ARG=Y/R - RUNS560
TAKG=180. % (1.-ARCCOS (ARG) /PI) RONS570

IRDGE=TANG/DELANG (1) -t :

IP ((IWDGE. GE.NWEDGE (1)) . AND. (DELANG(2) . NE.O.)) I¥DGE= (TANRG-THETAZ)
1/DELANG (2) +XVEDGE(1)

IP(IWDGE.LT.0) IWDGE=0 :

IP (IRDGE.GE.NFEDG) IWDGE=NREDG=1 ERUN5600

RUKS580

L=X/BW+1, BRUNS610
IF(L.GT, §¥) L=K% RUN5620
®=R/BH RUNS5630
IP (¥.GE.NH) N=NB-1 RUNS640
K= (I¥DGE*NH+N) *Ri+L BONS650
IP({K.LE.5X1) GO TO 296 RUKS660
WRITE(6,40)1,8,%,%T,K,X,Y, NéEDGE,NKEDG, TANG,Z, INDGE, N8, §¥ RURS5670
IP (DUNP) CALL ABEIND (4) RONS680
STOP RUN5690
296 K¥=0 RUN5700
17 (FL.EQ.1) GO TO 300 ROUNS710
IP (I¥DGE.GE.KWNEDGE (1)) GO TO 300
I¥ (PNB(K).GT.0.) GO TO 300 RUNS5730
L= (X-XLB) /BWB+1. RUNS740
IP (L.GT.M¥) L=XW RUNS750
¥=R/BHEB ROK5760
IP(%.GE.EH) M=¥pB-1 RUK5770
K= (IVDGE*NF+ M) *MF+ L+ NXA ) RON5780
IP(K.LE.NIA+KXB) GO TO 297 : RUNS790
WRITE(6,40)L,H,K,57,K,X,Y, NVEDGE,KNEDG, TAKG, Z, IWDGE, XA, K¥, NXA RONS800
IP (DUKP) CALL ABEKD (5) RUK5810
STOP RONS5820
297 IF(FL.EQ.2) GO TO 300 ] BUN5830
IF (PFB(K).GT.0.) GO TO 300 RUN5840
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500
301

306

302

07

-0

305

GRKBEIT DECK ; |

L= (X-XLC) /BRCe1.

IP (L.GT.L¥) L=LW

8=R/BRC

IT (X.GE.LE) B=LH-1

K= (IRDGE*LE+K) *Li+L+NIA+HXB
IP(K.LE.KBX) GO TO 300

YRITZ(6,40)L.H,K,!?,R.Z.!,NHBDGZ,HEBDG,T&RG,Z,IHDG!,LH,LG,NXA,HXB

IP(DUNP) CALL ABEND(S6)
STOP

Li=(

IF (RUSCEL(K).EQ.0) GO TO 306
LA=LA+1

IP (R.GT. RLD(L2)) GO TO 301
K¥=LWP (L1)

KK®R=LPP (KT, N)

IF (K¥.EQ.KK¥) GO TO 305
IP(KW.LT.KK¥) GO TO 302
B=K¥/KK¥

A=RAND (0)

B=¥

B=1./B

IF (A.LT.B) GO TO 305
PAX (MT,N)=PAX {3T,KG)
PAY (NT,K)=PAY (HT,NG)
PAZ (RT,K)=PAZ (¥T, NG)
PRU(XT,N)=PAC (4T, KG)
PAV(NT,H)=PAV (BT, NG}
PAR (NT,N)=Pi¥ (37, NG)

ER (2T, §) =ER (¥7T, KG)
LPP(%T,K)=LPP (2T, NG)
LCOL (%7, N)=LCOL (MT,X3)
F=§-1

FE (XT)=NX (%T) -1

NG=KN (XT)

GO TO 295

B=KKW/K¥~1

IP ((NX(%T)+%) .LE.%RE) GO TO 307
LARGE=3

GO TO 345

COXTINUE

PO 304 L=1,n

NN (KT) =K% (XT) +1

RG=NX (XT)

PAX (XT,KG)=PAX (NT,N)
PAY (XT,NG)=PAY (T, N)
PAZ (BT, NG)=PAZ (XT, N)
PAU(XT,KG)=PAU (1T, §)
PAY (NT,KG)=PAV (NT, N)
PAW (XT,NG)=PAR (AT, §)

ER (MT, NG) =ZR (NT, §)

LCOL (BT, NG) =LCOL (X7, N)
LPP (XT,NG) =K§
LPP(NT,N) =K%

Q0=NDKCEL (K)

J=HB (87T, Q) +1 - -

PRINCETOR URIVERSITY TINE~-SEARING SYSTEN

RUX5850
RON5860
RONS5870
BRUNS 880
RUNS5890
RORS900
RORS5910
RONS920
ROUN5S30
RON5940

BUN5960
RUR5970
ROR5980
RON5990
ROKR6000
RUN6010
BUNG020
RUN6030
ROUNG0O4LO
RON6050
ROKR6 060
RUNG070
ROR6080
EON6090
ROK6100
RON6110
RON6 120

RUN6130
RUNEI40
RIN6150
RUN6160
RUN6170
RUN6 180
RUN6190

RUN6230
RONG624O

BON6200
ROK6210

RUK6260
RUN6270
RONE280O
RONE2S0
RUN6300
EUR6310

RONE6320
BRON6330
RUNE340
RON6350
RUB6360
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.ILE: GKBEXT DECK A PRINCETON UXKIVERSITY TIBE-SHARING SYSTEN

IP{J.LE.EKB) GO TO 308 RUN6370

IP (DEBUG (1)) WRITE(6,44) BT,K,MNB,AINE

308 NB(XT,Q)=J ROR6400
NBF (XT,Q)=NBF (T, Q) +K¥ ROUNG6G10
LB(K) =Q
GO TO 295 RUN6430

310 CONTINGE
KBE (%T,1)=0 .
DO 320 N=1,KBX RUN6USO
¥=RONCEL (X)
IP(N.EQ.D0) GO TO 320
A=RBP (5T ,K) RUN6LSO
DB (RT, K) =A*DFA (XT) /FNB (N) RUN6890
NBM (NT, M+ 1)=EBX (NT, M) +KB (4T, &)
NBN (M) =NBX (KT, 5) . .
320 CONTINUE ' RON6500
IP (NN (AT).GT.NNAX) NMAX=NB(NT) RUB6510
DO 325 E=1,X6
Q=L1B (¥)
NBEK (Q) =NBK (Q) +1
KA=NBY¥ (Q)
325 LX (XT,NA)=B
330 CONTINDE . RUN6520
IP (SAXP.LT.ITS) GO TO 335 _
CALL ACCUHN (NAC,NPB,PNB,RB,PAU,PAV,PAW,ER, TSP, TRP,XV,IV,2V,14,8SP,
1§SP,LPF, NBP, NBY)
SANP=0 RUN6570
IP (TIXE.LE.TST) GO TO 335
CALL AVRGE (PEB,D3,DEA,RB,NET,IV,YV,ZV,XVA,YVA,ZVA,TAP, TNPA, TRP,TRP
1A, ¥SP,XSP, NBP,KBS)
NAV=HAV+? RUN6600
335 CPA=ELTIME (0)
CPI=CPC+CP%+CPB+CPA
CPJ=2.%CPI+5.
340 CPUTYX=TFIXND (0)
I1F (DEBUG (2)) WRITE (6,33)AI%E,C?C,CPX,CPI,CPB,CPA, (X% (I),1=1,3),FEAT
IF ((TIZE.GE:TLIY).OR. (CPUTYN.LE.CPJ)) GO TO 385

1P (PRT.LT.ITP) GO TO 280 ROR6650
PRT=0 BUNG6660
345 WRITE({6,30)AINE,KRWLS RON6670

IF(DEBUG(3)) WRITE(6,31)CPUTYIH
¥RITE(6,32) (NE(I),I=1,3)

WRITE (6, 34) ((8COL (I,J),9=1,3),1I=1,3)
¥RITE (6,35) (JINT(I),I=1,3)

1P (LARGE.KE.0) GO TO 360 : ' RUK6740
¥RITE (6,36) NKAX RUN6750
IP(.NOT.SAVE) GO TO 355 RUN6900

I?(PBT.NE.O.AHD.CPUTYH.GT.CPJ.!HD{TIHE.LT.TLIH) GO TO 355

¥RITE(9) DENP,U,XREY, TRF, KAWLS,NL,NW,NH,2W,NH,L¥,LH,NXA,8X3,KCA
,NCB,NPA,EPB,NBA,NHB,BW,BH,BVB,BHB,BUC,BHC,ILB.ILC,PI,NRBGBUN6930
,S,SIKKNG,COSANG,AKH,KBX,RH,XB,ND,TIRZ,DTH,TI,ITS,ITP.TST RUN6940
,TLIH,RSA,BKU,DIR,XST&RT,JNH,ﬂNH,HNB,TB.BZC,CN7,DRF,?CP RUN6950
,?NA,HTP.IHE,IT!PE,JT!PE,HJ,NAV.NHAI,SS,KEEDG,PRT,SAHP RUN6S60
,BTL,C1,C2,C3,C7,C8,DAH,DPA,PL,DELAHG,PDR,HTI,HTR,JRT,KBH RUN6970
.NH,VTB,CU,VR!,NCOL,LD,L?,LHP,RLD,CTI,CTR,CHI,CNR,LEV,SN RON6980

ANEWN -
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PILE: GKBEIXT DECK PRINCETONR UNIVERSITY TINE~SHARING SYSTEXN

.ST,D1,D2,D3,D4,S5A,S5B,45,RSP, NNB,NXC, NAP,KPB, NRAN, VELR
,IWS, TANGR,XLIR,COEPF, XCE, XS, YCB, TB, ALPYA, SIGMA, NTS, NTSP RUN7000
,0TL,UTT,VTS,HTS,HTSI, ENT,EEXN, ENTS ,RENS, PTR, THETA, DTH, TMPARUK7010
,DBA,NB,KBFP, NBT,TXP,XV,XVA,YV,¥YVA,2V,ZVA,T,DB, PNB, XC, YC, ZCRON7020
 NUNCEL,PAU,PAV,PAR,PAX,PAY,PAZ, PV, NTCY, NTCF,LPP,LCOL, LE ROUN7030
C,ETA,PEI,CHI,CX,CK,CRG,C¥5,CN8, TRP, T RPA, THETAZ,NVEDGE, XSP, ANGLE, TP
D,0TLI,UTTI, VTSI, R, RYB,LKR, NBS, LB, NBX,XBE
BREVIND 9 RUN70G0
WRITE (6,50) RON7050
.. 355 CORTIRUE
IP (TINE.LE.TST) GO TO 350
DT=AINE-TI RUNET70
CALL PRINT1(DT,COSANG,SINANG,R%A,RNU,DRP,PCP,HTP,PL,HTI,BTR,CTI,
1CTR,CKI,CNR)
CALL PRINT2(AKN,XSTART,DT,RNU,RXA,DPP,PCP,HTP,UTLI,0TTI, VISI,HTSI,
1DELAKG,EREDGE, IS, XCB, YCB, TS, NTS, NTSF, OTL, UTT, VTS, LINIT(3),
2LINIT (1) ,145P)
IF (KS.FE.0) CALL PRINT3( »Sp,%J,NS,NWEDG,LINIT(3) ,LINIT(1),
1LIXIT(8),LI¥IT(9), BMA,XS,IWS,%S,TANGN,NTSP,NTCP,NTCY,PV)
CALL PRINTY (NSP,CHI,RNU,NSP,TRPA,NUXCEL,PDN,WTN,DBA,NBS,TYPA,XVA,
1YV1,2VA,1,NBT,XC,YC,2C,LEV,LK¥)
GO TO 353 ‘ RUN6860
350 CONTINDE
CALL PRINTY (NSP,CHI,BNU,NSP,TEP,NUXCEL,FDN,¥TY,DB,NB,THRP,XV, YV,2V,
10, ¥B?, IC,¥C, 2C,LEV,LK¥)
353 IP (DEBUG(2)) WRITE (E,1) e
IP ((TIXE.LT.TLIM).ARD. (CPUTYN.GT.CPJ)) GO TO 280
IP (IC.EQ.ICOPY) RETURN
IC=IC+1 BUN7080
WRITE (6,2)
WRITE (6,4)
WRITZ(6,5) (((I,J,L, (BRT(I,J,X,L),K=1 6),L—1 R¥E=DG) ,J=1,%SP), I=1,2)
WRITZ (6,6) ((3.L,ENTS(3,L),PTh(J.1),L=1, NWEDG) ,J=1,KSP)
RRITE (6,2) ROX7120
WRITE (6,3) IC BINT 130
CALL PEINTA(THZTAZ,SWEDGE,TITLE,NAXE,XCB3,YCB,TB,ALPHEA,SIG*A,LD,LP, RUNT 140
1XLI%,COEFP,LIN 1T, %SP)
CALL PRINTB(PKA,%SP,PNB,LEV,LWP,N¥,RLD,XLIN,IC,YC,2C,EB, NUNCEL, LKV

-~

R RV ¥ RN

1, ESP)
SAVE=.FALSE. . RUK7180
- GO TO 345 RUN7190
360 WRITE(6,38) (DBG1(I,LARGE),I=1,3) RON7200
IF (REDO) GO TO 364
1P (DUMP) CALL ABEED (9) BRUR7220
sTOP . BRUK7230
364 CONTINUE

- IP (REV) GO TO 365

READ (9) DENRF,U,XREP,TEP, KAWLS,NL,N¥,NH,%¥,%H,L¥,LE,NXA,KXIB,RCA
+NCB,NFA,NPB,NHA,NHB,3%,BH,BWB,BRB, BWC,BHC,XLB,ILC,PI, NREG
+S,SINANG,COSANG ,AKN,NBI, R%,XR, XD, TI®E, DTN, TI, ITS,ITP, TST
+TLINK, RMA,RNU,DIR, XSTART,JNN, XNX , 4¥B,TR, B2C,CN7,DRP, PCF
+PRA,ATF,IN%,ITYPE,JTYPE,NJ, NAV, NBAX, NS, RYEDG, PRT, SANP
«BT2,C1,C2,C3,C7,C8,DA%,DPA,PL,DELANG, PDN,ATI, ATR, JNT, KEN
,N!.UTA,CQ VR! NCOL LD, L? 1WF, RLD cTI,CTR,CNI,CNR,LEV, SN
,ST,D1,D2, D3 Du SSa, SSB,BS XSP, NHB, RBC.N&P NPB,NRAR,VZLR

SO osWN -
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ILE: GKBEXT DECK ) 3 PRINCETON UEIVERSITY TINE-SEARING SYSTEM
8 .iHS,TAHGX,XLIﬁ,COEP?,XCB,!S,YCB,TB,LLPHA,SIGSA,RTS,KTSP
9 ,UTL,UTT,VTS,HTS,HTSI,BNT,REH,BNTS.RBHS.FTB,THETA,DTB,THPA
A ,DBL,HB,HBP,NBT,THP,XV,XVA,YV,YVA,ZV,ZVA,T,DB,PHB,XC,YC,ZC
B ,NUHCBL,PAU,P&V,P&V,PLX,PLY,PAZ,PV,HTCY,NTCP,LPP,LCOL,LH

C,ETA'PHI,CHI,CH,CH,CNG.CHG,CHB,TRP,TRPL,TRBTLZ,KUEDGE,HSP,LFGLE,TF
p,UTLI,UTTI,VISI,BR,RNB,LK¥,NBS,LE,RBY,NBN
REWIND 9
365 JRN=9%JEX/10
ANN=INX RUN7260
INE=9%ANN/10
DDN=.9%DDN
DRP=DRF/.9
PCP=FC2/.9
HTP=HTZ/.9
po 370 EX=1,AHSP
PDN (N%)=FDN(NX)*INA/ARKE
DO 366 KK=1,HSP
366 CHNB (KK, MX)=CN8 (KK, 4N)*.9
PO 370 LT=1,KWEDG
ENTS (%K, LT)=ENTS (%N, LT) *INK/AKRY
RENS (¥5,LT)=0.0 .
po 370 NK=1,2
PO 370 KJ=1,6
ENT(FK,E%,NJ,LT)=ENT (NK, "%, RJ,LT) *INN/ANY
370 REX (NK,BX,KJ,LT)=0.0
IF (NE¥) GO TO 220 _ -
TST=TIKE+TIST
TI=-1-
PRT=ITP
WRITE (6, 2)
RRITE (6,4) :
YRIT£{6,5)(((I,J,L,(BNT(I,J,K,L),K=1,6),L=1,FYEDG),J=1,HSP),I=1,2)
WRITE(6,6) ((J,L,ENTS(J,L),FTH(J,L),L=1,NHBDG),J=1,55P)
WRITE(6,2)
IP ((LARGE.EQ.2).OR. (LARGE.EQ.3)) GO TO 280
PEDO=.PALSE. :

GO TO 360

EED RUN7&10
SUBROUTINE DIAG (N,ITEST,XUR) DIAGO10

REAL®*B PARAN{10)/' FRWEDGE',!* NEREG', * ED¢,? HPIX',?

1 MRN¢,? EEB!,! ¥BX!',! NSt , 1 BJe,? ESP'/
DIAGOUOD
- -— DIAGOSO
: . DIAGD6O
PORMATS DIAGO70
DIAGOBO
32 FORMAT (9X,'ENT,REX,ENTS, REMS, FPTH,THETA,DTR!) DIAG090
42 PORMAT(///5X,43H AREAY DINEFSIONS ARE ABOUT TO BE VIOLATED./) DIAG100
44 PORMAT (5X,18E NAXIMOM VALUE IS I5,20H, WEEREAS YOU INPOT I5,3E (,DIAG110
1A8,1H)) ' DIAG120
56 FORMAT (/5X,788 IP YOU DESIRE TO USE THIS VALUE, THE FOLLOWING ARRADIAG130
1YS XUST BE RE-DINENSIONED./) ) DIAG 140
62 PORKAT (9X,'HTS,BTSI,NTS,NTSF,UTL,UTT,VIS') DIAG150

64 PORMAT({9X,'XLIX,COEPP'//11X,'NOTE TEAT THE ILIK AREAY ROST BE DIXEDIAG160
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ILE: GKBEXT DECK A PRIKCETON URIVERSITY TINE~-SHRARING SYSTER
1§SIONED TO 3 MORE THAK THE COEPF ARRAY.') DIAG170
66 PORMAT (9¥,'ICB,XS,YCB, TB,ALPHL,SIGHEA') DIAG 180
68 PORNAT(9X,'DBA,NB,NBP,NBT, T%P, TXPA,XV,XIVA,YV,YVA,ZV,2ZVA,T,DB?) DIAG190
70 PORKAT(9X,'LP?,PAT,PAV,PAV,PAX,PAY,PAZ,LCOL?) DIAG200
72 PORXAT (8X,3E LN) DIAG210
74 PORKEAT (//5, 768 IP YOU CHANGE THZ AREAY DINENSIONS, ALSO CHANGE THDIAG220
1E 'LIXIT* DATA STATENERT.) DIAG230
75 PORKAT(9X,'ALL ARRAYS ASSOCIATED WITE SPECIES')
76 PORKAT (9X,'PNB,IC,YC,2C,BUNCELY) DIAG240
78 PORMAT(9X,'PV,NTCY,NTCP,NS,IVS,SL,DELS,TANGN?') DIAS250
80 POEZAT (9X,'PV,NTCV') DIAG260
DIAG270
DIAG280
: DIAG250
WRITE (6, 42) DIAG300
WRITE (6, 44) ITEST,NUN, PARAN (K) DIAG310
WRITE (6, 56) . . DIAG320
GO TO (1,2,3,“,5,6,7,8,9, 10) N
1 FRITE(6,62) : DIAG340
WEITE (6,32) DIAGISO
60 TO0 11
2 WEITE (6, 64) . . DIAG3ITO
60 TO 11
3 WRITE(6,66) DIAG390
WRITE (6,62) . DIAGH 00
GO TO 11 ' ‘
8 WRITE (6, 68) N : DIAGY20
G0 TO 11
S WRITE(6, 70) DIAGY40
GO TO 11
6 WRITE(6,72) DIAGU60
GO TO 11
7 ¥RITE(6,76) DIAGLBO
GO TO 11
8 WRITE (6,78) DIAGSO00
G0 TO 1
9 WRITE (S, 80) DIAGS20
Go TO 11
10 WRITE(6,75)
11 WRITE (6, 78)
STOP DIAGS5UO
ERD DIAGSSO

SUBROUTINE PRINTA (TEETAZ,NWEDGE,TITLE, NAME,XCB,YCB,TB, ALPHA,SIGNA,PRAOC0IO

“1LD,LP, XLIN,COEFP,LINIT,ASP)

IRTEGER TST,TLIN,TIME PRAD030
LOGICAL SAVE,NEW PRAOO4D
DIXENSION NWEDGE (2),LIXIT(1),TITLE(6),NAXE(2),ICB(1),YCB(1),TB(1)

DIBENSION ALPHA(3,1),SIGEA(3,1),LD(1),L¥(1),ILIN(1),COEPP(4,1) PRADOE0O

DINENSIOB RNU(3),REA(3),CHI (3),DIR(3,3),PEI (3, 3),211(3 3)
DINENSION WTE(3).DAK(3,3),VELS (3),XSP (3)
COM%ON /PIRST/NL,NW,NH,HW,ME,L¥,LH,NXA,NXB,RCA,NCB,NPA,NPB,NHA, NEBPRA0OOT7O

CONSOK /SECKD/BW,BEH PRAOOSO

COXXOR /THIRD/PI,NREG,S,SINABG,COSANG, AKN PRAOO9O

COXMOR /PIPTR/ND,TIZE,DTM,TI,1TS,ITP,TST,TLIN, RHA,RKT,DIR PRA0 100
* A-22
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PILE: GKBEXT DECK A PRINCETON UNIVERSITY TINE-SHARING SYSTEN .

-

comMOX /SIXTH/RYB, XSTART,JNX, XNK, NNB,NREV,SAVE, PERCRT, KSR, TR PRAO110
COSMOR/EIGTE/DENF,U, TP,ANGLE, TRP,CHI,PHI ETA,NTN,DAN,VELR, XREP
DATA NOT/'NOT '/ PRAO 120
: PRAD130
b PRAO 140
: PRAO150
s PORNATS Y PRAO 160
s ) PRAO170
1 PORNAT (16X,80(*-"),T74,°I'//9X,%3-D?,12,*-FLUID PROGRAK - ')
2 PORBAT(*+°%,31X,A4) PRAO 190
3 PORMAT ['+*,35X, A BESTIRT OF A PREVIOUS RUN*,T74,°'I'/12X,2PRA0200
124, = v,6A8,% - ',I2,' REGIONS',T74,'I',16(/T74,'I")) PEAD210

G PORMAT (7X,'FRONT OF BODY =',E12.4,' XSTART HAX HEIGHT =',E12.4,*
1RNB?,T74,*1'/7X,'X~-LIBIT*,T37,'BODY COBPPICIENTS',T74,'I")

6 FORMAT (SP14.6,3X,'I') o PRAO24O toe
10 PORNAT(1X,72('-")) . . : : . PRAO250 HEN
12 PORMAT (//14X,'PARANETERS OF SEGMENTS POR BODY COLLISIOKRS',T96,'I'/ i‘

18X, *YI~-COORD.  TENP. ALPHA1 ALPHA2 ALPHA3  SIGEAY  SIGNA2 |
2 SIGHNA3 AREAS',T96,'I') :

14 PORMAT (4X,B12.4,7P9.4,B12.4,796,'1") )

16 PORNAT (23X,'VEIGHTING PACTORS®/1X,1016,T96,'I")

17 PORKAT(///25X, 'ARRAY STORAGE USED'/S5X,I6,* *t_1016,T96,'1")
18 PORMAT (1E1/17X,'LENGTH OF CELL IN MEAN-PREE-PATHS = ',F12.4,' BW'
A,T76,'I¢

1/17X,*BEIGET OPF CELL IX MEAN-PREE-PATRS = *',P12.4,' BH',T76,°'I'
2/16X,*RUMBER OP L1.CELLS ALOKG FPLOW AXIS =',I13,* NW*,T76,°'I"
3/17X,"SURBER OF L1 CELLS IK RADIAL DIR., =',I13,*' KXB',T76,°'I"
4/21X,'FUNBER OP LEVELS OF CELL SIZE =',T13,' NL',T76,°'1°¢)

20 POREAT (11X,*NUXBER OF L1 CELLS IN PRONT OF L2 CELLS =¢,I13,* ©NFA!
1,T76,'I'/15X,*SUMBER OF AXIAL SUBDIVIDED L1 CELLS =*,I13,' NCA',T
276,'I* /14X ,* NUMBER CF RADIAL SOUBDIVIDED L1 CELLS =',I13,' NHA',T7
36,'I'/16X, '*HCNBER OF L2 CELLS ALONG PLOW AXIS =*,I13,' HNW',T76,°'I
4/17X,*NUNBER OF L2 CELLS IN RADIAL DIR. =¢,I13,* MH',T76,'I')

22 FORMAT({11X,*NDPNMBER OP L2 CELLS IN PRONT OP L3 CZLLS =*,I13,' NFPB'
1,7T76,%1'/15Y,* NUMBER OF AXIAL SOBDIVIDED L2 CELLS =',I13,' KCB',T
276,'I% /14X, ' NOMBER OP RADIAL SUSDIVIDED L2 CELLS =',I13,' §¥HB',T7
36,'I*/16X,*KOKBER OF L3 CELLS LLONG FLOR® AXIS =',I13,' L¥*',T76,°'I
4*/17%, 'KOEBER OF L3 CELLS IN RADIAL DIR, =',I13,% LH',T76,'1")

23 PORMAT (3X,'NUKEER OP AZI%UTHAL VEDGES IN LOWER *,I3,' DEGREES =!,IPRAO4TO
113,' NWEDGEY I'/3X,*'NUNBER OF AZINUTHAL WEDGES IK UPPER ',I3,' DE
2GREEBS =',I13,' [RWEDGE2 I'/)

24 PORMAT(16X,'BASIC TINE INTERVAL FPOR COLLISIONS =¢,E13.4,' DTN
1 I*/8X,*TIRE INTERVAL POR SANPLIRG FLOW FIELD INFO =',E13.4,*' DTS .
2 I'/24X,'TINE INTERVAL FOR PRIXRTING =',E13.4,* DTP I'/91x, i
3'TINE TO STEADY-STATE CORDITIONS (ASSUXED) =',E13.4,% TST I P
419X, 'TIKE AT WHICH RUN IS TERMINATED =',E13.4,' TLIN I'))

26 PORMAT (9X,'IKITIAL NUMBER OF MOLECULES - EITHER TYPE =',I13,' INN

1 Iv/9I,*EAXISUN NUMXBER OF BOLECULES - BITRER TYPE =',I13,' NN
28 I*/1X,*MAX NUNBER OP MOLECULES IN ARY CELL-~ EITHER TIPE =% ,PRAOST0.
3113,' &FRB It

27 PORKAT (//22X,°VELOCITY OP PREE STREAM PLOW =',E13.4,* U',T76,'1'/1
19X,'SPEED RATID OF PREE STREAM PLOW =*,E13.4,' S*,T76,°'I'/19, 'HAC
AH FUMBER OF FREE STREAM PLOW =',B13.4,* N',T76,°I'/19X,'SPECIFIC H
BEAT RATIO (CALCULATED)=',E13.4,' GANNA',T76,°'1I'/ 351, 'ANG
2LE OF ATTACK =',F13.4,* ANGLE I'/16X, *RUXBER DENSITY OF FREE ST

2 .
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“E: GKBEXT DECK i PRISCETOE UNKIVERSITY TINE-SHARING SYSTER

3REAN PLOW =t ,213.4," gl‘g75,lI'/191,'TBHPBRLTUR£ OF PREE STREAN PFL
BoW =!,P13.%,* 1;|,176,'1'/161,'!0L2 FRACTIONS OP FREE STREAE PLOW
5=+,3p13.4,* RED I'/16I,'HOLECULLR WEIGHTS OF SPBCIES ABOVE =',3P13
"~ 6.4," REA I*)

28 ?OBHAT(//101,'R!PZRENCE TeuD ERATURE POR MOLECULAR DATA =',P12.4,°
1TRP',290,'I'/1HI,'CRO$S-SZCIIO§',251,'TE!P EXPONERT! ,T90,*I'/3 (31,
23212.6,3!,3?12.6,190,'1'/)/ 5x,‘CEI/2-1‘,111.'RDTITIORLL PARAXETER
3 PHI',290,'I'/3(?12.“,51,3?12.6,T90,'I'/))

'29 PORMAT {9X, 'DAZA SALVED OX TAPE 9¢) PRADE70

"*30 PORMAT (//31X,'BEF BOLECULAR SPEED =1,213.8,' VELR',T76,'I'/20X,'SP
1PCIES PREE STREARN EOLBCULAR SP!EDS'.T76,'I'/1“I,3£16.6,T76,'I'/26!
2,"BEPERENCE MEAN PREE PATE =',B13.Q,' IRZP',T76,'I‘/26X,'SPZCIBS X
3BAR PREE PATHS',T76,'I'/1QI,3216.6,T76,'I‘/11I,‘LONGITUDINAL KRUDS
GEN KUNBER (CLLCULLTZD)=',B13.R,' LKN‘,T76,'I'/13X,'TRARSYZRSB KKUD
SSEN BUNBER (CALCULATBD)=',B13.H,' AKT',T76,'1')

-~

PRADG68BO
- PRA0690
PRAOT700
IlRRlT=708*LIHIT(3)‘(32*56‘LIHIT(1))+20‘LI!IT(2)*LI!IE(u)*(1ZO¢u‘LPBA0710
11511(6))+56*LI!IT(5)#LI!IT(B)‘(69*96‘LIBIT(9))*20‘LIHII(7)022Q*L15PRLO720

217 (1) . PRAO730
WRITE(6,1) RBSP
IF (NEW) REITE(S,2) KOT PRAO750
WRITE (6,3) NAKE,TITLE,NREG - PAAD760
YRITE (6,4) XSTART,BMB . ‘ PEAOT70
po 100 I=1,NBEG PRAOT780
100 WRITE (6,6) XLIX(I+2), (CCEF? (J,I),3=1,4) PRAO790
RRITE (6,10) PRAOBOO
WRITE (6,12) PRAOB10
po 110 I=1,¥D PRA0E20
110 ¥RITE(6, 14) XCB(I),TB(I),(ALPEA(J,I),J=1.3),(SISBA(J,I),J=1,3),!CB
1{I)
WRITE (6, 10) PRAO 8BS0
¥EITE (6,16) (LD (¥) ,LF (¥),85=1,5) PR20B6D
¥RITE (6,17) IARRAY, (LINIT(I),I=1,10)
¥RITE (6, 18)B¥,BH, ¥¥, KE, 5L PRAOSSO
IP (¥L.GT.1) SRITE (6,20) NPA,RCA,RHA, AV, N0 PRAD390
IP (NL.GT.2) §RITE (6,22) NPB,8CB,NEB,L¥,LE PEX090OO
TETAZ=THETAZ PRAOS10
JETAZ=180-IBTAZ f PRA0S20
vnxtz(6,23)Izraz,uvznsz(1),erxz,xwzncz(Z) PRA0930
DTS=DTE*IT PRAOSLO
DTP=DTA*ITP PRA09S0
AST=DTE*TST PRAD960
ALIM=DTN*TLIX PRA0970
- CET=0.0

po 120 J=1,ASP
420 CRT=CHET+CHI(J) *ENU (J)
GAMEA=(T7.+2.%CHT) / (5. +2.*CHT)
AB=S*SQRT (2. /GANYA)
WRITE(6,2%)DTA,DTS,DTP,AST,ALIN PR10980O
=~ WRITE(6,26) JKN,MNM, MNB
iRITB(G.27)U,S,AB,GLHEA.lBGLB,DE!?.T!,(BHU(I),I=1,3),(BSA(I),I=1.3

L))
¥RITE(6,28) TRP, ((DIR(I,K),K=1,3),(ETA (I,K) . K=1,3) ,1=1,3), (CET (I},
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?ILE: GKEBEIXT DECK o PRINCETON ONIVERSITY TIME-SBARIRG SYSTEN

1 (PHI (I,K),k=1,3),I=1,3)

b0 210 I=1,3

VELS (I)=0.0 ' B
210 XSP(1)=0.0

DO 220 J=1,4SP

VELS (J)=VELR/SQRT (RTH (J))

T=0.0

DO 215 B=1,HSP
215 XT=XT+RNU (N)*DAX (J,%)*SQRT (1, +¥WTN (J) /WTH (X))
220 XSP({(J)=1.414214*XREF/IT

AKT=1. /RYB

WRITE{6,30) VELR, (VELS(I),I=1,3),XRE?, (XSP(I),I=1,3) ,AKN,AKT

IP (SAVE) WRITE (6,29) . PRA10LO
RETURE PRA1050
END PRA1060

SUBROUTIKE PRINTB(PNA,SP,PKB,LEV,L¥P,NA,RLD,ILIX,XC,YC,2C,NB,
1NUACEL,LKW,N)

INTEGER®2 LKW, NB, NURCEL

DIMENSIOF PNB(1),LEV(1),L¥P(%),N%(1),RLD(1),XLIN(1),XC (1)
DINMENSION YC (1), ZC(1),HB(B,1),NUHCBL(1),LF-(1)

CONNMOR /PIRST/KL PRB0O0S50
CONNON /THIRD/PI,NREG,S,SINANG,COSANG, AKN : PRB0O060
CONMNON /FORTH/NBIX PRBO070
1 FORKAT (1H1) - PRBJOOBD
2 PCRMEAT(2X,* - T -CELL GEONETRY=======ee==<-PRB0090
ler—eemme——eat /2, 'BOY LEVEL" POSITION OF CENTER VOLUXE WPRBO100

Z”IGB*ING POPULATION' /2X,*KU%. ', 12X, X!, 7X,'Y TBETA', 12X, *PACTOPRB0O110
3B ',15X,' CELL#%')
3 PORMAT(1X,I4,15,3Xx,2P8.3,P7.1%,812.3,2X,12,3%,315, BX,I“)

& POREAT (2%, - POTALS = mmwmmemmmt JE 12, 4 48X, 315)

WRITE (6, 1) PRB0150
WRITE (6, 2)
DO 200 I=1,¥BX PRB0O170
IP (NOMCEL {I) .E2.0) GO TO 200
X= (XC (I)-XLIN(2))*AKN PRBO 180
Y=YC (I) *AKN PRB0190
LEVEL=1 PRB0200
IP (NL.LT.2) GO TO 120 PRB02190
IP(I.LT.LEV(1)) GO TO 120 PRB0220
LEVEL=2 PRB0230
IP (NL.LT.3) GO TO 120 PRBO240
IP (I.LT.LEV(2)) GO TO 120 PRB0250
LEVEL=3 PRB0260

120 CONTINUE
J=KUKCEL (I) PRB0320
M1=NB(1,J) '
%2=0
IP(ESP.GE.2) M2=NB(2,J)
n3=0

IP(¥SP.GE.3) K3=NB(3,J)

140 WRITE(6,3)I,LEVEL,X,Y,2C (I),PNB(I),LKW(J),H1,N2, 83 J

200 CORTINUE PRB0370
NH2=0
IF (XSP.GE. 2) NN2=NN(2)
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ILE: GKBEIXT DECK A PRINCETOR UXIVERSITY TIME~SHARING SYSTEXN

Xx3=0 :
IFP (BSP.GE.3) F¥3=Y¥E(3)
WRITE(6,4) PKA, RN (1), NB2,NN3

. RETURK PRB0O390 ;
ERD : PRBOLOO {
SUBROUTISE SIMPSK (4,B,L,IKTGRL,PBRCRT,COEFF, PIROOT,SUN1, PON) SIMPO10 :
BREAL INTGEL SINP020
DINBRSIOR COEF? (4, 1) SIXP030

SIKPO40O ‘

SI%P050 :

THEE PURPOSE OF THIS SOBROUTINE IS TO PERFORE A SINPSON'S RULE SIXPO060 , i

INTEGRATIOR. SIXPO070 :
SIKPOBO
PORNAT SIKPO90O
SINP100
% POREAT (/308 TOO ¥ANY ITERATIONS. TEST IS E15.7,14H, INTEGRAL IS E1SINP110
15.7, 14H IS THE RANGE E15.7,4H TO E15.7) SIEP120
SI¥P130
SINP 180
PREV=0.0 - SINP150
N=4 : SINP 160
Ni=3 SINP170
G=.5% [B-1) +A SIXP180
SUME=FUOK (5,PIROCT, 1,COEF? SIXP190
SU40=0.0 ‘ SINP200
K=0 : ¢ SINP210
235 SUXE=SU¥E+SUYO0 _ SIX%P220
Ki=X1+K SIMP230
R=N1+1 SINP24D
Ir7 (R.17.5000) Go TO 237 A SINP 250
WRITE (6,4) TEST,PREV,},B A SINP260
STOP SINP270
237 S0%0=0.0 SIKP280
PO 240 I=1,N1,2 SIXP290
G=(I% (B=-2)) /RK+2A SI®N2300
240 STXO0=SGRO+PUN (G, PIRCOT,L,COEF?) : SI®P310
IRTGRL= (SOX1+4,*SOUN0+2,*STXE) / (3. 3F) SIRP320
TEST=ABS {2.-4.*PRET/(INTGRL+PREV}) SIXP330
PREV=INTGEL SIKP340
IP (TEST.GT.PERCRT) GO TO 235 SIEP3S0
RETURN ' SIEP360
END SINP370
PUNCTION PRCTN (X,PIROOT,L,COEPP) PYCNO010
DINEKSION COEPP(4,1) . PECNO20
PXCYN030
THEE PURPOSE OF THIS PUNCTION IS TO EVALUATE THE INTEGRAKD USED INFECNO4O
THE SIXPSON-S RULEZ INTEGRATION ROUTINE. PNCNOSO

PECN060 :

A=COEFF(1,L) PRCNO70 i
B=COEPP (2,1) PECNOSO

- C=COEPP(3,1) PNCR090
D=COBFP (4,L) PNCN100
AL=G % (A=B) * (A*X+C) *X+C*C~-U4 *B%D PECK110 :

)
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IFP(AA.LT.0.) A2=0,.
PNCTR=SQRT (Ad)
RETURX

END

SUBROUTINE HEIGHT (X,R,L,COEP?,I)
DIMENSION . FPP(4,1),DBG2{2,3)
DATA DBG2/'Sb.i',*'CT ','GAS ',* ',% ROE',® vy

THE POURPOSE OP THIS SUBROUTINE IS TO COMPUTE THE R-COORDIRNAIE OF
THE BODY CURVE AT ANY GIVEXK XI-COORDIKATE, IN THE X-R PLAKE.

2 PORMAT (//' MESSAGE ',I2,E17.8,3X,2A4)

ARG=~-{ (COEP® (1, L) *X+COEFP (3,1) ) *X+COEFP (&,L)) /COEPF (2,1)
I (ARG.GE.0.) GO TO 100
WRITE (6,2)L,X, (DBG2(X,I),N=1,2)
ARG=0.

100 R=SQRT (ARG)
RETURN
END

-PUNCTION PNCTHN (22G,PIROOT,L,COEFP)
DIXKENSIOR COEFF (4, 1)

D=0.

IP(ABS {ARG).LT.10.) D=EXP(-ARG*2ARG) /PIROOT
E=0. .

IP (ARG.GT.~10.) E=ARG*ERRP (ARG) S
TENM=.5% (D+E)

- PNCTHN=TEN

RETURN

ERD

PRIFCETON UKIVERSITY TIXE-SHEARIEG SYSTEN

PECR 120
PNCK 130
PECK 140
FRCK150

HGHTO010
HGRT020
HGHTO030
HGHTO4 O
HGHTOS0
BGHTO060
HGRTO070
HGHTO080
HGBTO090
BGET100
HGHT 110
HGHT 120
BGRET 130
HGHT 140
HGHT 150

PRCK010
PRCNEO020
FRCNO030
PRCNOUO
PRCNM050
PECRO60
PRCN070
PHCMO80
PECX090
PRCE100

SUBROUTIXE CELL(TH,LEV,A,B,K,XH,X0,I,J,DELAKG, NWEDGE,XC,YC,2C,FXB) CELLO10

DIKEZKSION DELANSG(1),NREDGE (1) ,XC(N),YC(1),2C(1),PRB(1)
COEXON /THRIRD/PI

CELLOZ0
CELLO030

-- : -me=eeeeeme—————-—=-CELLO4O

TREE PURPOSE OF THIS SUBROUTINE IS TO
, 1. COXPUTE THE VOLTUME OP EACH CELL (ALL 3 POSSIEBLE LEVELS)
AXD STORE THE RESOULT IN THE ARKRAY CALLED *FNB'.
2. COXPUTE TRE X, R, AKD THETA COORDINATES OF THE CEFTER OF

CELLOSO
CELLO60
CELLO7Q
CELLOBO
CELLOSO

EACH CELL (ALL 3 POSSIBLE LEVELS) AKD STORE TEE RESULTS INCELL100

ARRAYS CALLED 'IXC*f, 'YIC*, ARD 'ZCt'.

IKDEX=I+J

20=0.

DO 120 ¥T=1,LEV
ICKRT=KRYEDGE (uT)
ANGLE=DELANG (BT)
PACTOR=ANGLE/180.,%PI*B*B*)
2=20-.5*ANGLE

DO 110 L=1,ICKT

Z=Z+ARGLE

I=-,5¢B
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po 110 F=1,KE . CELL240
X=Y0-.5%) CELL250
Y=Y+B CELL260

= DO 110 B=1,K CELL270
I=X+4 CELL280
INDEX=IRDEX+1 CELL290

XC (INDEX)=X - CELL300

YC {INDEX)=Y . CELL310

2C {INDEX) =2 CELL320

" 110 PNB(IKDEX)=PACTOR* (2%R=1) CELL330
ZO=TE CELL340

120 COKTIRGE CELL350
RETURN CELL360

BKD CELL370
SUBROUTINE ZERO(NWIDE, NHI, NBEG,RLONG,NUP,NAREX,ICKT,PNE) ZEROO10
DISEKSION PNB (1) ZER0020

- ZERO030

ZEROO40

THIS SUBROUTINE SETS THE SITES TC ZERO OF THOSE CELLS WHICE ARE Z2ER0050

T0 BE SUBDIVIDED INTO SEALLER CELLS. T 2E80060
ZERO070

- - — ZERO0B0
NGO=KBEG+1 ZER0090
NSTOP=NSEG+NLONG , ZERC100

DO 110- F=KGO,RSTOP. : ZERO 110

po 110 N=1,%0P ZER0120

DO 110 L=1,ICHT : , ZERDO130
INDEX=NWIDE® (NHI* (L-1) +%=1) ¢N+KARELA ZBRO140

110 PKB(INDEI)=0.0 ZERC150
RETURN ZERO160

EXD ZBERO170
SUBROUTINE SBTRCT (NGO, NTEMP,NSTOP,BWIDTE,BEITE,DELANG, XC,YC, PN, XLSBCTO10
1I4,COBPP) S3CT020
DIMENSION DELANG (1) ,XC (%),¥YC{1),PNB(1) ,XLI%(1) ,COEPF (4,1) S3CT030
COXSOF /TBIRD/PI,NREG SBCTO040

- S3CT050
SBCTO060

THIS SUBROUTIKE SUBTRACTS FROS EACH CELL SIZE ('FN¥B' ARBAY) THAT SBCTO070
PORTIOK OCCUPIED BY THE BODY. SBCTORO
SBCTO090

SBCT100

PACTOR=PI®*DELAKG (1) /180. SBCT110

PO 150 X=NGO,NSTOP . SBCT120
IP(PNB(N).L2.0.) GO TO 150 SBCT130
DFY¥B=.005¢PXNB (¥) SBCT140
SLICE=.01*BWIDTH ) SBCT150

IP (8.GT.ETEXP) PACTOR=PI*DELANG (2)/180. SBCT 160
X=IC {F)=.5%(BNIDTE+SLICE) : . : S$BCT170
YBOT=YC(¥)~.5*BHITE SBCT180
YTOP=YBOT+BHITE SBCT190

DO 130 %=1,100 ) SBCT200
I=X+SLICE SBCT210
I?P(X.LE.ILIN(2)) GO TO 130 ’ SBCT220
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ILE:

120
125

130
150

10

15
20

GKBEXT DECK a

DO 120 L=1,HREG .

IF (X.LT.YLIE(L+2)) GO TO 125
CONTIKGUE

GO TO 130

CALL HBEIGET(X,YBODY,L,COEFF,1)
IF (YBODY.LE.YBOT) GO TO 130
YTENP=YTOP

IP (YBODY.LT.YTOP) YTEXP=YBODY
FRB(R) =FNB (N)-SLICE* (YTEXP*YTENP~YBOT*YBOT) *PACTOR
CORTINUE

IP (FHNB (N).LT.DPRB) FPNB(N)=0.
CORTIRUE

RETURN

END

SUBROUTINE INPACT(RM,G1,G62,G3,EBT,EI, PHI,CHI,ETA,XN,CIN)
COBBON/THIRD/PI

IP (PEI.EQ.0.) GO TO 20
IP (CEI.EQ.0.) GO TO 20
DP=PHISCHI~1.
DS=PHI*(2.-.5%ETA)~1.
"E=ET+EI

X=RAND (0)

IP(X.20.0.0) GO TO 10
IT=X**DP* (1,-X) #*DS
IP(XT.GT.XH) GO TO ‘15
CIN=CIN+XT
IP(CIN.LT.X¥) GO TO 10
- CIN=CIN- XN
ET=(1.-PHI) #*ET+ (1.~X) *PHI*E
EI=(1.-PHI)*EI+X®PHISE
GP=SQRT (ET/RHN)

BEP=2. *PI*EAND (0)
CSX=2.*RAKD (0)-1.
SSY=SQRT (1.-CSI*%2)
G1=GP*CSX
G2=GP*SSY*COS (EP)
G3=GP*SS5X*SIK (EP)
RETORN

END

PRINCETON UNIVERSITY TIME-SHARING SYSTEN

.SBCT230

SBCT240
SBLCT250
SBCT260
SBCT270
SBCT280
SBCT290
SBCT300
SBCT310
SBCT320
SBCT330
SBCT340
SBCT350
SBCT360

SUBROUTIRE GAS(NWEDG,TRETAZ,DELANG,NWEDGE, BTA,C1,DP3,N¥,RLD,L¥P, PEGAS0O010
1B,DB,NB,KBP,LPP,PAU,PAV,PAW,PAX,PAY,PAZ,XLI!,COZPP,LH,IZ,IB,LRRGE,GASOOZO

2MNH, ENB, DEBOG1,LCOL, RUNCEL, IP, BR,CRI,CNG,CNG,I,LB, NBN, NBE)
INTEGER*2 LM(I,1),LPF(I,1),LCOL(I,1),LB(1),NBX(I,1),RBR(1)
INTEGER*2 NB,NBP,NUNCEL

INTEGER Q

LOGICAL DUNP,DEBUG1

DINEKSION DELARG(2),NWEDGE (2), NUNCEL (1)

DIMENSION BTA(1),C1(1),DPA(%),RN(}),RLD{1),L¥P (1),PNB(1),CHI (1)
DIMERSION DB(I,1),¥B(I,1),RBP(X,1),PAU(I,1),2AV(I,1),PAN(I,1)
DIMERSION PAX(I,1),PAY(I,1),PAZ(I,1),ER(I,1),COEPPF (4,1),ILIN(1)
DIXENSION CNG(1),CHG (1)

COXXOX /PIRST/NL,NW,HNH,NW,¥8,L¥,LH,RXA,NXB

COXNOF /SECND/BW,BH,BWB, BHB, BRC, BAC, XLB, XLC
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. emewIe ,TRiIT/TI, 400G, 3,510085,002088 6150130
Sk COPETS /ITTE/NTL, 00, 1D, 0T0P, 0, pure,LL GASO 140
W”‘.“ tecssassmmevecnsnscsrroron e - - G150 150
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PA3(PT 0 00400, EYE o NEEXXX!
PRY(RT, ) er000cnsr)eiosinges ebziney

PAV(RT gjerepeagyc, ‘ it
ER (87,%)-9,.9
IP(CPI(eT) i, =1,) C4 @

12% Iag.eri85(0; : Tn
IP(X.22.9.9} co 1o 129
IT*I0OCH] (aT)op1p (-1,
IP(XT.CL.CNS(%T)) GO To0 126
CEG(RT)=CxX3(9T) ey
IP (CNG(X7).LT.CRG(2T)) 30 To 129
CEG (KT) =CXG (XT)=CnG ()

126 EB (AT, ¥) =)

130 x=1xR*Ra%D(0)

“A%d%2)
140 R=RE®RAND(Q) GASI%30
- LA=0 GA352%a0
150 La=LA+1 : G4575%0
IP(BR.GT.ELD(LA)) GO TO 150 o G150560
A=LVT (L) ) - GAS0570
g‘
g
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'ILE:

152
154
159

160

161

GKBEIT DECK i

C9=C9+R/A

IF (C9.1T.RWFN) GO TO 140
C9=C9-RVFH
IP(X.LE.XILIE(2)) GO TO 159
DO 152 L=1,KREG

CONTINUE
G0 TO 159

PRIBCETOX UﬁIVERSITI TINE-SHAEING SYSTEHM

"IF(X.LT.XLIN(L+2)) GO TO 15&

call HEIGET(X,YBODY,L,COEFF,2)

IP(R.LT.YBODY) GO TO 130
PAX (BT,N)=X

D=PI*RAND(0)
PLY(XT,X)=R*COS (D)

PAZ {¥T,K)=R*SIK(D)
TANG=180.% (1.-D/PI)
INDGE=TANG/DELANG (1)

I?((I?DGB.GE.NWBDGE(I)).LN&.

1/DELANG (2) +K¥EDGE (1)

(DELABG (2) « 5E.0.)) IWDGE=(TIANG-THETAZ)

IP(IWDGE.GE. EWEDG) IWDGE=KWEDG~-1

L=X/B¥+1.

IP (L.GT.NW) L=EW
M=R/BR

"IP (M.GE.NH) M=NB-1

K= (IRDGE*NH+N) *NW+1

IF (R.LE.NXA) GO TO 160

HRITB(G,?)L,H,K,!T,N,DELARG,NHBDGB,N?EDG}D,TAHG,IYDG!,NH,NE

IP (DURP) CALL ABERD(11)
STOP.
IP (NL.EQ.1) GO TO 162

IF (IXDGE.GE.NWEDGE(1)) GO TO 162

IP (PXB(K).6T.0.) GO TO 162
1= {X-XLB) /BWB+1.
IP(L.GT.5%) L=AW

%=P/BHB

IP (%.GE. BH) X¥=NE-1

K= {IVDGE*HB+N) *3i+ L+ NXA

IP (K.LE.NIA+KXB) GO TC 161

¥RITE(6,2)L,%,K,%T,R,DELAKG,

IP (DUNP) CALL ABEND(12)
STOP

IP (EL.BQ.2) GO TO 162

L= (X-ILC) /BWC+1,

IP (PEB (K).GT.0.) GO TO 162
IP(L.GT.Ll¥) L=L%®

8=R/BBC

I¥ (F.GE.LH) N¥=LE-1

K= (I¥DGE*LB+H¥) *LW+L+RIA+NIB
I? (K.LE.NBX) GO TO 164

¥RITE(6,2)L,K,X,0T,8,DELANG,

1B
IF (DUXP) CALL ABERD(13)
sTOP

162 IP (PEB(K).GT.0.) GO TO 164

WRITE(6,3)L,%,K,NT,N,FPHB(K)
IP (DUERP) CALL ABEKRD(14)

KYEDGE,NWEDG,D,TANG,IWDGE, 8E, 8%, XIA

G1S0580
GAS0590
GAs0600
GAS0610
GAS0620
GAS0630
GAS0640
GAS0650
GAS0660
GAS0670
GAS0680
GAS0690
GAS0700
GAS0710
GA50720
GAS0730

GAS0750
GAS0760
GAS0770
GAS0780
GAS0790
GAS0800
GAS0810
GAS0820
GAS0830
GASO8u0
GAS0850

GLSD870
GAS0880
GArsS0890
GAS0900
GAS0910
GAS0920
GAS0930
GASO0S40
GAS0950
GAS0960
G6AS0970
GAS0990
GAS0980
GAS1000
GAS1010
GAS1020
GAS1030
GAS1040

NVEDGQ,FHBDG,D,TABG,IEDGB,LH,LY,NIA,HXGIS1050
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STOP 6151120

164 Q=NUNCEL (K) 6151130
IP (Q.6T.0) GO TO 165 GAS1140

~ WRITE(6,2)Q,L,H,K, X, DELANG,N¥EDGE,NVEDG, D, TANG, IWDGE ,LE, L¥, KXA, NXBGAS 1150
1,X,8 GAS1160
IF(DOXP) CALL ABEND (15) GAS1170
STOP - GAS1180

165 J=NB (NT,Q) +1 GAS1190
K¥=LWP (L1) _ GA51200

LPP (KT ,K) =KW GA51210
LCOL (2T, ¥} =0 GAS1220
LI1C=LLC+K§ GAS1230
IP(J.LE.HEB) GO TO 166 GA51240

IP (DEBUG1) ¥WEITE (6,4)XT,Q,HNHB GAS1250

GO TO 167 . . GAS51260
166 KB (XT,Q)=J ' GA51270

LB {K)=Q

EBP (NT, Q) =NBP (NT, Q) +K¥ 6151290

167 IP(LLC.LT.LL) GO TO 110 GA51300
N (87T) =§ . - GAS1310

NBE(NT,1)=0
DO 170 Q=1,¥BX GAS1330

B=RUNCEL (D)

IP(R.EQ.0) GO TO 170

A=NBP (XT,X) ) . GAS1360
DB {37, M) =)A*DPA (“T) /PNE (Q) « 6481370
EBX (YT, N+1)=NBA (4T, R) +NB (4T, N)

NEF (N) =NBX (%T,R)

170 CONTINUE 6151380
NG=NX (XT)
DO 175 E=1,%G
Q=1B (X)
BB (Q) =KBN(Q) +1
BA=§EY (Q)
175 L% (4T, HNA)=%
180 COXTINUE GAS1390
RETURN 6151400
190 LARGE=1 : GAS1410
RETURK GAS1420
END GAS1430

SUBROUTINE PLOW (NWEDG, 4NN, LARGE,BTA,C1,C7,C8,D1,D2,D3, D4, DTH, X, SEFLO0040
1,ST, THETA,L¥P,BLD, PTH, ENTS,REXS,S54,SSB, PAU, PAV, PAR, PAX, PAY, PAZ, LPPLO0O20
2F,ERT,REN,LCOL,IP,ER,CHI,CKG,CHG,I)

IRTEGER*2 LPF,LCOL : PLO00GO

DIXEXSION BTA (1),D1(M,D2(1),D3(1),D4(1),DTH(1),HH(1),SK(1),ST (1) PLOOGSO

DIKENSIOR C1(1),C7(1),C8(1),L¥P(1),2LD(1),TSETA(1),554 (2,1) PLO0060

DIREXNSIOR SSB(2,1),PAU(I,1),PAV(I,1),PA% (I,1),PAX(I, 1) ,PAY (I,1)

DIMERSIOR PAZ (I,1),LP?(I,1),ENT(2,3,6,1) ,RER(2,3,6,1),LCOL(I,1)

DIBERSION ENTS (3,1),RE%S(3,1),PTH(3,1),ER(I,1),CHI(1),CNG(1),

1CHG (1)
- CONEON /THIRD/PI FL00100
CONRON /PORTH/NBX, RN, IR 7100110

. FL00120
TBZ_?URPOSB OF THIS SUBROUTIKEZ IS TO ADD A REW BATCEH OF MOLECULESFPLO0130
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ILE:

GKBEXT DECK } §

TO THE SAXPLE THROUGE THE UPSTREAN BOUKRDARY,

130

140

150

125

DO 370 xT=1,1IP
ARG=SKN (NT)
XG0=0.
E=1o'
DO 180 ET=1,2
SE=ABAX1(0.,ARG-4,)
SSN=AKAX1(0.,ARG)
TENPC=0.
DO 170 LA=1,6
TENPB=RLD{LA) *RLD{LA)
AY = TEMPB-TENPC .
C = TEEPC
TEEXPC=TENPB
DO 170 K=1,KREDG
AlN= ZKT(FT,BT LA,K) +RER (NT, ET, LR,K)

=AN
ANN=N
REY (NT,BT,LA,K)=AN-ANY
IF (B.EQ.0) GO TO 170
DY =AY/ANB
DO 160 KN=1,%
IP(RE (ET) .GE.MNNX) GO TO 380 °
KN (MT)=NX (NT) + 1
NEX=NN (BT) B
E = SQRT(C + DY* (N+BAKD(0) =1.))
D= (THETA (K) +RAND (0O) *DTH (K) ) *P1/180.
PAY (BT ,RKXX)=R*COS (D)
PAZ (XT,NXX)=R*SIN (D)
LPP(XT,KNX)=LKF (L)
LCOL (NT, KXX)=0
V=SM+BAND (D) * (SSN+U.~SH)
C1(¥T)=C1(MT)+2.*V*EXP (SSB(NT, ¥T) ¢ 2. *ARG*V=¥*V) /SS] (NT,XT)
IP(CT{(XT).LT.1.}) GO TO 130
C1(%T)=C1(NT)=1
PAU(XT,N3X)=E*V/BTA (NT)
V=8, *RAND (0)-4.
C7 {MT)=C7 (%7} +EXP {~V*V)
IP(C7(2T).1LT.1.) GO TO 140
C7 (8T)=C7 (NT)~1.
PAV (AT, NNX)= (VST (5T)) /BTA (AT)
V=8.*RAKD (0) =4.
C8 (XT)=CB8(NT) +EXP (~V*V)
IP(CB8(2T).LT.1.) GO TO 150
C8 (MT)=C8 (XT)~1.
PAW (KT, ENX)=V/BTA (5T)
ER (NT,H8X)=0.0
IP(CEI(MT).LE.~1,) GO TO 160 )
X=9.*RAND (0) - -
IP(X.LE.0.0) GO TO 125
XT=X**CHIX (BT) *EXP (-X)
IP(XT.GE.CNG {NT)) GO TO 126
CRG (BT)=CRG (HT) +XT
IP (CKG (AT) .1T.CHG (NT)) GO TO 125
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PLOO 140
PLO0150

FLO0170
FLO0180
FLO0 190
PLO0200
FLO0210
PLO0220
FL00230
PLOO240O
rL00250
FLO0260
FLOD270
PL00280
FLO0290
FLO0 300
rLO0310
FLO0320
PLO0330
FLOO 340
FLO0350
FLO0360

PLO0370
PLO0390
PLOO4OO
PLOO&10
PLOO4L20
YL00430
PLOO4LY4O
FPLOO450
PLOO46D
PLo0470
PLOOULBO
PLOOLUYSO
FLOOSO0
PLOOS10
FLOGS520
PLOOS530
PLOOS4O
ZLO0SS50
PLOOS60
PLOOS70
FPLO0S80
PLO0S90
PLO0600
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TLE:

126
160
~170

180

330

340

+50

360

GKBEXT DBCK “a - PRINCETON UNIVERSITY TIxE-

CNG (AT) =CXG (NT) -CNG (NT)

ER (T, NxX) =X

PAX (T, N¥X)=XGO

CONTINUE

ARG=-1RG

XGO=1R

B=-1.

CORTINOE

DO 370 K=1,R¥EDG
AR=ENTS (MT,K) 4+REMS (N T,K)
N=Ax

ANN=x

RENS (MT,K)=AN-2NY

IP (X.20.0) GO TO 370
DX=XR/ARY

DO 3€5 N=1,x

IP (NX(XT).GE.2KX) GO TO 380
NN (MT) =NX (XT) +1

NEX=N¥ (MT)

PAX (XT,NXX)=(N~1.+RAND (0)) #DX
TB=(THZTA (K) +RAND (0) *DTH (K} ) *PI/180.
A=CO0S (TH)

-B=SIR (TH)

SN=ST(X7) %) -
c=0.

IP (ABS(SM) .LT.10.) C=EXP (-Sx*s¥)
D=0,

1P (S4.GT.~10.) D=SQPT(PI) *SH*ERRP (SX)
D1 (%T)=D1(NT)+ (C+D) /PTH (¥T,K)
IP(D1({XT).1Ta1.) GO TO 330

D1 (XT)=D1(xT)~1.
PAY(XT,NNX)=-Ru*}

PAZ (ET,ENX)=RM*5
VEE=,585M+SQRT (, 25*5x%35x+, §)
VE=ANiX1(0.,SH-4.)
V=VE+RARD (0) * (SEed. =V¥)
DZ(H?)=D2(5T)+V*£IP(VH!*(78:-2.‘55)-?*(V-2.*SB))/VNH
IP(D2(%T).1T.1.) GO TO 340

D2 (®T) =D2 (x7)-1.

VR=V

V=8.%Z1KD(0)~4.

D3 (XT) =D3 (XT) ¢ EXP {~V#*V)

IP (D3(XT).1T.1.) GO 7O 350

D3 (%T)=D3(x7)~1.

VYT 1=SN (XT) +V

V=8.%*RAKD (0) -4 .

D8 (MT) =D& (AT) + TXP (~Vev)

IP (DU (AT).iT.1.) GO TO 360

D4 (XT) =Dy (A7) = 1,

VT2=ST (NT) *3+V

PAU (BT, RNX)=VT 1/BTA (NT)

PAY (MT,NXX)=(VN®A+VT2%3B) /BTA (NT) -
PAV(ET,REX)=(~VN*B+YT2%4) /BTA (5T)
LCOL (XT, KXX)=0

ER (BT, R¥X) =0.0

A-34
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PLO0610
PLO0620
PLO0630
PLOOG6U4O
PLO0650
FLOD660
PLOO670
PLO0680
PLO0690
PLOO700
FLOC710
FLO0720
PLOO730
PLOO740

PLO0750
PLOOT770
FLO0780
PLOO790
FPLOOBOO
PLO0B10
FLO0B20
PLOOE30
PLOOBUO
PLOCBS0
PLO0B6O
FLOOB70
FLO088O
PLOOESO
PLOO9%0
FLO0910
PLOD920
PLO0930
PLOOSLO
FLOOSSO
FLOOSHO
PLO0S70
FL00930
PLOOS90
PLO100O
PLO1010
PLD1020
FL01030
PLO104O
FLO1050
PLO1060
FLO1070
PLO1080
rLO1090
FLO1100
FLO1110
rLO1120
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'ILE: GEKBEXT DECK A PRINCETOS UNIVERSITY TIME-SHARING SYSTEN

IP (CHI(XT).LE.=-1.) GO TO 365

225 X=9.*RAKD (0)
IF(X.2Q.0.0) GO TO 225
XT=X**CHI (¥7) *EXP (~X)
IP(XT.GE.CHG(MT)) GO TO 226
CNG (BT)=CNG {¥T) +XT
1P (CNG (ET) .LT.CNG (8T)) GO TO 225
CKG (XT)=CKG (XT)=CHNG (RT)

226 ER{NT,NMX)=I

365 LPP (NT,NEX)=LWP (6) PLO1130
370 CORTINUE PLO1140
RETORN FLO1150
380 LARGE=2 PLO1160
RETURN rLO1170
EXD FL01180

SUBROUTINE COLIDE (CN,CN,¥TH,DB,DBA,NB,NCOL,LCOL, PAU, PAV,PAW,ER,T,
1L%,%T,I2,13,NUNCEL,ETA,PHYI,CHI,CK8, NP, LPF, LKW, NBF, NBN)

"INTEGER TINE : €oL0030
INTEGER*2 LM{KP,1), LCOL (NP, 1),LPP (KP, 1) ,LK¥ (1)

INTEGER*2 NBN,NB,§BP,NUNCEL

DIXENSION CN(3,3,1),CN(3,3,1),¥T8(1),DB(NP,1),DBA(KP,1),NB(KP, 1)
DIXKENSION NCOL(3,1),T(FP,NP,1),NUNCEL(1),ETA (3,1),PHEI(3,1),CHI(1)
DIXEXSION PAU(NP,1),PAV(NP,1),PAN (NP, 1) ,ER(NP,1),CNB(3,1), WA (2)

DIMENSION NBP(NP,?1),HBHN (5P,1)" ¢
COMYON /FORTH/NBX ‘ coL0080
COBMON /PIPTH/ND,TINME,DTH coL0030

1 PORMAT(* TINE = ¢,P9.4,' COLL. TINES = *,2F9.4,' SOUNBERS = ',2I5/)
2 PORNAT(' COLIDE REACHED LINE 160 IN BOX NUXBER =', IS5,' AT CPOU TIN
1E =',P9.4,% VR= ',E12.4,' REL VEL G = ',3E12.4,' EI = ',E12.4)

3 FORRAT (' COLIDE REACHED LIKE 165 IF BOX NUM3ER =', I5,' AT CPU TIN
1 =',P9.4/% VR= ',E12.4,' REL VEL G = ',3E12.4,* EI = ',E12.4)

------- cecm—- ——— —— - --COL0100
THP PURPOSE OF THIS SUBROUTINE IS TO ADVANCE THE ELAPSED TINES INCOL0110
CELLS BY AN AMOUNT APPROXINATELY EQUAL TO THE PRE-SELECTED COLLISCOLO0120
TIME. THTRE AR® POUR TIMES POR EACH CELL, SAVED IN AN ABRE2Y CALLECOL0130
*T', CORRESPCXDING TD THE POUR TYPES OF XCLECULAR COLLISIONS WHICCOLO0140
CLX OCCUR. TO ADVANCE THE VARICUS TIXES, AF APPROPEIATE NUZEER QPCOL0150
TEE CORRESPOKDING MOLECULAR COLLISIONS IS COXPUTED. TBE ACTUAL  COLO160
MOLECULES TO COLLIDE ARE SELECTED AT RAKDON, AND THEIR VELOCITY VCOLO170
DIRECTIOKS APTER COLLISION ARE SELECTED AT RARDON. COL0180

- COL0190
AINP=DTH*TINE
DO 240 ETA=1,MT .
DO 230 ETB=1,ATA
D = WTK(NTA) + WTN(NTB)
WA (STA)=%TH (2TA) /D
WA (XT3)=WTH (4TB) /D
RE=WTY (NTA) *KT¥ (4TB) /D
CHT=CHI (NTA) +CHI (MTB) +2.0
PHT=PHI (NTA,NTB)
ETT=ETA (ETA,KTB)
DO 220 M=1,NBX
N=NUXCEL (M)
IP(%.LE.0) GO TO 220

A-35

e A — o an

> rare

L T AT 1 2



JLE: GKBEXT  DECK i PRINCETON UNIVERSITY TINE-SHARING SYSTEN

AKW=LK® (N)
IP(T(STA,!?B,N).LT.AI&E) GO TO 100
I!(T(BTB,HTI,N).GB.AI!Z) Go TO 220
100 BA=BB(HTA,N)‘NB(HTB,H)
I? (STA.EQ.NTB) NA=(NL-KB(HTL,R))/2.
IP (NA.LT.1) GO T0 220
KS=0
120 KC=0
CPUT=BLTIEE(J)
KS=KS+1
IP (KS.GT.NA) G0 T0 220
130 RC=KC+1
IP (KC.GT.KA) GO TO 220
13% I=NB(HTA,F)‘RAHD(0)+1¢NBH(HTA,K)
IP(I.GT.NBH(!!A,H+1)) I=NBE(HTL,!*U
J=1% (XTA,I) .
_CR=LPP (®TA,J) /AK¥
IF(CR.GT.0.99) GO TO 140
IP (RAKD(0).GT.CR) GO IO 135
140 K=NB (%T5,N)*BAND(0) +1+NBX (XTB,N)
IP (K.GT. KBU(ATS,H+ 1)) K=NBM (MTB,R+1)
I?(ﬂTA.EQ.BTB.AND.I.EQ.K) GO TO 140
1=1% (4T3,K)
CR=LPF (¥TB,L) /AKW® -
IP (CR.GT.0.99) GO TO 145
IP (RAND(0).GT.CR) GO TO 1480 -t
185 COXTINUE
GH!=RA(5TL)‘PAU(!TA,J)*iA(HTB)‘PLU(!TB,L)
GnZ=ﬁA(5?A)‘PAV(HTL.J)4?A(!TB)‘PAV(HTB,L)
G!3=GA(BTA)'PAE(ETA,J)+?A(5TB)‘PAH(!TB,L)
G1=PAU(5TL.J)-PLU(ETB,L)
G2=PAV (BT1,J)-PAV(2TB,1)
G3=PL?(HTA.J)-PAH(!TB,L)
GS=C1$%2+G2532+G3%%2
IP(GS.LT.1.0B-8) G0 TO 130
BET=R¥%*GS
EI=BB(!TA,J)¢BR(STB,L)
YR=GS** (.5-2TT/2.)
IP (VR. GE.C3(%TA,%T58,1)) GO T0 160
CN(ETA.HTB,1)=Cﬁ(BTA,!TB,1)¢VB
Ir(CH(BTA,BTB,1).LT.CH(HTA,HTB,1)) G0 TO 130
CN(BEA,HTB,1)=CH(5TA,HTB,1)-CH(!TA,!TB,1)
160 CORTIKRDE
CPUT=ELTIXE (0)
IP (5.EQ.1196) RRITE(6,2) x,CPUT,VR,61,G2,63,E1
CALL IHP!CT(RH,G1,52,GS,£T,BI,PHT,CBT,ETT,C!(5?&,575,2),CN(!TA,BTB
1.2
165 CONTINUDZ
CPUT=BLTINEZ(0)
IP (%.BQ. 1196) ¥RITE (6,3) 5,CPUT,YR,G1,GZ,GB,£I
I? (PHT.EQ.0.) GO .TO 175
. X1=0.0
IP (CHI (ETA) .EQ.-1.) 6O TO 175
X1=1.0
I{(CBI(BIS).EQ.-1.) G0 TO 175

PR




SLE: GKBEIXZ DECK A PRINCETOK UNIVERSITY TIBRE-SEARIRG SYSTEN

170 Y1=RAND(0)
IP ((CHI (XTA).EBQ.0.).AND. (CHI (NTB).EQ.0.)) GO TO 175
YT=X 1%#CEI (STA) * {1.~X1) **CHI (M TB)
IP (XT.GT.CS(NTA,XTB,3)) GO TO 175
CK (XTA,NTB,3)=CN (NTA,5TB,3) +XT
. IP (CN(ETA,XTB,3).LT.CH (NTA,NTB,3)) GO T0 170
CH (NTA,H5TB,3)=CK (%TA,BTB,3)~CH(KTA,"TB,3)
175 CONTINUE
C=DBA (XT1,¥)
D=DBA (NTB, N) :
IP (C.EQ.0.0) C=DB(NTA,N)
IF (D.EQ.0.0) D=DB(NTB,K)
IP(T(%TA,ETB,N).GE.AIKE) GO TO 180
PAU(NTA,J) =GE 1WA (MTB) *G 1
PAV(XTL,J) =GE2+WA (XTB) *G2
PAW (ETA,J) =GE3+WA (KTB) *G3
IF (PHT.GT.0.) ER{NTA,J)=XV1%EI
LCOL (ETA,J) =1
NCOL (NTA,HTB) =NCOL (XTA,NTB) +1 cOL0810
T (XTA,BTB,K)=T (%TA,MTB, N) ¢CK8 (STA, BTB) *LPP (¥TA,J) /NBF (NTA,N) /D/VE
IP (XTA.EQ.XTB) GO TO 190
180 IP (T(MTB,XTA,¥).GE.AIXE) GO TO 210
190 PAU(XTB,L)=GM1-§A (MTA) *G1
PAV(XTB,L) =GN2~WA (ETA) *G2 .
PAVW(NTB,L)=GN3-WA (¥TA) *G3
IP (PET.GT.0.) BR(NTE,L)=(1.-X1)*E2
LCOL (XTB,L)=1
NCCL (MTB,MTA)=NCOL (NTB,NTA) +1 CcoL0920
T (KTB,ETA,N) =T (XTB,ETA,X) +CNS (ATB, NTA) *LPFP (4TB,L) /NBP (4TB,N) /C/VR
210 CORTIKUE
IF (8.EQ. 1196) WRITE(6,1) AINE,T(XTA,ZTB,N),T(XTB,MTA,N),NBF (KTA,N)
1,NBP (ETB,N) .
IP (T (%TA,%TB,F).LT.AIXE.OR.T(NTB,™TA,¥N).LT.AIXE} GO TO 120
220 CONTINUE
230 CCNTINUE
240 CORTINUE
RETURN
END

SUBROUTINE NMOVE(KSWCH,AKN,NXJ,NS,NWEDG, TRETAZ,XSTART,I12,I3,14,I5,DENOV0010
1LABG, NWEDGE, BTA,C2,C3,DFA,PL,BTI,BTR, JNT , KNY, N8, ICB,ILIN, %S, IRS, NTHOV0020
2CP,RTCY,FV,CTI,CTR,CNI ,CNR,ALPHA, SIGMA,COEFP,BTS,BTSI, TS, NTSP,UTLHOYV0030
3,077,VTS,PAU,PAV,PAV,PAX,PAY,PAZ,LPF,LCOL,TB,IP,BR,CHI,CHG,CHG,I,
8UTLI,UTTI, VISI)

IRTEGER*2 LPF(I,1),LCOL(I,1)

INTEGER SWTCHE,TINME BOYv0060
LOGICAL DUXP ' novoo70
REAL LAK,X0,NO 1ovoo080
DIMENSION DELANG(1),NWEDGE{1),BTA(1),C2(V),C3(1),PL{1),HTI(1) nov0090

DIXENSIONXK HTR(1),TB(1),XCB(1),ALPHA(3,1),SIGNA(3,1),COEFF(4,1)
DIMENSION PAD({I,?!),PAV(I,1),PAN(I,1),CTI(3,1),CTR(3,1)
DIREKSION CEXI(3,1) ,CNR(3,1),DPA(1),JIBT(1),XLIN (1), KNN(T) ,NN(Y)
DIMENSION BTS(3,I2,13),BTSI{(3,12,13),NTS(3,12,13),N2SP(3,12,13)
pIMBNSION O©OTLY (3,12,13),UTTI(3,I2,13),VTSI(3,12,13)

DIEENSIOX UTL(3,12,I3),07T(3,12,I3),VTS(3,12,13),NTCF(3,I4)
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TLE:

GKEBEIXT DECK i

DIKERSION PAX(I,1),PAY(I,1),PAZ(I,N.,IRS(Y),ES(Y)
DIXKENSION NTCV(3,I&,2,IS,3),PV(3,I4,2,15,3)
DINENSION ER(I,1),CNG(1),Cu6(1),CEI(Y)

comsOX /TEIRD/PI,RREG

COENOK /PORTH/NS5X,R%,XR,DONP

COXMON /PIPTE/ND,TINE,DTHE

CONXON /SYETE/LAX, NU,N¥U,NT,X,J,XI,YI,2I,TUSE
NASBLIST/CiBCK/TI"E,X,Y,2,DX,DY,DZ,TLEFT,RADS,RNS, IR

PRINCETOR ONIVERSITY TINE-SEARING SYSTEXR

nOv0 170
HOY0180
BOVO 190
B0v0200

X0v0210

TEE PURPOSE OP THIS SUBROUTINE IS TO ADVARCE THE SPATIAL POSITIONNOV0220
OF ALL THE ROLECULES BY AN ANOUNT APPROPRIATE TO THEIR CURRENT VENOV0230

LOCITIES AND THE PRE~SELECTED COLLISION TIAE.

10

15

55
60

65
70

PORMAT (275 SONETHING IS #RONG IN BOVE/3E20.7,817,E20.7)
RAREA=NREG+3

RES=Ru®*2

DO 150 ®T=1,IP

¥=KNK (¥T)

N=F+1

TLEPT=DTX

I? (KSWCH.EQ. 1) TLEPT=TLEFT*R21KD(0)
IP(N.GT.KE(XT)) GO TO 150

LAR=PAD (%T,N)

IP(LAN.EQ.0.) LAM=.0000001 .
XD=PAV (¥T,¥)

RO=PAW (T, ¥) .
XI=PAX (XT,K)

YI=PAY (XT,K)

2I=PAZ (%7, ¥)

DI=TLEPT*LAN

DY=TLEFT*20

DZ=TLEPT*NU

Y=1I+DX

Y=YI+DY

2=21+D2

RADS=T#%2+7%52

IP((8ADS.GT.2.*RXS) .OR. (ABS(X)+GT.2.*IR)) WRITE(6,CHECK)

I? (RADS.GT.BAS) GO <TO 100

BAD=SQBT (R1S)

KEY=1BS (L1E) /LAE+. S

DO 60 L=1,EAREA

IP (XI-XLIX(L))65,55,60

J=L+KEY-2

GO TO 70

CONTINOE

¥RITE(6,2) DTH,XI,LA%, N KBY, NAREL,L,XLIX (L)
IP? (DUZP) CALL ABEND(16)

STOP

J=L-2

K=J+KEY+1

I? ((K.EQ.0).OR. (K. ZQ.NAREA+1)) GO TO 100
TUSE= (XLIX (K)~XI) /LAY

XTEMP=ILIE(K)

IF (TUSE.LE.TLEPT) GO TO 7

TUSE=TLEPT :

A-38

NOV0240
¥0V0250
BOV0260
BOV0270

BOV0290
B0vV0300
B0Vv0310
HOV0320
%0v0330
#ov0340
%0V0350
#ov0360
X0V0370
B0V0380
¥0V0390
ROYO U400
movosio
#0v0420
BOvVOu430
novosuo
mOvOu50
XOVO460

HOV0490
EOV0500
X0V0510
BOV0520
2070530
EOV0550
XOV0550
BOV0560
%OV0570
BOY0580
ROV0590
BOV0600,
nOV0610
EOYV0620
EOV0630
BOV0640
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ILE:

GKBEXT DECK }

XTENP=XI+TUSE*LAYN

75 IP ((J.EQe0).0OB. (J.EQ.NREG+1)) GO TO 8s
CaLL IHTEBS(AKN,HJ,NS,NHZDG,SHTCH,IBETAZ,XSTLRT,IZ,I3,IH,IS,DBLANG507067O
1.N32DGE,BTL,C2,C3,DFA,FL,BTI,BTR,JNT,TB,XCB,CTI,CTR,CKI,CNR,AL?H&,BOVObBO
2SIGHI.COBPP,HTS,HTSI,RTS,KTS?.UTL,UTT,YTS,HS,IES,NTC?,RTCV,PY,PAU,BOV0690

85

90

100

3PAY, PAW, LPP,LlCOL,IP,ER,CHI,CNG,C8G,I,0TLI, UTTI, VISI)
IP (SWTCH.EQ.1) GO T0 90
XI=XTERP

YI=YI+TUSE*NU

2I=2I1+TOSE*NU

PAX (XT,N)=XI

PAY (MT,K)=TYI

PAZ (ET,N) =ABS (ZI)
PAR(NT,N)=ABS {ZI) /ZI*PAN (8T, )
TLEPT=TLEPT-TUSE

IF (TLEPT.GT.0.) GO TO 15

GO TO 10

NZ=KX (XT)

PAX (MT,N)=PAX (T, NZ)

- PAY{MT,N)=PAY (NT,N2)

150

PAZ (¥T,N)=PAZ (AT, NZ)

PAU(MT,N)=PAU (XT,NZ)
PAV(¥T,N)=PAV (BT, XZ)

PAW (ET,K) =PAW (MT,NZ) :
ER (T, N)=ER (¥T,N2) _ e
LPF (KT, K)=LPP (AT, N2Z)

LCOL (XT, ¥) =LCOL (AT, N2Z)

N=N-1

KK (%7T) =N% (MT) -1

GO TO 10

CONTINUE

RETURK

EKD

SUBROUTINE ACCU%(I2,I3,FNB,KB,PAD, PAV,PAK,ER, THP,TRP,XV,IV,1V,LY,
11P,1,LPP,NBP?, NBN)

INTEGER*2 L% (I,1),LPP(I,1) ,NBN(I,1)

INTEGER*2 KB, XBF

DI®EKSION FNB(1),%¥B(I, 1) ,PAU(I, V) ,PAV(I,V),PAR(I, 1), TP (I, 1)
DIXENSION XV (I,1),YV(I,1),2V(I,1),ER(I,1),TRP(I,1) NBF (I,1)
COXNOF /PORTH/XBX

PRINCETOR UEIVERSITY TINE-SHARING SYSTEX

80V0650
MOV0660

Movo710
s0v0720
¥0V0730
%OVOT40
#OvV0750
¥OV0760
BOV0770
%0ov0780
Hov0790
B0V0800
nov0810
sov0820
nov0830
Bovoguo
BoOv0850
BOV0860
%ov0870

‘movosso

#ov0890
mov0o900
X0V0910
¥0V0920
Mov0930
¥OV0940
8OV0950
¥O0V0960

ACUM050

THE PURPOSE OP THIS SUBROUTIKE IS TO ACCUEULATE TEMPERATURES,
YELOCITIES, ARD DENSITIES IN VARIOUS ARRAYS POR DETEREINIKRG THE

ACUX060
ACUX070
ACOX080

AVERAGE PLOW FIELD PROPERTIES APTER STEADY-STATE HAS BEEN REACHEDACUHOQO

N=0

DO 180 EK=1,NBX

1P (PNB(K).LE.0.) GO TO 180
N=F+1 : '

DO 110 XT=1,IP

IV (NT,H)=0.0

YV (XT,§)=0.0

2V (5T, ¥)=0.0

THP (NT,N)=0,

A-39

ACOX100
ACU1110
ACDK120
ACON130
ACUX 180

ACUZ160
ACOX170
ACUN180
ACUK190
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L]

30

10
30

GKBEIT DECK ) |

TRP (T, N)=0.0
TTX=0. .
TTY=0.

TT2=0.

“TTR=0.0

M=KB (XT,N)

IP (¥.1LT.1) G0 TO 110
0=0.

v=0.

w=0.

po 100 1=1,%

Ni=NBE (¥T,R)+L

J=LX (4T, ¥A)

AK¥=LPP? (UT,J)

PU=PAT (8T, J)

PY=PAY (BT, J)

PW=PA¥ (MT,J)

U=U0+PO*AKW

Y=V+PV*AKW

=N+ PREAKW

TTR=TTR+ER (4T,J) *AK¥
TeX=TTX+PU*PUXAKE
TTY=TTY+PV*PV*AKY
TTZ=TTZ+PW*PW*AKW -
=¥BP (8T, N)

XV (4T, ¥) =0/%

IV (BT,E)=V/%

ZV (T, §) =W/

THP (BT, N) = (TTX+TTY+TTZ) /3
TRP (XT,E)=TTR/H
CONTINUE

CONTIRUE

RETURY

END

SUBROUTIKE AVRGE(?!B,DB,DBA,NB,NBT,XV,YV,ZY,XVI,!VA,Z?A,I!P,IBPL,

1TRP, T2PA,1P,I,NBP,NES)

INTEGER*2 KB, NBT,FBF,KBS

DIXEXSION ?HB(\),DB(I,1).DBA(I,1),K5(I,1),SST(I,1),THP(I,1)
DIFERSION THPA(I,1),X?(I,1),XVA(I,1),!V(I,l),YVL(1,1),27(1,1)
DIMENSION zVA(1,1),739(1,1),TR95(1,1).n3r(1.1),u35(1,1)
con¥0N /FORTE/K3BX

PRINCETOF URIVERSITIY TINE-SHARING SYSTEN

Acor200
AcuUx210
ACUN220

ACT5230
ACUON24O
ACUN250
ACUN260
ACUN270
ACTUN 280

ACUN300
ACDO%310
ACUB320

ACUX390
ACTOM400
ACUNH10
ACU%420

ACUN430
ACUNULO
ACDM 450
ACTM460

AVG00S50

THE PURPOSE OF THIS STIBROUTINE IS TO CONPUTE THE AVERAGE PLO¥
FIELD PROPERTIZES.

AVG0060
AVGO070
AVG0080

§=0 :
po 110 ®=1,NBX
IP (PNB(M).LE.0.) GO TO 110
N=R+1

Do 100 AT=1,IP .

A=RBT (AT,N)

B=KBY {AT,N)

C=A+B

" NBT (BT,¥)=C

AVG0090
AVG0 100
AYG0110
Av50120
AYG0O130

AYGO 150
AVG0170
AYG0 180

B .




-
&
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KBS (T, N) =NBS [MT,¥) +NB(XT,K)
IP (C.LT.1.) GO TO 100
DBA (AT, N) = (DBA (NT, N) *A+DB (AT, X) *B) /C
XVA (BT,N)= (XVA (4T, ) ®*A+XV (HT, N) *B) /C
YVA (MT,N) = (IVA (HT,N) ®A+TV (8T,X) *B) /C
ZVA (BT ,N)= (ZVA (NT, F) *A+2V (NT,N) #B) /C
THPA (BT, K)=(TEPA (4T,N) *A+THP (ET,¥) #B) /C
TRPA (KT, K) = (TRPA (8T, N) ®*A+TRP (XT,§) *3) /C
100 CONTINOE
110 CONTINUE
RETURN
EED

PRINCETON UNIVERSITY TINE-SEARING SYSTER

AYG0190
AVG0200
AVG0210
AvG0220
AYG0230
AVGO240

A¥G0250
A¥G0260
A¥G0270
AVG0280

SUBROUTIKE DRAG(AKX,HJ,NS,RWBDG,THBTAZ,ISTART.12,13,I“,IS,DBLARG,
1RBEDGB,BTA,C2,C3,DFA,PL,HTI,HTB,TB,XCB,CTI,CTR,CNI,CNR,&LPHL,SIG!A
2,COEF?,BTS,HTSI,HTS,NTS?,UTL,UTT,VTS,HS,IWS,NTCP,NTCV,FV,PAU,PAV,P

3A¥,LPF,LCOL,IP,ER,CRI,CNG,CNG,I,0TLI,0TTI, VISI)

INTEGER*2 LPP,LCOL

INTEGER TINB,TST

REAL LAK,EU,NU,JAY,KAY

DINENSION DELANG(1),NWEDGE (1),BTa(1),€2(1),C3(1) ,FL(N) BII (1)
DIKENSION BTR{1),TB(1) (XCB(1),ALPBA(3,1),SIGXA(3,1),COEP?(4,1)
DIBENSION LPP(I,1),PAU(I,1),PAV(I,1),PAW(I,1),CTI(3,1),CTR(3, 1)
DINENSION HTS(3,I2,I3),8TSI{3,12,13),NT5(3,12,13),NTSP(3,72,13)
DINEKSION UTL(3,I2,I3),UTT(3,12,13),YTS(3,12,13),LCOL(I, 1)
DIXERSION UTLI (3,12,13),0TTI (3,12,13),VTSI(3,12,13)

DIREKSION CKI (3,1),CRR(3,1),DPA(1),INS(1),8S(1),RTCP(3,18)
DIMENSION NTCV (3,14,2,15,3),PV(3,14,2,15,3)

DINENSION BR(I,1),CNG(1),CB8G({1),CBI(Y)

Ccou®ON /THIRD/PI

CONMON /PIFPTH/KD,TINE,DT®,TI,ITS,ITP,TST

COMMCN /SVNTH/LAM, %0, ¥U,NT,%,J,XCL,YCL,ZCL

DRGOO4O
DBGOO0S50
DRGOO60
DRGOO70

DRGO 140
DRGO 150
DRG0 160

THE PURPOSE OFP THIS SUBROUTINE IS TO ACCCUETLATE THE DEAG AKD RE
TRAKSPER IXCREMEKTS OK THE BODY CONTRIBUTED BY EACH MOLECULE WH
COLLIDES WITE THE BODY. IN ADDITION, EACH MOLECULE WHICH COLLID
YITH THEE B0DY IS ASSIGXED AN APPROPRIZTE FEWX VZLOCITY (OF REFLE
WEICH IS USED TO CCXTINUE ITS SPATIAL TRANSLATION (1IN STUBROUTILH

DRGO170
ATDRG0O 180
ICDRGO 190
ESDRGJ200
CTDEG0210
E DKG0220

CALL RORMAL(EYE,JAY,XAY,ONE,COEFF)
AKW=LPPF (MT,N)

RAD=SQET (YCL*YCL+2CL#*2CL)
ARG=YCL/RAD

TANG=180.* (1.-ARCCOS (ARG) /PI)
IRDG=TAKG/DELANG (1) +1.

DRG0230
DRGO240
DRG0 250
DRG0260
DBRGO270
DRG0280
DRG0 290

IF ((IWDG .GT.NVEDGE(1)).AND.(DELA!G(Z).NE.O.)) I¥DG =(TAKG-THETAZ)

1/DELANG (2) +NWEDGE (1) +1

IP (I¥DG.1T.1) IWDG=1

IP (I¥DG.GT.NWEDG) IWDG=RWEDG

D= (LAN*LAB+XU*MU+NUSRD) *AK¥

G=ER (AT, N) *AK¥

H=G

DO 100 #=1,ND

IP(XCL.LT.XCB(¥)) GO TO 110
100 CONTINUE

A-41

DRG0310
DRG0320

DRG0330
DRGO340
DRG0350

SR O e o
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TLE:

110

115

118
120

122

124

125

130

GKBEXT DECK Y PRINCETON UNIVERSITY TINE-SEARING SYSTEN
UI=LiAK - DRG0360
¥I=(NO®JLY-NO*KAY) /ONE DRG0 370
VID=LANSEYE+NO®JAT+NU®*KAY DRG0380
UID=LAB*OKE-EYE* (EU*JAY+NU*KAY) /ORE DRG0 390
B=RAKD (0) DRGO400
I?(E.L7.SIGNA (NT,X)) GO TO 115 DRGO410
YRD==VID DRGO420
DED=UID DRGO430
YR=WI DRGOA4D
GO TO 125 DRGO450
v=4.%RAKD (0) DRGOZ60
C2 (RT)=C2 (MT) +. 54533 1# Y2V V*EXP (1. 5~ V*V) DRGOUTO
IP{C2(8T).LT.1.) GO TO 115 DRGO480
C2 (8T)=C2 (%7)~1. DRGO490
IP (TSP (AT,K,IWNDG) .KFE.O0) GO TO 117 DRGOS00
ATR=ALPHA (NT,%) *TB (¥) /SIGNA (5T, N) DRGOS10
G0 TO 118 DRG0520
117 ATE=ALPHA (®T,%) *TB (Y) /SIGHA (MT,¥) + (1.~ALPHA (KT, %) /SIGNA (XT,N)) *HTSDRGOS530
1I(®7,%,INDG) /NTS? (%T,%,I7DG) /(3. +CEI(XT))
ABR=SQET (ATR) DRGOS50
Y=V*ABR/BTA (A7) DRGO560
=RAND (0) DRGOS70
C3(®T)=C3 (NT) +A DRGDSBO
I?(C3(RT).LT.1.) GO TO 120 DRGO590
€3 (¥T)=C3 (%) - 1. e DEGO600
B=SQRT (1.-4%A) ’ DR30610
C=2.*PI*RAKD (0) DRGO620
VRD=V#*) DRGO630
URD=V#3%COS (C) DRGO64O
WR=V*B*SIN (C) DRGO650
IF (CHI(®T) .2Q.~1.) GO TO 125
X=9. *RAXD (0)
I?(X.EQ.0.0) GO TO 122
XTEXP=1.0
IF [CRI (%T) .N¥E.0.0) XITEBNP=I**CHI (17T)
CNG (XT)=CNG (%T) ¢XTEXP* 2XP {~X)
IP (CNG(2T) .LT.CXG(XT)) GO TO 122
CONTIXOE
CKG (MT)=CEG (¥T)~-CXG (¥T)
IF (CNG(T) .GE.CNG (XT)) GO TO 12%
ER (XT,¥)=I%ATR
H=ER (NT, §) $AKV
UR=EYE*TRD+ONE*URD DRG0660
PAU (XT,N)=UR DRG0670
PAV(XT,R) =JAYSVED- (KAY*WR+EYE*JAT*URD) /OKE DRGO68O
PAK (AT,N)=KAY®VRD+ (JAY*WR-EYE*KAY*URD) /ORE DRGO690
IF (TINB.LE.TST) RETURN
IP (TI.CT.0.) GO TO 130 DRGO710
TI=TST*DTH
INZ= (XCL-XSTART) *AKN DRGO730
YEZ=RAD*AKE DRGO740
B= (URD*URD+VED*VED+WR*¥R) *AKW DRG0750
UTI=UID*UID+WI*NI DRG0 760
UYI=- (UIDSEYE*JAY+WI*KAY) /ORE DBRGO770
UYR== (JRD®*BYE*JAY +WE*K1Y) /OKE DRG0 780

A=42

.
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PL (NT) =FL (XT) + AKW*DF2 (NT) DRGO790
BTI (ET)=ETI (MT)+D+G
BTR (NT)=HTR(NT)-B-H

CTI(BT,1)=CTI(MT,1)+0ID*ORE*AKE DRG0820
CTI(XT,2)=CTI(MT,2) +UYI*AKW DRGOB30
CTI (¥T,3)=CTI (AT, 3)0(XHZ*UYI-Y!Z'UID‘ONE)‘lKi DRGOBY4O
CRI(MT,1)=CRI{NT,1)+VID*EYE*AKY¥ DRG0BSO
CNI(BT,2)=CHI(BT,Z)*VID‘JA!*AKF DRG0 B60D
CNI(NT.3)=CNI(MT,3)+ (XNZ*JAY~YNZ*EYE)*VID*AKY DRG0OB70
CTR(XT, =CTR(MT,',-URD*OEE*AK¥ DRGOBBO
CTR(NT,2)=CTR(NT,2) -UYE*AKW DRG0O890
CTR(MT,3)=CTR (MT,3)=- (XM2Z*0YR-YNZ*ORD*ONE) *AKW DRG0900
CNR{XT,1)=CNR({NT,1)-VRD*EYE*ARW DRG0910
CNR({NT,2)=CER(MT,2)-VED*JAY*AKW DRG0920
CER (¥T,3)=CNR(NT,3)= (XMZ*JAY~YNZ*EYE) * VRD*AKW DRG0930
NTS(MT,B,IWDG)=KTS (KT,X,IRWDG) +1 DRGO94O
NTSF (8T, N, I8DG)=NTSP (NT,N,IWDG) +AKW DRG0950
UTLY (XT,H, IWDG)=UTLI {¥T,N,IWDG) +TID*AKW

UTL (ET,M,INDG) =UTL (AT, ,IWDG) + (UID-URD) *AK¥ DRG0960
UTTI (%T,%,IEDG)=UTTI (MT,N,IWDG)+ WI*AKR

“UTT(8T,%,IWDG)=UTT (XT,%,I¥DG) + (VI-WR) *AKW DRG0O970
VTSI (NT,M,INDG)=VTSI(NT,E,IWDG)-VID*ARW

VTS (5T, M ,INDG)=VTS (KT, X, INDG) + (VRD-VID) *AKW DRG0980O

HTSI (MT,¥,I¥DG)=RTSI (MT,%,INDG) +D+C

HTS (%7, M, INDG) =HTS (T, 8, I¥DG) +D-B+G-H

IF (NS.EQ.0) RETURX e DRG1010
NC=(2*LCOL (¥T,N) )/ (1+LCOL (AT, N) ) +1 DRG1020
DO 160 L=1,KS

ETEST=KS (L)

IVT=INS (L)

IP((%.RE.NTEST).OF. {IVDG.NE.IRT)) GO TO 160 DRG1060
IP(RC.EQ. 1) KTCF (AT,L)=NTCF (BT,L)+AKW

DO 145 JJ=1,%J DRG1080

IP (ABS{VID).GT.PV(NT,L,NC,33,1)) GO TO 135
NTCY (8T,L,8C,3J,1) =KTCV (MT,L,NC,JJ, 1) 4AK¥
IP (UID.GT.PV(®T,L,NC,JJ,2)) GO TO 140

- NTCV (%T,L,KC,JJ,2)=NTCV (XT,L,KRC,JJ,2) +2K¥

wo

145
160

IP (WI*ABS(2CL) /2CL.GT.PV{(NT,L ¥NC,J3J,3)) GO TO 145

RTCV (%T,L,NC,JJ, 3) =KTCV (uT,L,8C,JJ, 3)#AKE

CONTIKOE DRG1150
CONTINUE ) DRG1160
BRETURN DRG1170
END DBEG1180

SUBRCUTINE INTERS(AKR,HJ,NS,NVEDG,S?TCH,THBTAZ,XSTART,IZ,IB,I“,IS,IBTOO10
1DELANG,KWEDGE,BTA,C2,C3,DPA,FL,HTI, ATR,JKT,TB, XCB,CTI,CTR,CNI,CRR, INTO020

2ALPHA,SIGMA,CORBPF,RTS,HTSI,KTS,NTS?,OTL, UTT, VTS, NS,IRS,KTCP, NTCY,PINTO030

3v,PAU,PAY,PAV,LPP,LCOL,IP,ER,CHI,CNG,CHSG,I,UTLI,0TTI, VISI)

INTEGER*2 LPP,LCOL . IRT00S50
INTEGER SVTCH INT0060
REAL LAX,HU,NU,LINEAR INT0070
DIMENSION DEBLARG (1) ,NWEDGE({1),BTA(1),C2(1),C3(1),FPL(1),HTI (1) IET0080

DIMENSION HBTR(1),T3(1),XCB(1),ALPBA(3,1),51IGNA(3,1),COEPP(4,1)
DIBERSION LPFP(I,1),PAD(I,1),PAV(1,1),PA%(I,1),CTI(3,1) ,CTR(3,1)
DIEENSION BTS(3,I2,I3),HTSI(3,12,13),N75(3,12,13),KRTSF(3,12,13)
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o DO C:‘.?AL\TY

'TLE: GKBEXT  DECK | pRINCETON UNIVERSITY TIXE-SHARING SYSTEX
DIMERSION UTL(B,IZ,IB),UTT(3,I2,I3),VTS(3u12.13)-LCOL(I:1)
DIXEKSION UTLI(3,12,13),UTTI(3,12,13):7T51(3112'I3)
DIKEXNSIOR cu1(3.1),cna(3,1),9?;(1).;95(1).85(1).NTC?(B.IQ)
DIXERSIOE th(1),Nrcv(3,ru,2,15,3).27(3,13.2.15.3)
R DINERSION ZR(I,1),CRG(1),CHG(I),CBI(1)
conMoN /SVNTS/LAS.HU,NU,ST,R,J,II,YI,ZI,TUSB . xuro1sg
- INT016
THE PURPOSE OF THIS SUBROUTINE IS TO DETERMINE POR EACH WOLECULARIXTO170
TRAJECTORY IF THERE IS AN IXTERSECTION OF TEE TRAJECTORY WITH THEIRTO0180
BODY SURPACE. T¥TO190
IHT0200
SWTCH=0 INT0210
A=COEFF (1,J) 1870220
B=COZ?F(2,J) . INT0230
C=COEPP (3,J) IKTO240
D=COEBFP (4,J) IRT0250
ONB=A*LAN INTO260
TRO=B*XU . IRT0270
TRE=B*NU . INT0280
POR=, 5*C*L2Y INT0290
SQUARE=ON2'LL:*T?D*HU#TBE'!U INTO0300
LINZAR=ON2‘IIOTHO'!I#TRE'ZI#?UR INT0310
cousr=(xtx:oc)cx:»a-(xz'tzozz-zz)on INT0320
IP (SQUAEE.2Q.0.) GO TO 150 . I§¥T0330
DISCR=LIHEAR‘LIREAE—SQUAR!‘CONST INTO340
IP (DISCR.1T.0.) BETORN i IRT0350
SPISC = SQRT (DISCR) INT0360
TYXE = {-LINEAR-SDISC)/SQUARE S . INT0370
G0 TO 250 IRT0380
150 IP(LINEAR.ZQ.0.) RETNRE INT0390
TYNE=—,5®CONST/LINEAR . . INTO400
250 IP(TYNE.GT.TOSEZ) FETTRN IXTO0&10
IP(TYSE.L2.0.) RETOBR INTO0G20
JRT(RT) =INT (nT) +1 INTOU 30
YI=XT+LARSTYNE ‘ INTOGUO
YI=YI+EUSTYNE IXTOUSO
ZI=21+RUSTYKE INTO460
call naas(Axw,sJ,ns,sazoc,tszrxz,xSTAat,zz,xJ,xu,:s,ozLAxc.xuzosz,xx10u7o
1BTA,C2,C3,D?1,?L,HYI,HTB,TE,ICB,CTI,CTR,CRI,CKR,AL?HA,SIG!A,COE?Y.I!TOQRO
2HTS,BTSI,HTS,NTS?,UTL,UTT,VTS,HS.IVS,HTC!,HTCV.?V,PAU.PAV.PAH.LPP.IHTOGQO
JLCOL.IP,ER,CHI,CNG,CEG,I,UTLI,UTTI,VTSI)
LCOL (8T, N) =2 IXT0510
TOSE=TYINE T¥T0520
S¥TCR=1 IXTO0S30
RETURN INTOS40
ERD 1870550
SUBROUTINE WORNAL (ZYE,JAY,KAY,0¥E,COEFF) NOR%010
- R2AL LAS,80,N0,JAY, AT NORN020
DIMERSIOR COER®P(4,1) - RORNO030
CORSOX /svsru/nas,uu.xa,sr.u,a,xcz,rcx,zcn':, NOR4040
. prnx:z.-cozyr(1,4;-xCLocoz-?(z.J) KORS050
~_prnz=2.-cozrr<2,a)'1cn EORR060
.. pPYDZ=2.%COEY? (2,J) *ZCL ) BORKD70
- nzsoa=soar(Drnx-n?oxonru!tnpotonrnz-nrnz) R RORX080
o A=-bb

-
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EYE=DFDX/DENON RORRO90
JAY=DPDY/DENON NORK100
EAY=DPDZ/DENOR NORX 110
ONE=SORT (JAY*JAY+KAY*KLAY) KC®K8120
RETURK NOL:. * %0
END RORK 140
FORCTION ARCCOS (ARG) ARCS010
CONMMOX /THIRD/PI ARCS020
IP (ARG) 30, 10,20 ARCS030
10 A=.5*pI _ ARCS040
GO TO &0 ARCS050
20 A=ATAN (SQOET(1.-ARG*ARG) /ARG) ARCS060
GO TO 40 . ARCSO70
30 A=PI+ATAN{SQRT (1.-ARG*ARG)/ARG) ~ ARCS080
40 ARCCOS=A ARCS090
RETURF ARC5100
END ARCS110
PONCTIOF ERRP(SS) ' EERFO010
ERBP=ERPC (~SS)
RETURN . BRRP050
ERD ‘ ERRPO60

SUBROUTINE PRINT1(DT,COSANG,SINAEG,RNA,RKNU,DRF,PCF,HTP,FL, HTI, ETR,
1CTI,CTR,CKI,CFR) .
DINENSION DD{3),¥D(2,5),PP(4,4),00(l,8) KR (4,4),5S (4,4),TT (4,4)
DIKENSION UU(4,4),P1(4,4),0Q1 (4,4 R1(8,8),PA(4),PB(4),PC(4)
DIXEFSION PL(1),HTI(1),BTR({1),CTI(3,1),CTR(3,1),CNI(3,1),CNR{3,1)
DIEERSION RXA(1),REU{1)
DATA ®D/'X-PO','RCE *,'Y-PO', 'RCE !','2-HO','XENT', 'DRAG',"* $,'LPT10070
1IPT',* vy PT10080
B ——— - PT10090
THE PURPCSE OF TAIS SUBROUTIKE IS TO PRIKT OUT THE GROSS SURFACE PT10100
COEPFICIENTS OP TEE BODY. PT10110
. - - PT10120
PT10130
PT10140
PT10150
FORBATS PT10160
PT10170
PT10180
1 POREAT(//1X,50 ('*'),? GROSS SURPACE COEPFICIENTS ',50('**)/* BOLEC
1U0LAR WEIGHT',12I,PB.3,3(19X,F8.3)/25X,

2 *IBC. REF. TOT. IRC. REP. TOT. INC.
3RE?. T0T. INC. REF. TOT.')
10 POREAT(* ROUMBER FLUX v, 4(F9.3,18X))
12 PORBAT (1X,2A4,2X, 'SHEAR ', 4(3F8.3,3X)).
1% PORMAT (11X,*PRESSURE *,4(3r8.3,3X))
16 PORBAT(11X,*TOTAL ‘,4(3r8.3,3X)/)
18 PORMAT (* HEAT TRANSFER',7I,4 (3P8.3,3X)/)
i PT10280
EEXE XX ER KL XX “t““tt‘tt#t##t}tt3‘*###“*““‘*‘*““‘*‘ S susks& %k PT10290
PT10300
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RER=0.0

Do S50 xT=1,3
DD {(RT) =RNA (¥T) *RNU (MT) *DR?/DT

~ 50 RMR=RME+RMA [NT) *RRO (3T)
BRITE (6, 1) (RMA(ZT),NT=1,3),R%R
PP=PL (1) *PCP/DT
QP=PL (2) *PCF/DT
BP=FL (3) *PCP/DT
SP=PP+QF +RP
¥RITZ (6,10) PP,QF,RP,SP
po 200 1=1,3 PTI0400
PP (4,1)=0.0
Q0 (4,I)=0.0
RR (8,I)=0.0
SS(8,I)=0.0
TT(4,I)=0.0
vU(4,I)=0.0 ’
P1(4,1)=0.0
Q1(%,1)=0.0 |
B1({4,I)=0.0
DO 150 xT=1,3 ‘
PP (%T,I)=CTI{*T,I)*DD(XT)/RNR
00 (%T,I)=CTR{®T,I)*DD (RT)/RNE
SS {¥T,I)=CKI(NT,I)*DD(¥T) /RXR
TT(MT,I)=CKR(%T,I)*DD(%T) /R4R

P1(%T,I)=PP (MT,I)+SS (NT,I) ¢ PT10460
Q1(5T,I)=QQ(%7T,I)¢TIT(8T,I) PT10470
RB (8T,I)=PP (37,I)+QQ("T,I) PT10480
U0 (XT,I) =SS (=T, I) ¢TT (*T,I) PT10490

B1(3T,I)=P1(N7,I)+Q1(%T,I)
PP{4,I)=PP (4,I)+PP (2T, I)
QO (8,I)=Q0Q (4,I)+QQ(RT,I)
BR (4,I)=RR (4,X) +RR(¥T,I)
$S(4,I)=SS (4,I)+5S (T, I)
TT(4,I)=TT(4,I)+TT(*T,I)
UU (4,I)=00(4,I)+00("T,T)
P1(3,I)=P1(3,I)+21(27,I)
Q1{8,I)=0Q1(4,I)+Q1(xT,I)
B1(4,I)=R1(8,I)+R1(=T,I)

150 CONTINUE ,
WRITE (6, 12) (¥D{J3,I),J=1,2), (PP(K,I),QQ(K,I),BR (K,I),K=1,8)
WRITE(6,14) (SS(K,I),TT (K,I),UD(K,I),K=1,4)
WRITE (6, 16) (P1(K,I),Q1(K,I),R1(K,I),R=1,8)

200 CONTINUE PT10630
AA=COS1KG PT10640
BB=SIEANG . PT10650
DO 300 I=4,5 PT10660
DO 250 K=1,8
PP (K,3)=AL*PP (K, 1) +BB*PP (K, 2) - : PT10680 j
Q0 (K, 8) =AA*QQ (K, 1) +BEB*QQ (K, 2) PT10690 i
RR{K,4)=AA*RR (K, 1) +EB*RR (K, 2) ’ PT10700 :
.SS(K,4)=AA*SS (K, 1) +BB*SS (K, 2) PT10710
- TT (K,8)=AA*TT (K, 1) +BB*TT (K, 2) PT10720
UU (K,4)=24%00 (K, 1) +3B*UU (K, 2) PT10730 3
-.. PU{R,8)=AA®P1(K,1) ¢BB*P1(K,2) PT10740 f

A=46
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Q1 (K,4)=AA%Q1 (K, 1) ¢EB*Q1(K,2) PT10750
250 R1(K;Q)‘ll‘31(K,1)‘BB‘R1(K:2) PT10760

WRITE(6,12) (¥D(J,I) J=1,2), (PP (K, 8),0Q0(K,4),BR {K,4) ,K=1,4)

WRITE (6, 14) (5SS (K, 4),TT (K,4),00 (K, 4) ,K=1,8)

WRITE(6,16) (P1(K,%4),Q? (K,8) ,B1(K,4) ,K=1,4)

AA=-STEANG PT10800

BB=COSANG PT10810
300 COXTINUE PT10820

g8D=HTFP/DT PT10830

PA {4)=0.0

PB(4)=0.0

PC (4)=0.0

DO 400 XT=1,3
PA (®T)=HTI (MT)*RBA (NT) *RNU (AT) *ED/RIAR
PB (XT) =HTR (T) *RXA (NT) *RNU (8T) *AD/RAR
PC(¥T)=PA (NKT) +PB (BT)
PA{U)=PA (4)+PA(KT)
PB (8)=PB (&) ¢+PB (NuT)
PC (4)=PC{4) +PC({NT)
400 COKTINUE
¥RITE(6,18) (PA(I),PB(I).PC(I),I=1,8)
RETURK PT10950
ERD PT10960

SUBROUTINE PEINT2(AKN,XSTART, DT, RNU,RMA,DPP,PCP,RT?, OTLI,DTTI, VISI
1,87SI, DELANG,NNEDGE, XS, XCB, YCB,HTS,¥TS,8¥sP,UTL, UTT, VTS, 12,13,1P)
DINENSION RXA (1) ,RNU(1),DELANG (1) ,KZEDGE(1),XS(1),XCE(1),ICE (1)
DIMENSION HTS(3,I2,13),NTS(3,12,13),NTSP(3,12,I3),0TL(3,12,I3)
DIMERSION UTT(3,I2,I3),vTs(3,12,13),0TLI(3,12,13),UTTI(3,12,13)
DIXENSION VTSI (3,12,I3),HTSI(3,12,13)

COMBOK /FIFTH/KD PT20060
——— PT20070
THE PURPOSE OP THIS SUBROUTIKE IS TO PRINT OUT THE DISTRIBUTION PT20080
ON SURPACE OP THZ SURFACE COEFPICIENTS PT20090
s eme e e e e — - - o e - PT20100
PT20110
PT20120
PT20130
PORMATS PT20140
PT20150
PT20160
8 PORXAT{//1X,45(**"'),* DISTRIBUTIOR OX SURPACE *,45(**')/71X, *IKC.
1 TOT. IRNC. TOT. INC. TOT.*/11X,'SEGMENT GEORETRY',
214X, *80L. MOLE SANP NUN. SKIR SKIN PRES~- PRES~-

3 REAT HEAT'/' KRO. CERTER DELX CENTER DELANG',UX,*WGET. P
4RACT.*, 10X,
5 'PLUX PRCTN PRCTK SUEE SORE TRNSP TRNSP')
10 PORMAT(1X,I3,P8.3,77.3,P9.3,78.3,1X,2F8.4,16,7P8.4)
11 PORKAT (37X,P8.4,' 1.0000',I6,7F8.4)
, PT20230
CEAESEREBAEE SR RS ERAEAESRAAERSERAREIREERR SR AL R SR EE SR ELER S SR SR S S 883804 PT202080
PT20250
PT20260
RER=0.0
Do 50 NT=1,IP

A-47

1 e YRR rove




TLlE:

50

90

100
-105
110

GKBEXT DECK )

RAB=RMR+REX (XT) *RNU {uT)

WRITE(6,8)

I=0

DO 110 B=1,¥D

DTY=DT*YCB(N) /180,

P=XS (X)

Q=2.*( (XCB{K)-XSTART) *AKE~XS (N))

AXGLE=0.

R=0.

J=0

DO 105 L=1,2

R=R+,.5%ANGLE

ANGLE=DELANG (L)

BR=R-.5%ARGLE

ICHT=RREDGE (L)

IP(ICKT.EQ.0) GO TO 105 . °
PELY=PCF/(DTY®*ANGLE)

QELT=DRP/(DTY*®ANGLE)

SELT=HTP/(DTY*ANGLE)

DO 100 K=1,ICNT

BE=R+ANGLE

I=I+1 .

J=J+1

%3=0 -

P3=0.0

Q3=0.0

Q4=0,0

R3=0.0

B4=0.0

§$3=0.0

S4=0.0

DO SO NT=1,IP

B1=NTS (XT,N,J)

E3=XK3+XK1

P1=NTSP (¥7,X,J) *PULT*R KU (4T)

P3=P3+P1

QY=SQRT (UTLI(XT,N,J)**2+0TTI (NT,N,J) **2) skKJ (XT) *BRXA (¥T) *Q¥LI/RNE
Q2=SQBRT( UTL (8T,N,J) **2+ UTT(®T,5,J)**2) *2X] (NT) *E2MA (MT) =Q%LT/Bx2
03=03+Q1

QU=Qu+Q2 '
R1=V2SI(8T,N,S) *RNU({XT) *RXA (4T) *QOBLT/RER
R2= VTS (NT,N,J) *ENU(MT) ®*RXA (NT)*QMLT/E*R
S1=BTSI (8T,N,J)*RNU{®T) ®*BXA (*T)*SMLT/R¥R
$2= BTS (MT,N,J) *ERU (4T)*R%A (NT)*SXLT/R4R
R3=R3+21

RU4=R4+R2

S3=53+51

S4=S4+52
YBITB(G,10)I,P,Q,R,AHGLZ,RKL(HT),ENU(HT),!1,?1,91,Q2,81,82,51,52
38122(6,11)RHR,!B,PB,QB,QH,BB,BQ,SB,SH .
CONTINUE

COXTINDE

CONTINUE

RETURY

ERD

A28
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PT20280
PT20320
PT20330
PT20340
PT20350
PT20360
PT20370
PT20380

PT20400
PT20420

PT20840
PT20450
PT20460
PT20470
PT20480
PT20u490
PT205090

PT20660

PT20670
PT20680
PT20690
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’ILE: GKBEIT DECK A PRINCETOR UNIVERSITY TIKE-SRARING SYSTEN

SUBROUTINE PRIRT3( Ip,8J,NRS,NVEDG,12,13,I4,I5, REA,XS,IVS,

18S, TANGN,NTSP, NTC? ,NTCV,FV) PT30020
DIXENSION REA(1),XS(1),I¥S(1),RS(1),TANGN(1), RTSP{3,12,1I3)

DINENSIOF NTCFP(3,I4), NTICV(3,I4,2,I5,3),PV(3,I4,2, Is, 3):000(3,3) PT3

: PT30050
- PT30060
. PT30070
FOREATS PT30080

PT30090

2 PORNAT (//1X,40 ("**),* MOMENTS OP INCIDENT DISTRIBUTIOK PUNCTIONS 'PT30100

1,40(s1)) PT30110

6 PORNAT (/21X,I5,' UBCOLLIDED MOLECULES®,P8.4,27X,I5,' COLLIDED MOLE

1COLES',PB. L)

8 FPORNAT(I5,4%,A3,12(1X,P9.4)) PT30170
10 PORMAT(12X,12(1X,P9.4)) PT30180
12 FORMAT (1H ) : PT30190

PT30200
PT30210
XS ERLEXE XL KL EERERELRE R t‘t‘#tt#‘t‘tttttttttt‘ttt#tt*t XXX XL SR EEES tt‘tttprsozzo
PT30230
WRITE (6, 2) ' PT30240
DO 155 I=1,8HS
BR=NS (I) PT30260
ITT=1I¥S (I) , PT30270
N= (MR- 1) *NREDG+ITT e PT30280
DO 150 #T=1,IP '
A=0. PT30370
B=1. A : PT30380
IC=KTC? (XT,I) '
ID=NTSP (8T,MR,ITT)-IC
E=NTSP (ET, %R, ITT) :
IP(E.LE.0.) GO TO 110 PT30400
A=IC/E
B=1.~-1
110 WRITE(6,6) IC,A,ID,B :
E=XTCP (5T, I) PT30450
DO 121 KC=1,2 PT30460
DO 120 Kk=1,3 PT30470
QUO (RC,K) =0, PT30480
IP(E.2Q.0.) GO TO 120 - PT30450
QUO(NC,K)=NTCV (MT,I,KRC,1,K)/E PT30500
120 CONTIKUE PT30510
E=NTS? (KT, MR,ITT)-NTCF (%T, 1) PT30520
121 CONTIKUE PT30530
WRITE (6,8) N, R%A (MT), PV {(%T,I,1,1, 1),QUO(1 1) ,PV(2T,1,1,1,2),000
1(1,2) ,FV(2T,1,1,1,3),000(1,3),P7 (AT,1,2,1,1),QU0(2,3) , BV (KT, I, 2, 1, PT30550
22),Q00(2,2) BV (%7.1,2,1,3) . Quo (2, 3) PT30560
I? (83.EQ.1) GO TO 150 ' PT30570
DO 140 J=2,8J PT30580
E=RTCP (AT, I) _ PT30590
DO 131 ¥C=1,2 PT30600
DO 130 K=1,3 PT30610
QUO (NC,K)=0. - . PT30620
IP (E.EQ.0.) GO TO 130 PT30630
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-“LBE: GKBEXT DECK ) PRINCETON UNIVERSITY TIME-SHARING SYSTER

QUO({NC,K)=¥TCV (%T,I,RC,J,K)/E PT30640

130 CONTINUE PT30650
E=NTSP(XT, BR,ITT)-NTCP (XT,I) PT30660

~131 CONTINUE PT30670

180 WRITE(6,10) PYV(%T,I,1,J,1%),0U00{1,1),PV(n7,I,1,J,2),000(1,2), PV (RTPT30680
1,1,1,3,3),000¢(1,3) ,PV(NT,1,2,J, 1),QUD(2,1),PY(BT 1,2,J3,2),Q00(2,2)PT30690

2, PY(ET I, 2 J.3),Q00¢(2,3) . PT30700
150 HRIT!(6,12) PT30710
155 CORTINUE

RETURN PT30720
EXD PT30730

SUBROUTINE PRINTA (XSP,CEI,RNU,I,TEP, NUNCEL,FDN,¥TY,DB, X5, TXP,IV,
1Yv,2v,Ks,KB, IC,YC,2C,LEV,LEW)

INTEGER*2 LKW (1) .

IRTEGER*2 K3, NUMCEL, NS

DINENSIOR PDR (1) ,RRU{1),CEI(1},¥T%(1),NOBC2L(1),TSP(I,1),TRP(I,1)
DINENSION DB(I,1),NB(I,1),XV(I,V),¥V(I,1),ZV(I,1),DBT(3),NS(I, 1)
DINENSION IC(1),Y¥C(1),2C(1), L?V(1)

COMMO¥ /PORTH/NBI - PT50050

PT50060

THZ PURPOSE OF TEIS SUBZOUTINE IS TO PEIKT OUT TEE IKSTANTANEODS PT50070

PLOW-PIEZLD PROPERTIES. PTS0080

—— _ PT50090

. . : PT50100

PT50110

PTS0120

PORYATS PT50130

PT50 140

PT50150

1 POREAT (//11,45('#*),* INSTANTAKZOUS PLO¥ PIZLD INPORMATION *,45(**PT50 160

1) PTS0170
2 POR®AT (/2X,'LEYEZL=*,I3,3X, 'WEIGHTING 'ACTOP(!AI)",I3 3: 'VEDGE AY
1GLE =',F7.2,' DBGREES',3X,' RADIAL POSITION =',E11. 3,51, V50%¢ X 20O

2SITION  SA%P DENSITY MACE ¥O I VEL. Y VEL. Z VEL. T(KIN) T(RO
37) TEXP.!, 4%, 20LE PRACTIONS')
3 POREAT (//1X,46('*'),' ACCUXULATED PLOW PIELD INPORNMATICR ',46('s?)
1)
4 POREAT(1X,I4,B11,3,16,8P8.3,3X,3E11.3)
PTS0220
XXX XXX BEEESIXRREX XXX B XX KL KX XX L EEB E ST XX RE XX E XN R KX EXXBEEBEXRXFECEEELE TS PTSO 230
PTS50240
PT50250
IF (KS.EQ.0) WRITE (6, 1)
IP {KS.NE.0) WRITZ(6,3)
o DO 40 %T=1,3
40 DBT(%T)=0.0
PDA=0.
CHT=0, - .
DO SO0 BT=1,%SP ’
CHT=CHT+CEI (XT) *RNU (R8T)
50 FDA=FDA+PDX (NT)*WTH (NT)
YCT=0.0
2CT=0. 0 -
LEVEL=1
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SILE:

52

100

55

60

110

GkBZXT DECK A PRINCETOK UNIVERSITY TIME-SHARING SYSTEM

po 110 B=1,NBX PT50290
N=RUNCEL (¥)

IP(N.LE.0) GO TO 110
I?((ZC(!).BQ.ZCT).AND.(YC(S).EQ.!CI)) G0 TO S2
2CT=2C (®)

ICT=YC (¥)

IF{%-GE.LEV (1)) LEVEL=2

IP(X.GE.LEV (2)) LEVEL=3

WRITE(6,2) LEVEL,LK¥ (K) ,2CT, ICT

XCT=XC (¥)

NSAKP=0

DBA=0.

xve=0.

YVE=0.

ZVH-’-O. .

THP¥=0.

TRPH=0.

E=0.

F=0.

Do 100 ET=1,HSP

RSAKP=KSANP+NS (3T, N)
IVH=XV!+XV(HT,H)‘RHU(HT)‘VQ!(HT)*NB(HT,N)
YYB=YVH*YV(HT,N)*REU(!T)‘?T!(HT)‘RB(ST,H)
ZVﬂ=ZYH¢ZV(HT,N)‘5NU(HT)‘FTH(!I)*NB(!T,R)
DBA=DBA+DB (T, E) *¥TZ (1 T) :
T5P5=T6954UT5(5T)‘BNU(!T)‘TEP(HT,N)‘RB(HT,N)
TRPH=TKPH*RNU(HT)‘NE(HT,N)‘TRP(HT,R)

B=E+¥TH (NT) *RNOD (%T) *NB (%T,¥)
F=P+RND (¥T) *KB (NT,§)

DBA=DBA/FDA

IP (E.EQ.0.0) GO TO 55

XV8=XVN/E

IVR=YVE/E

IV¥=2VN8/E

YSSXVES*2¢ YVNR® 242V RS2

TEPR=TEPX/E-VS

TRPN=TBPN/P

CONTIRTE

TTE= (TEPX+TRPY) /(2. 5+CHT)

TMPE=TEPN/1.5

IP (CAT.NE.-1.) TRPS=TRPE/(1.+CHT)

ANS=SQRT (VS)

IP (TTX.GT.O0.) A¥S=SORT [ (5. +2.*CHT) *VS/ (TTA* (3. 5+CAT) ))
€CZ=C0S (2CT/57.29578) .
SCZ=SQRT (1.~CCZ*#*2)

RYM=ZVN*SCZ-YVN*CC2Z

TYR=YVX*SCZ+ZVN*CC2

DO 60 AT=1,MSP .

DBT (MT)=RNU (NT) ®*NB (KT, ¥) - -
I?P(P.NE.0Q.) QBT(HT)=DBT(HT)/?

CONTINOE

’ﬁﬁiT§(6.Q) H.XCT,NSAHP,DBA,AES,XVHoRVH,T?H,IHPB,TBP&,TTH,(DBT(J).
J=1,3)

CONTINUE : PTS0470
RETURN PTS50480

4r51
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TLE: GKBEIT DECK A PRINCETON OUEIVERSITY TIME-SHARING SYSTEX

EXD PTSOUS0
/LKED.SYSLNOD DD DSN=0.GKBSPACE.ROTATION (PORTH)},

/ DISP=0LD, UNIT=3350, VOL=SEE=RES101,SPACE=
LKED.SYSIX DD * .
INCLUDE SYSLEOD (FORTH)
ELXTRY MAIN
/ EIEC CONPRESS,DSK='U.GRBSPACE.ROTATION',RLSE=RLSE
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COLLISION INDUCED VIBRATIONAL TRANSITION

PROBABILITIES IN DIATOMIC MOLECULES




ABSTRACT

In order to improve the Monte-Carlo Direct Simulation
calculations for hypersonic flow in the transition regime, we
have to incorporate the effects due to vibrational non-
equilibrium and potenial dissociation for a diatomic gas.
The state-to-state transition probabilities are desired. 1In
this paper, we model the diatonic molecule as a harmonic
oscillator which collides with another molecule collinearly.
Two different methods have been developed, the first one is
the semi-classical treatment and the second one is the fully
quantum mechanical approach. The interaction potential
between two molecules is assumed to be the Lennard-Jones 12-6
interaction law which is a small perturbation to the
colliding system. Some numerical results of the state~-to-
state transition probabilities ang coﬁparisons are presented
in Chapter 4. Discussions, which present the important
aspects of this kind of problem for further study, are made

in Chapter 5.
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Chapter 1 1Introduction

The characteristic flow in a highly rarefied gas is
called "free molecular f£low". In this regime the mean free
path is large compared to the charactepistic dimensions of an
aerodynamic body in the flow; and molecules that impinge on
the body, and are then reemitted from it will, in general, be
far away from the body before they strike another molecule.
The characteristic flow in a moderately rarefied gas is
called "slip flow". The flow regime intermediate between
slip and molecular flow is known as the 'transitioﬁ flow
regime”. It corresponds to densities for which the mean free
path has the same general order of magnitude as the
characteristic dimensioﬂ of the flow field. There is a
dimensionless parameter called the KRnudsen number Kn,
introduced to serve as a criterion for determining the
relative importance of these rarefaction effects.
where Kn = ; ~ %E
and A = molecular mean free path

d = characteristic dimension of vehicle

M Mach Number

Re

Reynolds Number

Free molecular flow is usually defined as that flow for which
Kn>10. Slip flow is characterized by a Knudsen number of a
few per cent, 0.01<Kn<0.l, and the intermediate transition

regime corresponds to Knudsen number in the range 0.1<Kn<l10.
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These values are, of course, arbitrary. Since the Knudsen
number is defined as the ratio of particle mean free path to
body size, it therefore increases with altitude for a fixed
size body travelling through the atmosphere.

Generally, for a body of the order of a meter at
altitudes 150 Kilometers above the earth's surface, the mean
free path of the particles is much larger than vehicle size
(here the free stream mean free path A®= 40m). Hence the
particle-particle collision process in the vicinity of the
vehicle need not be considered and the relation of
measurement on the surface to atmosphereic properties is
explained in a relatively straightforward manner through free
molecular theory. Below 90Km, (here the free stream mean
free path \=x2.5 cm), the Knudsen number is so small that the
fluid can be treated as a continuum with limited influence of
transport properties and slip-flow boundary conditions.
However, between these two zones, i.e. in the lower region of
the thermosphere, is what we called the "transition flow
regime"” in‘which neither of the limiting theories is
applicable.

Flight at very high altitudes often involves extremely
high velocities and resulting high gas temperature. At
velocities which correspond to effective temperature of the
order of a few thousand degrees Kelvin, the so called "real
gas™ effects associated with vibration, dissociation, and
ionization of the gas molecules can begin to be of

importance. We are interested in atmospheric entry of a
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vehicle such as the space shuttle. The Mach number is
generally above 20 in Passing through ®"transition flow
regime” and the flow is hypersonic there. at such high
speeds, any significant number of collisions between incoming
particles and those reflected from the body can produce
extreme changes in the environment near the surface of the
vehicle. Measurements on the surface are thus strongly
affected making inference of conditions in the ambient
atmosphere extremely difficult. For the purpose of data
interpretation, previous calculation based on direct
simulation Monte-Carlo computer technique have been developed
by G.A. Bird(l). By using the Monte-Carlo method, the real
gas molecules are replaced by their statistical models, and
the motion of one or more of the chosen particles is traced
by the computer. In the "Bird" method the real gas molecules
are simulated by several thousand modeled molecules, rigigd
spheres in the simplest version(l). Theoretical calculations
of the heat transfer and aerodynamic characteristics of a
body submerged in the transition flow regime may be carried
out in this way. Modifications involving more realistic
interaction laws have been also carried out. Molecules,
however, contain internal structure, which is important
primarily for its effect on the energy content of the flowing
gas. Being composed of nuclei and electrons that have motion
relative to the center of mass of the molecule, the molecules

can possess rotational and vibrational as well as electronic

BY




internal states. Therefore, translational energy is not
necessarily conserved in all collisions. The hypersonic flow
past the sharp leding edge of a flat pPlate incorporating the
effects of rotational non-equilibrium for a diatomic gas was
studied by D.I. Pullin, J.RK. Barvey, and G.K. Bienkowski(2),
and subsequently applied to other blunt body problems(3,4). A
different model was used to incorporate the same effect in
other works such as references 5 and 6. At the present
stage, we want to improve the Monte-Carlo calculations by
including the effects due to the vibrational degree of
freedom of diatomic molecules.

It is convenient to divide vibrational energy exchange
into two cases: the V-V process, in which the total
vibrational quantum number of the system is unchanged, and
the V-T process in which energy is exchanged between
translation and vibration without conserving the vibrational
quantum. For harmonic oscillators in the V-V process, the
amount of vibrational energy lost by one molecule is gained
by the other and no vibrational-translational energy transfer
occurs. Considerable interest has been shown in the details
of inelastic molecular collisions. The treatment of
scattering between particles with internal structure is
capable of producing differential and total cross section for
state-to-state transitions} Our purpose is to calculate
scattering cross sections fér different transitions with
known initial and final states as a function of collision

energy or initial relative velocity. We emphasize here that
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we need state-to-state transition cross sections rather than

some overall "rates of transition®™ (rate coefficients) which

are averaged over an equilibrium velocity distribution for

the relative translational motion (e.g. Maxwellian

distribution). The reasons are twofold:

1.

We are dealing with a hypersonic flow system in a
highly non-equilibrium state with a non-Maxwellian
distribution of relative velocities of collision.
The relative contributions of different energy
molecules to the overall rates may therefore be
drastically different than in the equilibrium
state. This effect is accentuated by the steep
rise of cross-sections with energy coupléd‘to_the
generally decreasing magnitude of the distribution
function with energy. This unifies that small
changes in the fraction of molecules with high
energies due to the non-equilibrium aspect of the
flow can have extreme effects on inelastic
processes without corresponding effects on mean

properties such as density or fluid momentum.

The Direct Simulation Monte Carlo Code (DSMCC)
consists of tracing a set of "test™ molecules
through a designated volume surrounding the body.
The velocities and internal states of the
simulated molecules are altered on the basis of

collisions computed (as determined by 1local
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collision probabilities) at fixed time steps. The
positions are then advanced to new values on the
basis of motion through the time step increments.
This detailed computation of individual molecular
collisions requires, in principle, state to state
transition probabilities iﬁ order to incorporate
the inelastic energy exchange into the computation
of molecular velocities and internal states after
collision. While the results we desire must
ultimately be consistent with overall measured
‘rates the level of detail.necessary within the
program is well beyond the level of availability
of experimental data.

Early theoretical studies of vibrational, rotational,
and translational energy transfer in collisions were based on
approximate analytical solutions to the quantum mechanical
and classical equations of motion. The method of Zener (7),
later to become known as the distorted wave method, and the
Born (8) approximation are leading examples of approximate
solutions to guantum mechanical collision problems based on
first order perturbation theory. A more detailed literature
review on previous work in the field of vibrational
collisions is given in the next Chapter.

Instead of doing an approximate treatment of a three-
dimensional realistic system, in this work, we do an exact

numerical treatment of a simpler model one-dimensional system
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which has some important features in common with the real
Ohe, A calculation of transition probabilities for
vibrational-vibrational-translational energy transfer in a
collision of two diatomic molecﬁles is to be presented. This
simple collision model is approximate, utilizing a collinear
collision of harmonic oscillators with an exponential
repulsion between center atoms and no chemical reaction
between the molecules. It may be argued that the
configuration allowing the most efficient transfer of energy
between translation and vibration is that in which the atoms
are collinear. Collinear or head-on collisions méke the most
significant contribution to the transition probability. The
averaged rrobability is equal to the probability of
excitation in a head-on collision times a "steric factor"
smaller than unity which takes account of unfavorable
trajectories. For homonuclear molecules it is usually taken
as'% (the average of cos?6 taken over a sphere). A more
detailed theory for the steric factor of linear molecules has
been propounded by Herzfeld (9). It is our belief that an
accurate treatment of a collinear model is of more worth than
an approximate result for the three-dimensional problem. The
latter approach frequently contains errors which are
difficult to estimate. The general magnitudes and trends of
the transition probability obtained by this restricted
treatment can show us qualiﬁatively, or semi-guantitatively,
some characteristic features of the problem.

Two different methods for calculating transition
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probabilities are discussed in this paper. One is a semi-
classicial approach, and the other one is a fully quantum
mechanical treatment. 1In the semi-classical calculation,, it
is assumed that the vibrational amplitude of the harmonic
oscillators are small and so the molecular oscillatioons do
not greatly affect the external classical collision
trajectory. The trajectory can be calculated from the
classical equation of motion. The classical trajectory is
assumed to define a time-dependent pérturbation potential for
the colliding system and quantum theory is used to derive the
transition probability. £ssentially, the Schrodinger
ejuation is solved subject to certain initial conditions
according to time-dependent perturbation theory. A detailed
discussion about this theory can be found in the book Quantum
Mechanic by Schiff (10).

In the quantum mechanical calculation of transition
probability, the wavefunction of the whole system is expanded
in terms of the complete set of eigenfunctions of vibrational
states of the diatomic molecule. With the aid of the
orthonormality property of these eigenfunctions, a set of
coupled second order differential equations is obtained for
the translational wavefunctions. The transition probability
is given by the solution to this set of eguations in the
asymptotic region, subject to appropriate boundary condition.
Several different numerical methods for solving the set of

coupled equations have been developed by Diestler and Mckoy (11).
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Riley and Kuppermann (12), and Gutshick et al (13). Solving
a2 problem of gquantum scattering between two diatomic
molecules is then reduced to the task of finding a good
numerical scheme for integr;ting a system of coupled
differential equations acccurately. In this work, we use IEM
IMSL ROUINE DGEAR to solve for the scattered wavefunction in
the asumptotic region and then calculate the transition
probability.

In Chapter 2, a brief review of previous semiclassical
and quantum mechanical methods on vibrational collisions will
be given so that we can identify the new points in the
current work in Chapter 3. Chapter 3 is devoted to a
discussion of the general theory. We derive some equations
and expressions there which make a numerical algorithm
feasible. 1In Chapter 4, theoretical results of state-to-~
State transition probability specifically for No-N,
collisions at different relative velocities are presented.
Comparison is made with published results. Finally, we
discuss some important problems related to inelastic
molecular collisions which deserve further study because they
make extension to a more realistic treatment of molecular

scattering possible.
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Chapter 2 Literature Review

In 1931, Oldenberg (14) discussed molecular collision
processes qualitively to show the persistence of the
rotational and vibrational motion. Zener (7) was the first
to give a detailed mathematical treatment for collisions in
which molecular vibrations are excited or de-excited. He
restricted himself to collinear collisions between a
diatomic molecule and an atom. BEHis theory was based on the
distorted wave method which includes direct transition from
the initial state to the final state and assumes that the
probability of transition is small. It is a perturbation
method and cannot treat strongly coupled system.
Takayanagi (15) then extended Zener's one-dimensional
treatments to three-dimensional collisions. 1In order to
save computational labor, the modified wave number
approximation was introduced. Meanwhile, Schwartz, Slawsky
and Herzfeld (16) gave a mathematical formulation for the
vibrational transitions based on the distorted wave
approximation due to Jackson and Mott (17), simplified by
the modified wave number approximation due to Takayanagi,
in diatom-diatom collisions. Their formulation is referred
to as the SSH theory now and is a quantum mechanical
result. For purpose of future reference, we describe SSH
theory in more detail.

Consider the head-on collision between two diatomic
molecules AB and CD (assume harmonic oscillators). For

exponential intermolecular interaction between nearest
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atoms B and C, one has,

V =V, exp(-arg.)

BC
. (2-1)
=V, exp[-a(R-Alrl-kzrz)]
where R is the distance between centers of mass of two

molecules, r) and r, are vibfational coordinates, é is the

range of the potential and V, is a constant.

A mA AL = mD
= ———— ’ . = ————————
1 m, + my 2 m. + My

m; is the mass of the i-th atom. Solving the Schrodinger
equation, the transition probability is given in the closed

analytic form:

Acz

1] | 2 ) )

Ll 2 2
P(nyny»nyny) = g=[Vy (nyny) |7 [V (npny) [ 1

-2
sinh 7q'.sinh 7g (2-2)

where
] o (]

Vl(nlnl) = J+ Z, (n;,r)explary (r-r4)2; (n,,r)dr (2-3)

-0

1] + ]
V2(n2n2) = J Zz(nz,r)exp[akz(r-rez)zz(nz,r)dr (2-4)
- CO
zi(nj,r) is the vibrational wave function for harmonic
oscillator "i" in guantum state N4ys Tej and r,o are

equilibrium separations for AB and CD respectively, and

2kn.n
1°2
q=gq = — (2-5)
nyn, o
o = q _ 2kniné (2-6)
nin, a
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8 ' :
g'?-q? = - (h : ) [e)(n]) + e,(n) - €y(ny) - €x(n,)] (2-7)

The wave number of relative motion before and after collision are

khlnz and k q,,5, Which satisfy the energy conservation law:

2.2,
h’knin, . L L T
el(nl) + ez(nz) + 0 = el(nl) + ez(nz) P (2-8)

u is the reduced mass of the whole system; ei(n) is the
energy of molecule "i" in the n~th §ibration state. For

the special case, V-V transition, in which nl+né=ni+né and
Ag=0. Applying L'Hospital's rule, we get:

]
cosh nq' - cosh 7g T sinh 7Qg

g'+q

Then the transition probability for V-V process becomes

P(nyn,+ninj) = lvl(ninl)lzlvz(nénz)l2 q° (2-9)
SSH theory has been most widely used for quantitative
comparison with experimental measurements of vibrational
relaxation, but the coupling between rotation has been
ignored.

Zelechow, Rapp and Sharp (2ZRS) (18) have developed a
Ssemi-classical method for calculating transition
probabilities for V-V and V-T energy transfer in a

collision of two diatomic molecules. Their basic
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assumption are:
(1) The perturbation potential is linearized in the
oscillator coordinates.
(2) The collision velocity is not too high (e.g. the
upper limit for N,-N, collision is 10Km/sec) and
the collision induced time-varying force constant
k'(t) is small compared to k, the characteristic
force constant of the molecule.
Under these two conditions, Kerner (19) method can be
applied to solve the Schrodinger equétion and closed form
analytical results are obtained."Héwever, this approach
restricts itself to the transitions of processes of
symmetric type only. The general formula is:

AB(n)+BA(m) ———3> AB(n')+BA(m')
where n,m are vibration gquantum numbers before collision
and n', m' are that after collision. The collision is
symmetric in the sense that the two B atoms are in the
cente:.

The development of the high speed electronic computer
has made it possible to solve the collision problem by
direct numerical techniques. T.E. Sharp and D. Rapp (20)
have calculated the vibrational transition probabilities
for collisions between a diatomic molec-'e and an atom.
In their semi-classical treatment, an N-state approximation
method is used, in whicﬁ the total wave function is
expanded in terﬁs of N eigenfunctions of stationary states

of the system including the initial, final and all
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N
=zl N

energetically intervening states. A Runge-Kutta single-
step integration method is employed in the computation
Program. Generally, the value of N needed in expanding the
total wave function increases with collisioon velocity. An
"exact" solution for any transition probability Pj*k is
reached when the addition of more states to the computation
results in no significant change in Pjax+ We extend this
method to collisions between two diatomic molecules
(Chapter 3-2).

In quantum mechanical'treatment,of collisions between
two diatomic molecules AB and Cb} faking B and C as the
inner atoms of the system, the total wave function is
expanded in terms of normalized vibrational wave functions

ZAB(nl'rl) and ZCD(hz.rz). That is:

v=1=I I f (R) 2,_(n,,r,) 2
n, n, 172 AB 171

Inevitably, we have to solve a system of coupled
differential equations, which are equivalent to the

Schrodinger equation, of the following form (detailed

discussions will be given in Chapter 3-C).

= '
in3 fnlnz(R) = i i <nln2|V|nln2>fnln2(R) (2-10)
172

btain the solution to eguation (2-10) with the

asymptotic form
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£' " (R) + 0 R+ =
2

nyn
b3 (R) - & ' & exp(-ik R)
nin' n;n; nén2 niné (2-11)
+ Aniné; nln?exp (+lknin§R) R+
the probability per collision for transition (njrny)
—— (n},n5) will be given by:
k ., 2
'Yy = n.,n e
Plmpng¥ning) = 172 |aj, .5 (2-12)
k 172 172
m1n

A number of numerical methods (7-9) have been proposed for
solving the systems of equations (2-10). However, due to
the rapidly oscillating wavelike solutions to the
Schrodinger equation, the numerical technique is not
straightforward. Riley (12) developeé the initial-value
technique with periodic "reorthogonalization”. Gadschick
et al. (13), on the other hand introduced a tecﬂnique of
integration using Dirichlet boundery condition ang sinple
one-step Euler integration. A new method for constructing
wave function for bound states and scattering has been
pProposed by Roy G. Gordon (21), perhaps this procedure can
save much computer time. .Our quantum mechanical treatment
of this molecule scattering problem is similar to the
method due to Riley and Ruppermann (12). It is relatively
simple and straightforward, but in our procedures, the
virtual states (energetically inacessible) are not included

in the total wavefunction expansion.




Chapter 3 Theory
A. General Formalism

The collision model is shown in Fig. 3-1.

Fig. 3-1 Collision Coordinates

This figure is the collinear collision configuration
between two diatoms AB and CD. Assuming that CD is the
target, and AB is the incident projectile from right. The
laboratory coordinates of A, B, C and D are Xpr Xgr Xc and
Xp: their masses are Mp, Mg, M- and mp respectively. Let
Vap and Vep be the binding potential of molecules AB and
CD. The short range interaction is assumed to be a sum of

interatomic interactions,
Vint = Vac(Xa™%¢) + Vap(xp-xp) + Vpp(xg-xp) + Vg (xp=x4)

The interatomic potentials are exponentially decreasing
functions, so that for the collinear confiquration under
consideration, only the term Vpe(xg-x¢) is important and

thus

Vint = Vpe(Xp=%¢)

The Schrodinger equation for the system is:
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h2 2 h2 a2 h2 a2 .h2 82
- —3 5 " 5 + VAB(xA-xB) + Vv
A axA 2MB axB ZMC Bxc MD axD

+ VINT(XB'XC) w(xA.xB.xc,xD) = Epor W(xA,xB,xc,xD) (3-1)

We designate the distance between the centers of mass of
two molecules as R. In molecule AB the distance between

the atoms is x; in CD it is y. x and Y are internal

coordinates., i.e.

R = MpXp+MpXp MeXo*tMpXp
1'nA+m:B mc-l»-mlJ
xng"XB

m.x. + X_+m. X +me
B "C°C D ) . .
LetRCM = A Am +mB+m e which is the coordinate of
AT,

center of mass of the whole system. 1In terms of the new

coordiniates (x,y,R,RCM) the Schrodinger equation becomes:

2 .2 .2 .2
n? 32 _ n? 32 - _h 3 -bh 3 sy _(x) + Vep (¥)
Z 2 W 20 T3 p? M 2 0 AB
AB 3x Ch 2y CM (3-2)
+

Vint (R=Ypp*~YepY) ( V(X,¥:R,Roy) = Epgp V(X,¥.R,Roy)

where M= mA+mB+mc+mD = total mass of the system.

(m ) (m.+m_)
2+"B M ¢ o = reduced mass of the system
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Hap = mA+mB ‘ = reduced mass of the molecule AB
meMy
H = = reduced mass of the molecule CD
CD mc+mD
Y = i Y = mD
= , = 2 _
AB mA+mB CD mc+mD

Since there is no external force applied to the system, the

center of mass of the system moves like a free particle and

. . ) ik__.R

its motion can be described by a plane wave, 5, ¢ CM CM
h"K

cM T T2M
a constant of motion. This does not affect the energy

and the energy of the center of mass, T /is also

transfer and need not be considered further. We can remove
the Roy-dependent part of the wave function (x,y/R,Rey) by
separation of variables.

Let

iK . R
cM CM _

Substituting these into equation (3-2), we arrive at a
Schrodinger equation concerning the internal coordinates
X,y and the relative motion R of thee two colliding

molecules as follows:

2 2 2 2 2 2
h ) h ) h 3
- - - Vag(x) + V _(y) + V (R=Yp nX=Y ~rY)
) 2 7% Vas cD iNT ‘R YaB* " Yep
ZUAB X ZUCD :0% 2u 3R
w(xly'R) =E\b(x0y:R) (3-3)
Define =x-xeq
Y=y-yeq
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where xeq and qu are equilibrium separations of AB and CD.
Then X and Y are displacements from equilibrium of each
oscillator. Now we introduce harmonic bonds
(intramolecular potential) into AB and CD with force
constants kpp and kep, hence

Vap = 1/2 k%2,

Vep = 1/2 k¥,
A conventional representation of the intermolecular
potential energy curve is given by the Lennard-Jones 12-6
equation. Since the elementary models for energy transfer
are based on expontial potential, the exponential function
= \Xp=Xe) s )
VINT(XB-XC)”e = € must be fitted to the Lennard-
Jones potential (Appendix 1), where L is a parameter
characterizing the range of the interaction. Landau and
Teller (22) assumed that only the short range repulsive
part of the intermolecular potential is steep enough to
influence energy transfer, so that the long-range
attractive potential € can be neglected. The molecular
interaction is then assumed to be an exponential repulsion
between atoms C and B.
Let v = initial relative velocity

E = 1/2uv} = initial relative kinetic

energy

§=R-:RT

where Rp is the distance at the classical turning point,

The potential energy in eguation (3-3) may be expressed as
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(16):

- -1 ,=
Vigp (X ¥/R) = Ejexp [-F (R-YppX=vop)] (3-4)

Equation (3-3) can be written in the for@:

i-hz 32 -p? 32 p2 42

2
- - —_— k, . x° + k .Y
> ) =2~ * 7 Kap 27 Xcp
zuAB X ZUCD Y 2u OR

-1 = B = R (3-52)
+ Eoexp [—L(R-YABX‘YABX"YCDY)] v(X,Y,R) EV(X,Y,R)

or
2 2 2
h P h 3 1 2 1 2 -1,=_ _
Map 9% Yep
v(x,¥,R) = ih %E ¥(x,Y,R) (3-5B)

We shall solve the time-independent Schrodinger eguation
(3-5A) by purely quantum mechanical method and the time-
dependent Schrodinger eguation (3-5B) by semi-classical
method.
B. Semi-classical Calculation

Since the deBroglie wavelength of the relative motion
of two molecules is usually very small compared with atomic
dimensions (e.g. for No-N, collisions at velocity 5Km/sec,
the deBroglie wavelength is of the order 10-15 cm, however
the dimension of N, molecules is of the order of a few 1),
it is a fairly good approximation to use the classical
trajectory for relative motion. The classical equations of

motion are:
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a’R 2 R
at
a%x _ _ i 3 v %
Mg ;2. = = kppX = oy Vigp(X,¥,K) (3-6B)
a’y _ _ K.Y - =2 V. _(X,Y,R) (3-6C)
Hep ;c-g cD Y VINT'SrT

Generally, the incident energy is much larger than the
change in the vibrational energy, or in other words, due to
small transition probabilities, only a small fraction of
the translationa; energy is transferred to vibrational
energy. We may then assume that during the collision, the
vibrational amplitudes of the oscillators are not driven to
large values, that means

X« L,

Y« L. (3-7)

In a series calculation given by Wolfberg and Relley (23),
we can see that conditions (3-7) are justifiable. Wolfberg
and Kelley have calculated the energy transfer for
collisions involving two harmonic oscillators via an
exponential collision with L=0.22R. Other parameters and
data are: mp=mp=me=mp=l2a.m.u., angular fregquency =2.3x1014
sec™l (cf: for Ny-N,; collisions mpy=mg=m.=mp=14
aandh,-4.45x1014sec'1), the initial energy Eg= 5.078 ev
(corresponds to Vo = 9Km/sec), then the vibrational energy
transferred to each diatomic molecule is AE(ep = 1.78x10"3

ev. Obviously, both AE,p and AEcp are much less then Eq.

B=-22




The vibrational amplitude never exceeds 0.007 &, and since
L=0.22 & the conditions (3-7) are fairly well satisfied.
At low velocities (still high enough so that the deBroglie
wavelength is much less than the atomic dimension), the
energy transfer becomes smaller because the oscillator can
readjust adiabatically to the perturbation caused by the
incident particle. Conditions (3-7) are satisfied even
better. Under conditions (3-7), the molecular oscillations
do not greatly affect the external classical collision
trajectory. Therefore, one can neglect the motion in X and
Y in treating the motion in R. Equations (3-6A), (3-6B),

and (3-6C) may then be replaced by:

el

d2

v —_—

at?

A

v (R,X=0, ¥=0)
INT (3-8)

Solving eguations (3-8) with VinT 9iven by (3-4), one finds
that the trajectory R(t) satisfies the relation

2 Yot (3-9)

R(t)
=) ()

T = sech

exp (-

R(t) is then inserted into the interaction potential
function Vyyuq(X,¥,R) to obtain Vyyun(X,¥,t). In this

semi-classical treatment, Vinp(X,¥,t) is used as a
transition inducing perturbation acting upon a quantum
mechanical harmonic oscillator. Finally, from equation (3~

5B) we get the time-dependent Schrodinger equation to be
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solved numerically by first order time-dependent

perturbation theory.

2 .2 2 2 ' YapX*+Yep?
h 3 1 2 _h ) 1 2 aB"" Yep
;_~ ;;7 + = kABx - ;——- ;;7_+ > kCDY + Ej exp(————i————)
“aB Hcp (3-10)
2 Yt .3 _
sech (EL—) \P(X,Y,t) = ih 3{ w(xl I

There is one more comment about the assumptions of
this semi-classical model. 1In Principle, if the deBroglie
wavelength associated with the relative motion is much less
than the atomic dimensions, it is a good approximation to
use classical mechanics for solving the relative
trajectory. As just mentioned before, if the criteria (3~
7) are fulfilled, in other words, each of the oscillation
amplitudes of the two colliding diatomic molecules is very
small compared to the characteristic range of the
interaction potenfial, a further simplification can be
made in solving for R(t), the relative trajectory. These
procedures correspond to the "approximate" classical
method, because the trajectory R(t) is determined with X
and Y set equal to zero. As a result, these calculations
do not include the conservation of energy, and E is assumed
to remain as the energy in coordinate R, regardless of
how much excitation occurs in the oscillators. For more
accurate semi-classical calculations, one must solve
equations (3-6A4), (3-6B), and (3-6C) for "exact” classical
trajectory R(t) to be used as a time-~dependent

Perturbation. Prior to the work of Wolfsberg and
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Kelley (23), it has been thought that the criteria (3-7)
are automatically satisfied for all low-velocity
collisions. Aciually, this is not the case Wolfsberg and
Relley proved that the approximate classical method should
be limited to collisions between a light particle and a
heavy oscillator.

For our case of Nz'Nz collision, Wolfsberg and
Kelley's requirement is satisfied. The energy transferred
to each diatomic species is very small compared to the
kinetic energy of relative motion. Both molecules are
negligibly distorted during collision approach and the
molecular oscillations never deviate substantially from
their equilibrium configurations. The semi-classical
approach is a good approximation even within the high
velocity range in which we are interested. The reason is
that as Vo increases, the deBroglie wavelength
characterizing the relative mootion in R is small compared
to the distance over which the interaction potential varies
significantly in R, i.e. Lkpin2>>1. This implies that
both g and q' defined by equations (2-5) and (2-6) are much
greater than unity. 1In this limit, g >> 1 and g' >> 1, the
qQuantum mechanical results of equation (2-2) are reduced
to the classical results of Landau and Teller (22).

Let wpp and wep be the angular frequencies for the AB
AB)

and CD molecules, their isolated Hamiltonians are R {X)

and H(CD) (y) respectively, then
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w = _A_B_
AB Hagp
Kep
w = o
CD “CD
2 2
h ? 1l 2 2
ZHAB
2 2
; h ) 1l 2 2
gD (yy = - = —5 + ¥ ¥ep¥epY
ZUCD oY

Suppose the individual eigenfunctions of H(AB)(X) and

H(CD)(y) are q)‘;‘B)(X) and ¢(jCD2Y), we have:

1B (x)¢(AB) (x) = (n+3) hu,go PR () n=0,1,2...
. cp
1) (1) ¢ 0 (v) = (3430 hugo D) () 5= 0,1,20.
Set
_ 4 (aB) (cD) (3-11)
bny (K1) = 0 BB () ¢CP) (y)
= (n+: e 3-12
Wij = (n+3) hwpp + (3+3) hogy ( )
B (x,v) = 5B (x) + 5P (y) (3-13)

B, (X,Y) is the unperturbated Hamiltonian of the system. It
is obvious that HO(X'Y)¢nj (X,Y) = wnj¢nj(X,Y) (3-14)
wij are eigenvalues of the unperturbed Hamiltonian Hy(X,Y).
The solutuion to the equation (3-10), i.e. the total
wavefunction for the system of two oscillators Y (X,T,t)

can be expanded in terms of the individual harmonic

oscillator wavefunctions éﬁBIX) and¢;CD)(Y).




. 1 s el
v, t) = [T a s (0)0lAB) () ¢fCP)(y) emi(mplupptei(3y) ept
5 3

(3-15)

where the expansion coefficients 8535 depend on time.
If the oscillators AB and CD are initially in state N and J
respectively, then the initial conditions are:
n=20,1,2,...
2n3 (=) = ¢ndya
(Appendix 2) ' j=0,1,2,...
The probability of the system ending up with AB in state Q

and CD in state K is

12
Pra-gx = 1agx(+= |

We are now in the position to solve for the expansion
coefficients a(t). Substituting equation (3-15) into
Schrodinger equation (3-10), and using the relations (3-11)—)
(3-14), we find:

(30) 22 Sg 2 (8) 6 (P (36 {°P) (v) emi(ntg “ABte’i‘jf%’“CDt

. dt
nj
(3-16)
AB CD 2,70 (AB)
= Eo exp (_——_TT__—) sech (73-) ig anj(t)¢n (X)¢j (Y)
. 1 .t

e-l(n+7)wABt e-l(3+7)wCDt - oy *

Equation (3-16) is multiplied by ¢4 (X)657" (Yon both
i (AB) * : . , (AB)

side, where ¢n' is the complex conjugate function of ¢n'
and ¢;CD)*(Y) is the complex conjugate of ¢§CD)(Y) , and

then integrated. Equation (3-16) then becomes:
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IS il
(ih) Iz gg 23 () 85006550 € 1+l wppt ~i(i+3)uopt
nj

ut *
® AB AB
= E_sech?(x2-) II a_,(t) u* o 3B (x)eVamxo (PP (x) ax]

nj J (3-17)

® YepY IS T oLl
[ ¢§CD)*(Y)e CD74 (CD) (y)ay) e i (n*+3)wppto=i(j+3)wopt

-00 3

where use has been made of the orthonormal property for the

set of harmonic oscillator energy eigenfunctions ¢£AB)(X) and ¢;CD)(Y),

+o  (AB)* (2B) -
f b (X) ¢ T (x)ax = 8,

¢

o 3"

-+ .
(D) * (D) o

YapX am

Let U = (X)e ¢n (X) dx

-0
(AB) *
[

-0

<
n

+o YAnY
j ¢gcn)*me CcD ¢§CD)(Y)dY

J'

3'3

Uy, and Vj'j are the coupling terms between states, called

matrix elements. Equations (3-17) can be written now as:

E u_t . 1 '
d = (.9 2 "o ~i(n+x)wapt
1 (3-18)
e~1(3+5) wopt

Equation (3-18) is a set of coupled first order
differential equations subject to certain initial
conditions. Actually, this set of differential equations
is eguivalent to the Schrodinger equation (3-10). Next,
let

anj(t) = Anj(t) + ian(t)
(3-19)




where Anj(t) is the real part of anj(t), and an(t) is the
imaginary part of anj(t). Both Anj(t) and an(t) are real
functions of time t. We also know that Upene ij are real,
and
i (n+d) o, ot 4 (F45) want 1 !
el B3I Wpptel T/ Yep®t = cos “n+7)wABt + (J+§)wcnt] (3-20)
+ isin [(n+%-)wABt + (j+-]2'-) wCDt]
Inserting equations (3-19) and (3-20) into eéuation (3-18),
with some algebra, the real part and imaginary part on each

side of the equation must be equal separately. §So we

obtain a set of coupled diflferential equations for A's and

B's:
d EO 2 U t ; ' N t
gt Aprye (B) = f- sech (55) ig {a;(t) sinl(n'-n)wppt + (3'-3)wopt]
+ an(t) cos [(n'-n)wypt + (j'-j)mCDt]} Un.an,j
(3-21)
g £) = 2 sech?(L90) 11 {B, (t) sin [(n'-mluygt + (3'-3)ugpt]
EEBn'j'( " h n3 nj

- A j(t)cos [(n'=n)uwppt + (33 ecptl} UpigVneg

Apg (+=) and B g (+=) are to be found, hence

lagg(+=) |2 = |a (+=) |2 + |B__(+=) ]2,

the desired transition probability.

(34

In Chapter 2, we mentioned that in the work of ZRS

(18), they treated collinear collisions between two
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diatomic molecules with symmetric configuration only.
Therefore, Yap is equal to Ycp i-©-:
Yag = Yep T Y
The intermolecular potential functlon in equation (3-10),
2 Vot YapX*YepY) .
E,sech (EETJ exp (————ET———le expanded in a Taylor series
to the second order of X and Y;

2 v

2 Vot y 1y, 2 o2
Eosech (-2-—) exp [.Y (x+Y)] = Eosech (2L—) {1 + I (X+Y) + Vi (r) (x+Y) ¢}

(3-22)
neglecting high order terms in X,Y. Equation (3-10), with

interaction potential given by equation (3-22), can be
solved analytically by applying Xerner (19) method. Our

semi-classical approach differs from the method of 2RS in

vt
that we do not expand the potential function E, sechz( ) exp
YapX*Ycp?
(_——TT_—_ ) into a Taylor series. We make a direct

numerical integration of the coupled equations (3-21),
which are equivalent to equation (3-10). It is appropriate
to carry out classical calculations in which the
approximate equation (3-8) is used, but the potential
expansion‘(3-22) is not carried out. Numerical comparison
between these two methods for N,-N, collision will be

given in Chapter 4.
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C. Quantum Mechanical Calculation

To clarify the presentation of the theory, we shall

use a scaled Schrodinger equation. Define (13):

1

U~nk =
_ MYep¥ep (7

y* = 2 )Y (3-232)
1
U,k =T
AB¥AB, 7

x* = ( - )Y x (3-23B)

Inserting equations (3-23A) and (3-23B) into equation (3-

SA), it becomes:

2 L2 2 2
1 0 *2 1 ° *2 h 3
{3 hogp (- 3t Y ) t3hop(- gt x 7)) - — =
z Tep oy 27T 2u oR
1 1 1
2 7 MepXep. 7 Y k.7
= = D CD, 4
+ E_exp [F yu (——)4@E (CDCD)4 5 yu _ [AB (CD CD) 4,1,
e} L 'CD L% h 9 %
¥ep*ep Yoo co Map¥am
Y(x*,y*,R) = EV (x*,y*,R) (3-24A)

Dividing both sides by 1/2h cp, equation (3-24) looks

simpler. If we define:

w 1
w = Gfﬁ , E* = % hiCD o+ o= 1 (“cizcn)z 2
1 Teo 1
L* = % YCD(U_EE__)Z = % mmEm (u hi )E
cpcp c™™  Mep®cp
2 u. k. 3 Yo M tm_ 2 m M
- b Zcpcep,? 1 - €b ([ C D - c
Hécp  n2 YéD L | (my¥mg ) myy
g = 2B (kCD“cn T _ e (ﬂég)% 1

) — -
Yep  KapMasm g ¥ep wl/2
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The new equation (3-24) is dimensionless, namely;

2 2 E
3 *2 ) *2 13 o
{(- YTt - =+ x ) ==, + (———)exp[-L*(r*-y*
3y % m g5 2 Fhep
-Bx*)]} 7 (x*.y*.r*) = g v (x*:y*vr*) (3.24B)

’ E
Since the constant coefficient__© can be absorbed
1; Zhwcn
into the argument of the exponential function exp (-L*(r*-

y*-gx*)), and the operator —2—7 is invariant under the
ar*
transformation

r* ______. r* + any constant,
E
o) . .
we can choose l/Zh“CD = 1 with no loss of generality.

The notation x*, y* and r* refer to dimensionless

variables, we now drop the "*" for convenience. Hence the

scaled Schrodinger eguation is:

2 "2

2
(= +vh + 0 (- &+ 5 -

— + exp [-L*(r-y-ex)]}w(x,y,r)

‘ or

oy ax

i

* (3-25)
=E ¢y (x,¥,1)

The system is specified by the five dimensionless
parameters. They are w, m, g, L* and E*, E* is energy of
the system in term of ground state energy of molecule CD.
The dimensionless form of the unperturbated Hamiltonian Hy

is:

2
) 2 3 2
H (x,y) = (- 5 +tY ) +w (-——f + x7)
° Y 3% 9x

with eigenfunctions ij(x,y) and eigenvalues Wi4+ then

= i = 1,2,...
j = 0'1,2,.-.




where $130xx0y) =04 (y) ¢5(x)
Wij = (2i+4]1) + (2j+1) w

¢ijy (x,y) is the product of the individual harmonic
oscillator wavefunction which indicates that molecule AB
with internal coordinate x is the vibrational state j. and
molecule CD with internal coordinate Y is in the state i.
Let the system be in a particular initial state (ngemy).
We can expand the total stationary scattering wavefunction
VYnomo(X+¥,r), i.e. the solution to equation (3-25) in terms

of ¢ nm(X:yY) because they form a complete set.

N-1 M-1

(x,y,x) =1 I f (r) ¢n(Y)¢m(X) (3-26)

n_m nm, nomo

o 0 n=0 m=0

Substituting equation (3-26) into eguation (3-25) get:
N=1 M-1 2

1 d
nio mio {anfnm,nomo(r) on(y) o (x) - = oo (¥) o (x) o2 fnm,nomo(r)
+ exp [-L*(r-y=8x)] £ (r) o (y) ¢_(x))
, N-1 M-1 °°
= I z £, (r) ¢, (y) ¢_(x) 3-27
E =0 m=o nm'n_mg n m (3-27)

where we have used the relation
Ho (x,y) ¢;5(x,y) = Wiy ¢55(x0y)
* *
When equation (3-27) is multiplied by ¢ (Y00 (X)  on both

sides and integrated over x and Y, we have:

N-l M‘l l dz
nio mio {anfnm,nomo(r)<¢n-m.(x,Y)> -z 5;5 fnm'nomo(r)<¢n.m.(x,y)]¢nm(x,y)>
*
+ fnomo,nm(r) <G (X,¥) |exp [-L (r-y-8x))|¢__(x,y)>} (3-28)
Ry (£)<6_, 4 (x,3) |6, (x,¥)>
= E z z £ ri<e¢_,_.(x,y nm (XY
n=0 m=0 /N, nm
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+

, e
where  <¢_ ... (x,¥) |¢_(x,y)> bne (¥) opay [ ¢, (x) ¢y (x)ax

!—eo ©

= Gn'mﬁm.m (3-29)

<b_ oy (x,y) |exp [-L° (z-y-8x) 1o (x,¥)>

+o0 -+

*
¢nr (¥) exp (L y) ¢, (¥) dy f b (x) exp (L*Bx) ¢m(x) dx

-0 -

*
= exp (=L r) f

Defining: Vpo.pv np(¥) = m <¢n.m.(x,Y)|exp [fL*(r-Y-Bx)]|¢nm(x'Y)> (3-30)
and using equation (3-29) and (3-30), egquation (3~28)
becomes
- a2 +'N£l Mgl \ (r) £ (r)
mwn'm'fn'm"nomo(r) ) 3;7_ forme rPolo (F) n=0 m=0 n'm',nm M oMo
- *
=®mE fone,ngmg ()
Rearranging this equation, we get
QE_ f (r) = N;l M;l Vi (r) £ (r)
dr2 n'm',nomo n=0 m=g ©H ®m',0nm nm,n mg (3-31)
-m (E*-Wn|m-) fn'm',nomo(r)
Define
kig = /m (E* = Wyq) (3-32)

Ym (E-(21+1)-(23+1))
N and M are the number of states of CD and AB included in
the expansion. We introduce (9)

i=n+mN n=20,1,2,...N-1 m=0,1..M~1

J = n + m.N n=20,1,2,...N=1 m=20,1..M=1

Kk =n +mN n - 0,1,2,...N=1 m=20,1l..M-1
to indicate the states of the system. For example, i =

(nym), 3 = (n,m) and k = (n,m) etc. By incorporating the
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definition of k, equation (3-32), we obtain a system of
coupled second order ordinary differential equations in

matrix form which is equivalent to the Schrodinger equation

(3-32). 2
=, B o= k%) ¥
dr (3-33)
where ('r*(r))ij = (F(r)i(n'm)j(n.m,) = £ (D)
(-‘;(r))ij = d;(r)i(n.m)j(n'm') = Vnm,n'mt (F)
and - My = ®immimm) = *anbon S

In the asymptotic region where r is very large, V(r) tends
to zero, so integrating eguation (3-33), we get

_',-r e -34
Lim f(r) = e lKrG + elKr 3 (3-34)

)

Equation (3-34) is the asymptotic form of ?(r) at large r.
In principle if E and 3 are determined, then the transition
probability from state i = i(ng/my) to state j = j(n,m) is

given by:

k.
ol
Pyy = 1 &)yl E% (3-35)

-+ <>
where G-1 is the inverse matrix of G. However, it is

->
rather difficult to find matrices G and J in a

straightforward manner. We go to the fgllowing alternative

way:
2 F(r) = B(r)

Set (3-36)
=Eo = G - %) B

B- 35



Letting ry be some point in the asymptotic regime, the

-
asymptotic form of F(r) may be also written as
- . ST (e -+
Lim F(r) = e KETo) g 4 KITT0) § (359

=

and then, ) :

> ar > =iK(r-r.) = > ik (r-r ) =

Lim E(r) = Lim ax = -iKe ©' G + iKe o’ 7.
> r-+x T

So, as the point r = To in the asymptotic region, it is

obvious that:

Fry) =G+ 3 ° (3-38A)
E (ry) = -iK.8 + iRk.3 (3-38B)

These two relations will be used later. From equation (3~
37) we have: . .

0-* o# .* -1 - --
-iKrpo _ e-lKr e1Kr (e iKrg K7 le 1Kro),

Lim P(r)& Le +

b g

then the transition probabilities are:

ci¥r, ee-1l  ~iRrg. 12 55
-3 - -
P = | (e © JG e o)ji] E% (3-39)

ij

Since kj is real for open channels, that is to say ihe
incoming particle has sufficient energy to excite the bound
particle to any of its lowest N eigenstates, matrix K is
real too, and these are the only observed ones. In

equation (3-39) since } is real, we end up with
k.

e

Pij = (3¢ i ;%

This result is exactly the same as the probabilities
obtained based on the asymptotic form oof F(r) in equation
(3-34). We can find G and J in terms of ;(ro), and E(ro)
with no difficult, since E and 3 are related to ?(ro),

->

-
E(r,) by equation (3-38A) and (3-38B). Solving for G and
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we obtain:

- -> -> 1 -
2G = F(r,) + ik “E(r,)
-> - I R
2J = (ro) - ik E(ry)
o o -> - . -p -)—)-1
Defining S=Re S+i.ImS =7 .
where Re 8 is the real part of gand Im §is the imaginary

part of §: (both are real) then
2
5812 = 18] 2= (re 2 + (mm ©)
We must find Re §and Im § in terms of F(ro), E(ro) and E

We know that (19) given three matrices K,i, and ¥ such that

A=3X+ i¥
i -1
> ->
where X and Y are real, if X ¥ = ( Z w)
-Y X W 2
then the inverse matrix of A is
-1 -3 s
A = 2 4+ iW.

In our case F(r,), E(r,) and K are all real, we may define

- -> -
so that equation (3-40) becomes:

- -> g
2G F(ro) + iD

-
27

-> L
F(rg) - iD

’ -+
Here we want to find the inverse of G, then set:

. -1
2(ro) 3 ) _ o
_’6 'f.(ro) - (3- )

- > g ->
and solve for 2, W in terms of F(ry,) and D. Equation (3-

41) means that # (ro) 3 3 o 1 0
(-fs ?“°’) (w %) ) (o 1)

-> -> >
Or equivalently F(rg)2 = DW = 1
-> ->

)
F(ro)W + DW = 0

=4 e
(S 18

From the second equation of (3-42),
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-

-> -
Substituting § into the first equation of (3-42), get:

-+ > > -] =+ >
(F(rg) + D(F(ry))D)Z = 1

+

hence = (F(ry) + D(F(rg))~1D)-!

Z
- > -1 -1
and W om-(Frg)) 1D(Firg) + B(Firg)) D)

in turn, § = 2((F(r)+B(F(r,)) B) 'l-i(?(ro))‘1B(F(ro)+3kf(ro))'ln)'l)

The derived result is clear now:

-] > - - -1 *-1 -1
3 la(Flrg)-1D) ((Fir ) +B(Fixg)). D) -i(F(ry))

- <+ -> = -1 - .3 - -+

D(F(rg)+D(F(rgy) .p) )=Re S5 + iIm S (3-43)

Since the real part and imaginary part on each side of

equation (3-43) are equal to each other respectively, we

have:
-> -> - - 1-»-» -> - 1 1
Re S = (F(ro)-D(F(ro)Y D) (F(r )+D(F(r ))~'Df
-> -> > ->->'-1->-1 °
IM S = =« (2L)(F(r )+D(F(r )) D) B (3~-44)
-> e ° °
where D = K E(ré).
The transition probability from state i = (nonnb) to state

j = (n,m) is:

*>. 2 - 2 k.
P = ((Re S)ji + (Im S)ji) E%

i(no,mo)*j(n,m)
where Re é*and Im § are given by equation (3-44). This
completes the basic principle in calculating transition
probability for one-dimensional scattering problem within
the quantum mechanical approach. Discussions of boundary
conditions in integrating egquation (3-36) will be made in
the next Chapter.

The original SChroéinger equation has rapidly
oscillating wavelike solutions which are difficult to

represent numerically. The integration of egquation (3-33)

B- 38




is numerically unstable, unless special algorithms are
used. Secrest and Johnson, ( ) in their exact gquantum
mechanical treatment of the one-dimensional scattering
problem, convert the coupled differential equations into
equivalent integral equations. The integral involved is
then replaced by a guadrature sum. The resulting matrix
equation is then solved indirectly by numerical method to
obtain the transition probabilities. Chan et al. (24),
propose a different numerical approach to this problem. It
involves converting the set of coupled second-order
equations for the translational wavefunctions into first-
order equations in matrix form and then solving it by an
expotential method developed by W. Magnus (25). The idea
was first conceived by Light et al. (26). The method we
just discussed for gquantum mechanical calculation of
transition probabilities is a direct integration of the
state expanded Schrodinger equation. This treatment is
similar to the method due to Riley and Kupermann (12). It
is relatively simple and straightforward, but in our
procedures, the virtual states are not included in the
total wavefunction expansion. Roy G. Gordon (21) developed
another method for integrating coupled differential
equations arising in bound state and scattering problems in
quantum mechanics. The wavefunctions are constructed in
piecewise analytic form, to any prescribed accuracy. The

chief advantage of this method is that it avoids searching
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for the correct initial derivatives of the wavefunction.

It is claimed to be numerically very stable.
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Chapter 4 Numerical Results
A. Semi-classical Results
For the specific N2-N2 molecular collision, the two

14

molecules are identical, then Wy = wAB = wCD = 4,45 x 10

are equal.

implies that the matrix elements U and Voo

n'n n

matrix elements U, are given in Table 4-1.

As mentioned in Chapter 3-B, we may set:

k=3 + (n-1) J, j=1,2,3,...

ns=1,2,3,...
where J is an integer which is thé number of states of
molecules CD and AB included in the expansion of the‘total
wavefunction vy . The integer k is used to represent the
state (j,n) which means that molecule CD is in the state j
and molecule AB is in the state n. For example, if we
~choose J = 4, there are 4x4 = 16 states involved in the
expansion of total wavefunction V¥ in terms of the
individual harmonic oscillator wavefunctions. In other
words, there are 16x2=32 coupled first order differential
equations to be sdlved in equation (3-21). (for J greater
than 4, the extension is straightforward). In general,

J=N, let K=k+N.N, where k=1,2,3,...(N.N). 1In this way, A .

J
and an can be designated as:
¥Y(k} = & K =1,2,...{(N.N)
nj
Y(K) = an K = (N.N)+1,(N.N)+2,..2(N.N)

The



Y is then a vector of length 2(N.N). This is the suitable
form for doing numerical integration of equation (3-21).
In our computer program, the IBM IMSL ROUTINE DGEAR is
called. On input, ¥Y(l), Y(2),eee.Y(2N*N) supply initial
values which are initial conditions for the system. One of
the arguments in the subroutine DGEAR, TOL, must be chosen
suitably. Otherwise the computer time is Unecessarily
long. This parameter TOL, is an estimate of the local
truncation error. 1In a series test calculations, we choose
N=1ll, Vo = 8 km/sec and initial state = (1.2), for three
different values of TOL, 10”7, 1078, and 1072. we obtain
the data as shown in Table 4-2. We then choose TOL = 1 '8.
The initial value of the step size H, is chosen small
enough at the beginning of integration so that it can pass
the error test (based on TOL). In the subsegqguent
procedures H is adjusted by the routine itself, but
changing in the step size always satisfies the error test.
The number of states used in the total wavefunection
expansion, N*N plays a very important role in integration
of egquation (3-21).

In principle, we have to increse N until the final
transition probabilities converge to values independent of
N. Table 4-3 to Table 4-5 show the transition probability
as a function of N for initial state (1,2) at low, medium,
and high initial relative ’velocity; i.e. v, = 3 Km/sec, 6
Km/sec, and 9 Km/sec respectively. From these tables, it

is obvious that for high value of velocity Voo we need more

B-42




states in the expansion of total wavefunction v .
Generally speaking, for vo less than 6 Km/sec, N = 7 i.e.
7x7 = 49 states expansion is good enough for initial states
(1,1), (1,2), (2,2), (3,1), and (3,2). For Vo = 7 Km/sec,
N should be no less than 9; angd for Vo = 8 Km/sec, N should
be no less than 1l. For vo = 9 Km/sec, N must be larger
than 12. We also find that the value of N depends on the
initial state. For example, for initial state (4.1) at
velocity 6 Km/sec, only N = 9, i.e. 81 states expansion
makes the transition probability converge. The integration
limits are adjusted until the constraint equation (4-1) is
satisfied: (for suitable N)

) Pinitial state - final state 20| < ¢ (4-1)

final state
where § is an arbittary small number, we choose & = 104
here. The integration 1limits depend on the initial

relative velocity Vor e.g. for vy = 3 Km/sec, the lower

limit T = -l.leO.13 and the upper limit TEND = 1.6x10-l3;

for vo = 6 Km/sec, T = -1.0x10-l3, and TEND = 1.0x10-14;
= -14

for Vo = 9 Km/sec, T = =5.0x10° , and TEND = 5.0x10-14,

Condition (4-1) serves as a useful criterion on numerical
calculations.

The numerical results of transition probabilities for
different initial and final states as a functicn of v are

o
obtained by the semi-classical method and shown in Tables
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4-6 to 4-l0. figure 4-1 through Figure 4-5 plot the
transition probabilities as a function of Vo for five
initial states (1,1), (1,2), (2,2), (3.1) and (3,2). A
scaling relationship can be'very useful for both the
theoretical and experimental analysis of molecular
scattering problem. With this relationship, it is easier
to write the direct Monte Carlo computation program and
save computer storage space. For a systematic study of the
scaling relationship, we need more data. It is too
expensive to be done at this time. 1In Figure 4-6a and 4-
6b, we plot only the scaling relationship for V-T processes
(1,i) (l,i+1) at different vo. Since the collision is
symmetric, there is nothing new in the results by changing
the initial state (i,j) to (j,i). We examine Figure 4-1
through Figure 4-5 and find that at low energies the
probability of transferring a given number of guanta by a
V-V process is much greater than the Probability of
converting them by a V-T process into translational energy.
For V-T process, the probability increases rapidly with
increasing collision energies in the low energy regime.
However, the probability of V-V transfer rises less sharply
with increasing collision energy. For V-V transitions
involving two quanta jumps such as (3,1) (1,3) and (3,2)
(1,4), the transition probability is less than that of V-V
process (1,2) (2,1), whiéh involve only one gquantum jump.
Generally, at low energies, the transition probabilities

are very small and multiple quantum transitions are assumed
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Primarily due to stepwise transitions via single collision
j +3+1 » ... =+ K-1+ R. At high collision energies the
direct transition j =+ K has significant contribution to the
transition probability of multiple quantum jump. For V-V-T
transfer to an adjacent level, processes involving transfer
of a single quantum (such as (2,1) +(3,1) and (2,1)
(2,1)) are much more probable than processes of several
quanta such as (1,2) - (3,1). Likewise, transitions (3,2)
(4,2), (3,2) +(2,2) and (3,2) -+ (3,1) are much more
probable than the transition (3,2) -+ (2,1). In Figure 4-
6a and 4-6b we notice that the general trend of the scaling
relationship for transitions
(1,1) —> (1,i41),

seems to be a weak vo-dependent function. We need more
data for further analysis.

A useful check on numerical results is provided by
time-reversal invariance (which leads to the principle of
detailed balance). Stated classically, the principle
implies that a system executes its motion in reverse if
time is allowed to run backward. 1In quantum scattering
processes this means that Pijg %i » i.e., the probability
of a transition for state i to state j is equal to that for
transition for state j to i. For example, check table 4-8

3

and table 4-9, we have P = 0.845x10 ~, P

(212)">(3r1)
s (2,2) = 0.843x10 °, this gives
f

(3,1)



P3,1)+(2,2) “F(2,2)+(3,1)

3 = 0.237%, at
(3,1)~(2,2)

v, = 4 Km/sec

At v, = 6 Km/sec, both P(3'l)*(2,2).aéd P(2,2)+(3,1) are equal
to 0.121. The principle of time reversal invariance is satisfied

guite well.
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Referring to Chapter 3-C, it is clear that the
numerical procedures for calculating transition probability

by the quantum mechanical method are as follows:

(1) Integrate equation (3-36) and solve for

-> <>
F(ro) and E(ro).

-+ . g - > -1

(2) Form D and the expression (F(ro)+D(F(ro))
%)L,

(3) Construct Re § and Im §, k.

(4) P,. = ((Re §)2 + (Im 5)¢ ) .

i ji i
For N2-N2 collisions the parameters of the system are =

0.113 (corresponding to L = 0.2 A), w = 1.0, B = 1.0, and m
= 0.5. The total energy E can be assigned a suitable value
which corresponds to some value of T Having all these
parameters, the IBM IMSL routine DGEAR is called to

integrate eguuation (3-36) and find ;%qo). E(rc). There
are four factors in this problem that can affect the
numarical integration.

(1) Integration error.

(2) Number of states retained in the state

expansions.

(3) Starting point of integration L

(4) End point of integration L
The local trunction error-;s conntrolled by TOL, which is
one of the arguments of the subroutine DGEAR. We choose

TOL = 1.0x10"% here. The starting point is chosen as the

point r = rs at which the largest diagonal element of V(ﬁ>)
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is equal to twicé of the total energy there. The starting
point is just beyond the classical turning point and in the
classical forbidden region. . Now, it is appropriate to
discuss the initial conditions for this system. We set N =
M = 2, so that there are four states involved in the total
wavefunction expansion (for high energy collisions we need
larger N and M to get more accurate results). The initial
states of the molecule AB and CD are ng and m definitely
at the beginning, where n, = 1,2; m,= 1,2. Therefore the

-+
initial value of the matrix F(r) is a unit matrix:

1.0 0 0 0
0 1.0 0 0
?’o = 0 0 1.0 0
0 0 0 1.0

Since the point r = rs is in the classical forbidden
->

region, the diagonal element of V(rg) is much larger than

the element of K, equation (3-33) becomes:

2

P
2_% = V(rs).ﬁ
ar
The diagonal element of ?, £, satisfies the equation
2
dﬁf. = me-urs.f(r) as Iro+=«
dr —e
/me-arsr
The asvmptotic solution is thenlim £(r) = e . Recall that
-
* -
E = %% , this gives the initial value of matrix E at

starting point r, as:
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Q
o
(=
Q

g 0 0

. _
Eo = (¢ 0 g 0
0 0 0 g

where g = V me ~s. The stopping point r, is chosen as the

point where the diagonal element of V(rb) are less than
of the total energy. 1In principle, we have to increase the
total number of states N,M, until the probabilities do not
change significantly. We keep N=2, and M=2 in this work
and calculate trnsition probabilities among states (1,1),
(1,2) and (2,2). Obviously, this four-state expansion is
good for low energy collisions only. Table 4-11 and Table
4-12 display the quantum transition probabilities as a
function of Vo for initial states (2,1) and (1,1). In
Table 4-13 through Table 4-16, we list the probabilities
for transitions (1,2) -+ (1,1), (1,2) =+ (2,2), (1,2)
(2,1) and (1,1) - (1,2) by the four different methods.
Since the computer expense is prohibitively large for fully
quantum mechanical method, we do not have enough data for
plotting purpose. Here, we show that the method just
explored does work. The plots of these tables are thus
given by Figure 4-7, Figure 4-8, Figure 4-9 and Figure 4-10
respectively.

We check these Figures (4~7) through (4-10) and find
that for the three V-T transitions the probability
obtained by the semi-classical method is almost one order

of magnitude smaller than that obtained from 2ZRS analytic
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method. For V-1 process (1,2) - (2,1), the semi-classical
and ZRS results are very close to each other, however,
the ZRS results are always slightly larger than the semi-
classical results. The SSH theory is only good for low
energy collisions, if the energy is too high the
probability is greater than unity. Tﬁis theory breaks down
there. Since we are interested in high energy collision
processes of two molecules. We c;ncentrate on the semi-
classical method. We believe the semi-classical treatment
can supply a reasonable estimate in calculating transition
probabilities. This is very helpfbl because the semi-
classical method can save much computer time and the

numerical algorithm is relatively simple.
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Chapter 5 Discussions

In this final chapter, we discuss some important
pProblems requiring further étudy for vibrational energy
transfer.
A. Three-Dimensional Collisions

One of the assumptions which we have made in the
collinear molecular collision model is that the target
molecule is struck in the direction of its axis. To avoid
this éssumption in the collinear treatment, we have to
average over the relative orientation of the molecule at
the proper stage of calculations. However, the period of
rotation is usually comparable with the duration of the
collision, there is no simple way to take the average. A
constant steric factor is generally used. |

Since the rotational energy spacing is much smaller
than the vibfational spacing, appreciable rotational
scattering occurs over a range of molecule-molecule
separations that is considerably longer than that for which
vibrational transitions are important. The coupling
between rotational and translation is usually strong too,
so that the rotational state generally changes before the
vibrational transition occurs. When a vibrational
transition takes place the corresponding energy change will
appear in either translational motion, or rotational

motion of molecules, or both. It is obvious that if we

n

calculate the vibrational transition probabilities,
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effects of rotational motion have to be considered. In the
collinear treatment however, we have assumed that the
simultaneous rotational and vibrational transitions are not
important and the impact paraﬁeter is zero. The realistic
three~-dimensional analyses that takeArotational transitions
into account should include the correction to the
vibrational transition probability that results from the
finite size of the rotational energy spacing in future
work. Also, the incident particle is described by a plane
wave which contains the partial waves of different orbital
angular momentum (the one-dimensional model corresponding
to an s-wave scattering problem). Usually, many partial
waves have to be considered and this makes the problem very
difficult. '
B. Effect of Anharmonicity

It has been found by experience that the potential
energy function of actual diatomic molecules can be
represented quite accurately by a simple analytical
function called Morse potential, which contains three
adjustable parameters. If Morse potentials are used to
describe the intramolecular forces, the diagonal matrix
elements of the interaction potential which enter into the
quantum theory of vibrational energy transfer are
approximately but not identically egual. In the
calculation given by F.H. Mies, (27) the consideration was
restricted to the head-on collision between a structless

incident particle and a diatomic molecule. The transition

B-52




probability is found to decrease markedly when the ratio

of the diagonal elements of the initial and final
oscillator states is allowed to deviate even slightly from
one.A The deviation in turn, increases with the
anharmonicity of the molecular vibrations, and an

161072

anharmonic correction factor of the order of 10
should be applieed to the generally used probability
expression for atom-molecule collision. There must exist a
correction factor of this kind for molecule-molecule
collision.
C. Interaction Potential

Choice of a potential function to be used in
calculating the transition probability is a very important
task since it affects the results considerably. 1In the
theory of inelastic molecular collisions, the scattering
potential to be adopted should be simple enough to make the
calculations feasible as long as the essential features of
the physics of collision is not lost. This requirement is
relaxed if we deal with numerical calculations. The chosen
interaction potential for some pair of molecules must be
relatively accurate and can be used to represent the real
situation. If the intermolecular interaction is strongly
orientation dependent, as in the polar gas, the molecules
may take a particular orientation during the encounter.
For this problem of preferential orientaticn, a somewhat

different treatment is required.
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D. Exact Classical Trajectory

In our semi-classical approximation, the classical
equations are first solved to obtain the relative motion of
the molecules as a function of the time. The time-
dependent Schrodinger eguation for the internal motion
under the external perturbation is ‘then solved to obtain
the probabilities of various transitions. However, the
occurrence of inelastic processé§ are not taken into
account in solving the classical equation of motion in that
the effective intermolecular potential and the effective
translational energy depend on the internal state. If the
incident energy is much greater than the internal energy,
the influence of inelastic process on the relative motion
is unimportant. It is a good approximation to ignore the
internal state in calculating classical trajectory. For
more rigorous calculations, an exact classical trajectory
must be found in which the energy conservation law is
satisfied. For high energy collisions, the semi-classical
treatment is, however, a fairly good approximation., It
requires less computational effort and saves much computer

time.
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Appendix 1 Exponential Interaction Potential
A conventional representation of the intermolecular
potential energy curve is given by the Lennard-Jones 12-6
power law (28);

12 6
v(r) = 4e (D - (D) (Al-1)

where V(r) is the potential energy at separation r, and r
is the distance between atom B and C. This is shown

graphically in Figure Al-1.

is the depth of the potential well at intermolecular
12

distance Tt where the repulsive force ( %') takes over

the long range attractive force ( %-) » and V(r_) is the

minimum of the potential function V(r). o is the
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separation at zero energy, when V(r) = 0, sometimes loosely
called the "collision diameter". The exponential function
- -r/L -
Vigg(¥) = constant.e - € (Al-2)
must be fitted to the Lennard-Jones potential Vv(r),
equation (Al-l). Here, the choice is made that the
magnitudes and slopes of the potentials are set egual at r
=r.. I, is the minimum value of r. These two potentials

c
are illustrated in Figure Al-2.

Figure Al-2. The exponential potential VINT(r) fitted to
the Lennard Jones potential V(r). The magnitudes and
slopes of the two potentials are set equal to each other at

the classical turning point r = Lpe
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We deduce an approximate formula:
o

L= 1rs
For szolecule. o= 3,749 R, so L = 0,21 X.



Appendix 2 The Choice of Initial Time Reference
Coordinate in Quantum Scattering Process
Consider the general scattering in one-dimensional
space, A flux of incoming particles with mean momentum po
are incident from left and scattered by an arbitrary
potential distribution V(x) as shown in Figure A2-1, where

V(x) is finite and V(x) =+ 0 as x -+ tm

Figure A2-1. Particles scattered by an
arbitrary potential.
For large and negative x, the wave packet with mean

momentum P, can be superposed as:

+ox : 2
Vv (x,t) = / dp exp (-a(p-po)z) exp (3§5) exp (-i 7§H t)

- CO

(A2-1)

. 2
+/  dpR(p) exp (‘G(P‘Po)zexp (- i%) exp (=i T};Lh t)

where R(p) is the reflection coefficient which is a

1
constant over a region = Ap~ ﬁf—- For large and positive

X, the transmitted wave packet is:
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4+

. 2
Y (x,t) = f_ de(p)exp(-a(p-po)z)exp(igi)exp(-i gﬁ%) (A2-2)

-]

where T(p) is the transmission coefficient which is

1
constant over a region b~ = . Since for large |x|
2
and |t|, the term exp(i(Eg - gﬁﬁ)) in equation

(A2-1) and (A2-2) is a very rapidly varying function of
momentum p, the integrals are esséntially zero unless p, X,
and t are such that the stationary phase conditions are

satisfied:

= pO.

(E’E{ - %) =z 0 (A2-3)

Ho

From eguation (A2-3) we get:
x = 2 ¢ (A2-4)

where—%g is the classical velocity. Egquation (A2-4)
gives the result that t<<0, if x<<0. Let's check the
second term in the right hand side of equation (A2-1). 1
Since R(p) is approximately a constant within a width Ap ~/§

centered at p = pb, then,

+o 2
J dpR(p)exp(-(pepo)z)exp(~i Ei)exp(-i §ﬁ§)

4o 2
= R(p,) J dpexp(°(P-po)2)exp(-i(E% + gaﬁ)
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Stationary phase conditions require that:

P = P,
d 3 (Px P_z_t. (A2-5)
an = -
5p n T 2mn =0

-pot
m ’
reflection occurs only when t>0 because the reflected wave

Equation (A2-5) implies that X = this means that

exists only at X > = ®® , Combining the discussions
just made, we conclude that the incident particles hit the
pootential at x = 0 and t = 0, and the initial conditions
of the system are described at t —3 == , the final

conditions are the states at ¢ —s +o,
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COMPUTER CODE INTERNAL



Lo gta
P, S

, Luiw

" ,
w1

ORIGE."-
OF POGR &

FILE: GKBIKT AUG82 A PRINCEZTOF URIVERSITY TINE~-SHARING SYSTEXN

// JOB GKB 0367625.GKBSPACE N=WATRUN2 REG=560 T=1.0 P=100 C=0
// EXEC WATPIV ’

//RATFIV PTO9P001 DD DISP=0LD, DSN=U.GKBSPACZ.KX115
//WATPIV.SYSIN DD DATA

$308B BIEFKOWRSKI,T=59,P=100,0LIST

c HAIN PROGRAX FOR EOKTE CARLO 3-D ENTRANCE PROBLEN CALCULATIOXNS

c OBJECTIVE OF THIS MAIN PROGRAN IS TO SET THE DINEBNSIONS

(of BAIN BURNING PROGERAN IS =%% RON **»

c : .

c POLLOWING TWO CARDS HAVE TO BE ELIMINATED POR NOY¥ IBNM NACHINES
CEXXBEREEEEREX XX LR EL X LT SR A REREER R SESEREL R REEL SRS SEXXEE EEBESEXXEREE LR

IRTEGER*2 LB, NBK,NBN,NB,NBT

INTEGEZR*2 1X,1COL
CHEEREERRI IS ERRERRR AR RS AXRESLE RS A RE AT AR SR RS AR SRS S SXSERESL AT SRR K 8%
c

c TEE REZIT CARD IS 2SSOCIATED WITE PRINCETON RANDOM NUNBER GENERATOR
(md st b aad el A d Ll R T PP

COMNMON/RANCOM//HRAN (8)
bbb d bl T T YT

THE POLLOWIRG DISENSIOH‘STATEHEHTS SET THE MAJOR ARRAY DIMENSIONS
ABD NUST BE CONSISTENT WITH THE PCLLOWING DATA CARD

NSP=RUXBER OF SPECIES =~ EXAMPLEZ BELOVW -NSP=1

NJV=FJXBER OF SUBDIVISIORS OF INPUT DISTREBUTION PUNCTION
EXAMPLE BELOW NJV=22

NAC=NUXBER OF PINAL CELLS = EXAMPLE BELO¥ ENC=150

NNP=NAX KUBBER OP ®OLBCULES OF BACH SPECIFS ALLOWZD IN DPROGRAN.
IP EXCEEDEZD, PBOGRAM EITHER PAILS OR RESTARTS AT BEZGINNING
WITH NUMBZIR REDUCED BY 10% - EXAMPLE BEZLO¥ K¥P=5000

NPB=MAXINUM NUZBEE IX BACH CELL - EXANPLE KPB=150

Quuuataoauaagaaauaoang

DIXPXSIONR DBA(1,150),KB(1,150) ,N2T(1,150)

DISEXSION TXP(1,150),TNPA(1,150),XV (1, 150),XVA(1,150)
DIXENSIGX ¥V (1,150),YVA(1,150),2¥(1,150),27a(1,150),D=(1,150)
DIZENSION TEP(1,150),TRPA(1,150),53%(1,150)

DIXENSIOK N3N (150),T(1,1, 150)

DINENSION LB(5000),L%(1,5000),BR(1,5000)

DIBENSION PAD(1,5000),PAV(1,5000),PA¥{1,5000)

DIMENSIOR PAX(1,5000),PAY(1,5000),P4Z(1,5000),LC0L(3,5000)
DIXENSIOR PNB(150),IC(150),YC(150),2C(150)

DINERSIOF VEL({22,4,1),PFPV(22,4,1)

DATA WSP/1/,83V/22/,N8C/150/,N8P/5000/,NPB/150/

(X RY¥ )

2 FOREAT (/17X,"NORMAL TERXIKATIOR OF THE PROGRAN')
NAEKELIST/DIN/NSP,RJV,NXC, EMP,RP3,NRAN

IFITIALIZATION OF RANDON NUNBER GENERATOR - PRINCETOX ROUTINE

(X R NY]

ERAR (1)=0
NRAN(2)=0
KRAN (3)=0
NRAN (4) =0

SR
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TLE:

.

GKBINT

10G82

i ' PRINCETOE UNIVERSITY TIME-SEARING SYSTEM

PRINTOUT OF EAJOR ARRAY DINENSIONS USED ABOVE

WRITE (6,DIX)

CALL OF NAIX OPERATING PROGRAN WHICE REQUIRES INPUTS:
&CONTRL,ETIMES, EFLOREF, 6 NOLEC, 6SHAPES,6GE0N,6INCUPL, S INOUT
THESE I¥PUTS ARE ALL CURBRENTLY IN THE RANELIST PORNAT
AND ¥AY BAVE TO BE CHEANGED IP TEAT CORVENTION IS NOT AVAILABLE
BRIEP DESCRIPTIOR OF THE PARANETERS POLLOWS

GCORTRL ~ ONE OCCURREECE (EEV OB RESTART)

PARAXETER

! RAME
* TITLE

: PERCNT

© ICOoPY
- DUnp

© DEBUG (1)
* DEBUG (2)
* DEBUS (3)

ETINES =
PARANETER
DTX
I7Ts

©IT?

TST
TLI®

CFPLORE?P
PARAXETER
LLE

ENE

ENB

nse

5ET

o .
ARGL
RRNU

. RMA

"TP
DERF

ENOLEC =
PARAMETER
TRP -

~

DIR -:
ETA
PRI

DEPAULT

8 BLAKNKS
24 BLEKS
001

1

«TRUE.

«PALSE.
« FALSE.
«TRUE.
+«TRUE,
«FALSE,
« FALSE.

DEFINITION OR EXPLANATION

ARY ALPHANUNERIC NAXE UP TO 8 CHARACTERS

ANXY ALPEANUNERIC TITLE UP TO 24 CHARACTERS

ACCURACY IN INTEGRATIOR PROCEDDRES

NUNBER OP ADDITIONAL COPIES OF OOTPOT

IF TRUE WILL CAUSE SYSTEM DUNP POR ANY OF 12
PROGRAMMER DESIGNED BRROR HALTS.

IP TRUE WILL PRINT MESSAGE WHZF CELL POP. EXCEEDS =N3
IF TRUE WILL PRINT CPU TIXE AROUND EACE PAET OF LOOP
I? TRUE ¥ILL PRINT CPU TIME REMAINING AT EKD CP LOOP
IP TRUE - BEW RUN = IP PFALSE -~ BRESTART OF RON
I? TRUE - SNAPSHOT SAVED OF TAPE{9) POR RESTART
I? TRUE PROGRAY WILL AUTOMATICALLY .RESTART RITE
OF TOTAL I? TOTAL CELL POPULATION EXCEEDS XKX

S0%

OFEE OCCURRENCE (NEW O3X RESIART)

DEPAULT

-DEFAULT

DEPINITIOR OR EXPLANATICN

REAL NUXBER -~ FPEACTION OF %2AY PREZ TIME PER CYCLE
IRTEGER - NOMBER COP CYCLES PER SANPLE

ITRTEGER = NDOXBER OFP CYCLES BETWEEN PRINTOUTS

INTEGER = ESTIXATE OF NUMBER GP CYCLES TO STEADY STATE
IXRTEGER - TOTAL KOM3ER OF CYCLES TO END OP RUN -

WILL TERNINATE SCORER IF CPU TIXE IS 10 BE EXCCEDED

(NE¥ RUN
DEPINITION
IYITIAL NUNBRER

ONlY)

OF XOLECULES LLN<NNKC OR =
NAXINUN NUXBER OF MOLECTULES PER SPECIES
BAIINDOM NOUMBER PER CELL - DIAGROSTIC ONLY
NUMBER OF HOLECULAR SPECIES (XiX. IS 3)
I? 0 - DATA IS IK SI (METRIC) OUNITS

IP>0 -~ DAT2 IS IN ENGLISH UNITS

FLOW VELOCITY (M/SEC) OR (PT/SEC)

ARGLE OF ATTACK (DEGEEES)

ARBAY GIVIKG HOLE PRACTIONS OP SPECIES IN PREE STREAN
ABRAY GIVING MOLECULAR WEIGH?S CT™ SPECIES ABOVE

FPREE STREAN TEMPERATURE (K OR R)

PREE STRZAN NUMBER DENSITY (NUN/N*$¢3 OR NUK/FT**3)

Ngp

" ONE OCCURRENCE (NEW RUN OKLY)
. DEPINITION

BEFERENCE TESPERATURE POR NMOLECULAR DATA
CROSS—-SECTIONS AT REPERENCE TEMP. (MSPXZSP)
PARABETERS IR DIFFUSION AND VISCOSITY LA¥ (NSPINSP)
PARAMETERS FOR ROTATIOBAL RELAXATION (MSPIASP)

7 v AR SRR
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OF POCR ¢ Ualmry

A

b}

ILE: GKBINT AUG82 ? 3 PRINCETOR UNIVERSITY TINE-SHARING SYSTEN
CHI 0.0 ROTATIOKAL DEGREE OF PREEDOS PARANETER (RROI/2 - 1)
ACR 001 ACCORACY IN MOLECULAEK COLLISION CALCULATIOES
ESEAPES - ©KD+1 OCCURRENCES WEERE KD=RUNBER OF BODY SEGHERTS (NEW RUN)
PARAMETER DEFAULT DEFIRITIOFN ’

PIRST OCCURREBCE
BODY (I) ID3 = = NEED NOT BE SPECIPIED
BODY (1) - - - START OF BODY (XSTART) IR ARBITRARY COORDIKATE
BODY (2) 0.0 TEMPERATURE AT PRONT OF TUBE IN K OR R
BODY (3) 0.0 DIABETER OF TUBE IN METERS OR PT,

SUBSEQUENT OCCURRBENCES (ND)
BODY (1) --- X COORDINATE PROE FRONT OF BODY OF THE DOWNSTREAN

EDGE OF THE COURRERT BODY SEGEERT

BODY (2) - - - TERPERATURE AT THE BACK OF THIS BODY SEGMERT
BODY (3) -- - SWITCH = IP NOT 0.0 THIS IS THE LAST SHAPES CARD
BODY(I) I EVER ALPHA - ENERGY ACCOMODATION COEPFICIEFRT POR SPECIES
BODY (J) J ODD SIGMA - TANGENTIAL ACCOMODATION COEFF. POR SPZCIES

I AND J < (4+2%MS5P)

CGEON = OFE OCCURRENCE (NEW RUN ONLY)
PARARETER DEFAULT DEPINITIOR

NWEDG --- INTEGER GIVING THE NUNBER OF WEDGES WITHIN 180 DEGREES

NW - - - NUXBER OP PIRST LEVEL CELLS IX X DIRECTION

NH - - NUBBER OP FIRST LEVEL CELLS IN RADIAL DIRECTION

CEIKRCUPL ~ OFE OCCURERERCE (KEW RUN ON1Y) = P®¥PUT DISTRIBUTION

PARANETER DEPAULT DEFINITION

FLUXIN . 1.0 PLUX INPUT IR TERNS OF PREE STREAM PLUX - ONE
NUMBER POR EACH SPECIES :

PCOL 0.0 PRACTION OF ARRIVING NMCLECLUES TEHAT HAVE
PREVIOUSLY COLLIDED '

RNP - - RATIO OP "CAVITY" PRESSURE TO THE EFPFECTIVE
PRESSURE OF THEE INCOMING STREAM AT ENTRANCE

Jv - - THE NUMBER OF VELOCITY INTERVALS POR DISTRIBUTION
PUKCTION INPORXATION

KuX 4 NUMBER OP CONPONERTS OP DISTRIBUTION
- K¥X=3 IP NO PROTATIORAL ENERGY (CHI=-=1)
KMX=4 IP ROTATIORAL ENERGY IS INCLUDED (CHI>-1)

5INOUT = NSP*KXX OCCURRENCES
PARANETER DEFPAULT DEFPINITIONX
T DESIGHATES SPECIES
K=1 DESIGNATES KORMAL VELOCITY
K=2 DESIGNATES TANGENTIAL VELOCITY IN FLO¥ DIRECTION
K=3 DESIGNATES TBANSVERSE TANGERTIAL VELOCITY
K=4 DESIGNATES ROTATIONAL ENERGY
VARG (J) - - - VELOCITY BOUNDARIES FOR DISTRIBUTION FPURCTIORN
1<J<JV VELOCITY BCUNDARIES

CUBV(J)' --- PROBABILITY OF VéLOCITY(OR ROTATIONAL ENERGY)
* INCIDENT AT EXNTRARCE BEING BELOW VARG (J)

A SABPLE INPUT DECK IS GIVEN BELON:

-




ZLE: GKBIRT ADG82 A PRINCETON UNIVERSITY TINE-SHARING SYSTRE

©CORTEL NANEB='INTE®,'RNAL',TITLE=* PAR',‘ABOL',‘A AT',' 9S5KY,*% NY, 'ON. ',
: DEBDG=.?.,.P...T.,NEW*.T.,SLVE=.?.,ICOP!=0,BBDO=.T. GBND

ETINES DTN=.010,1TS=5,ITP=1000,TST=400,TLIN=1000 EERD

“FLOREP LLB=2000,aRﬂ=5000,!NB=150,HSP=1,SET=O.D=7H85.S,ABGL2=28.,RHU=1.,2*O.,
- REA=28.94,0.,0.,TP=195,51,DENP=2,52E+19 GEND

‘EBOLEC rnr:iooo,nxa=3.sz-19,xra=.1on,p31=o.o,caI=-1.,Acs=.oo1 GEND

‘6 SHAPPS BODY=0.0,1000.,.00235 GERD -

‘§SHAPES BODY=.0025,555.,0.0,2%1.0 GEND

‘£ SEAPES BODY=,0050,3%5.,0.0,2%1.0 GEXND

>SHAPES 30DY¥=,0100,300.,0.0,2%1.0 GEND

‘£ SHAPES BODY=.0200,300.,0.0,2¢1.0 LERD

‘6 SEAPES BODY=.0300,300.,0.0,2%1.0 GEND

‘6SEAPES BODY=.0400,300.,0.0,2%1,.0 EEND

‘6 SEAPES BODY=.0500,300.,0.0,2%1,0 GEND

£ SHAPES BODY=.0600,300.,0.0,2%1,0 EEND

LSHAPES BODY=.0700,300.,0.0,2%1,0 GEXD

£SHAPES BODY=,0800,300.,0.0,2*%1.,0 GERD

‘£ SRAPES BODY=.0870,300,,1.0,2%1.0 EEND

£GBEOM NWEDG=2,NW=20,NH=3, SEND

EINCOPL ?LUXIN=2.1“29,?CDL=1.0,R!P=°.°,JV=22,KHX=3 §EXD
>IROUT VARG=0.,1.,2.,3.,”.,5.,6.,7.,8.,9.,10.,11..12..13-.13-,15.,16.,17..18.,
19.'20.,21.,CURV=0.0,.070,.170,.252,.359,.“59,.537,.599,.656,.710,.750,.735.
.815,.8“5,.872,.900,.922,.951,.975,.938,.996,1.00, GEND.
£INOUT VARG=—20.,'19.,-17-,'15.,‘13.,‘11.,-9.,-7..'5..‘3..'1-,1.;3..5.,7.,9.,
11.,13.,15.,17.,19.,CU?V=Q‘0.,.003[.013,-035,.085,.1ﬂ9,.250,.“05,.611,.762,
) .871,.932,.962,.95“,.995,.999,3‘1.0, GEND
' :INOUT VABG="2°.,-19..‘17. “"15. ,-13. ,'11.'-9. "7- "'5. "'3' .‘1.. 10'30 pS. ’7. ‘9. '}
' 11-,13..15.,17..19.,CURV=“‘0.°,.003,.013,-036,-083,-1“9,.250,.“06,.611,.762,
.871,.932,.962,.93“,.995,.999,3‘1.0, CZRD

CALL RUK (RSP, HJV,¥%C,N¥P,NPB,DBA,NE,N3T,T¥P, TXPA,IV,IVA, IV,
11va,2V,2%3,T,DB, P¥8,XC,YC,2C,LX, PAU, PRV, PAV, PAX, PAT,
2pAz,1lCOL,TRP, TRPA, ER,LB,NBN, BBX, VEL, PFYV)

WRITE (6, 2)

sTOP

EED

SUBROUTINE RUN(NSP,NJY,NHC,N!P,H?B,DBA,RB,KBT,T!P,T!PA,ZY,X?A,
1 !V,YVI,ZV,ZVA,T,DB,?RB.IC,YC,ZC,LH,PAU,PAV,PAH,PRX,PAI,PAZ,
ZLCOL,TBP,TRPL,BR,LB,HBE,NBN,VZL,PPV)

EAIN RUNKING PROGEAM *% BUN **% CALLS ALL OTHER SUROUTIINES

PYYS 22213223313 2222222 2 122 EERLESEXEXSEREEB ST RRELEE SR X T EX XS SEETXXTTEEE

INTEGER*2 LY,LCOL
INTEGER*2 LB,XBY,NBN,NB,NBT
INTEGER PRT,SAEP,TST,TLIN,TIXE,Q
10GICAL DUND,DEBUG (3) ,SAVE,NEW,REDO
BEAL INTGRL,LAR,N0,NU,JAY,KAY
DINENSION Brngq),c1(3),c2(3),c3(3),c7(3),ce(3),nr1(3),rL(3)
- DIXERSION PDK(3),ETI (3),ATR(3),JFT(3),KNN(3),88(3),SR(I)
DINENSION NAKE (2),TITLE(6)
DINERSIOR ENU (3) ,BHA(3),9TH5(3), CHI(3), DIR(3,3),DAN(3,3),PRI(3,3)
DIBENSION ETA(3,3), CN8(3,3), CNG(3),CEG(3), CH(3,3,3),CN(3,3,3)

- c-4
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DIXEESIOR
DIMENSION
DINERSIOR
DIBEKRSION
DIMENSION
DINMENSIOR
DIBENSIOX
DIBEKRSIOX
DINENSION
DIMERSION
DINMERSION
DIEXENSION
DIKERSION
DINENSIOK
DIKERSION
DINERSIOSN
DINERSIOX
DINENSION

DIBENSIOR
DIBERSION

COXNOR /R
COBNOK /P
COXMOK /S
CONMON /T
CONMOK /P
COXMON /P
CORNMOK /S
COX30F /S
COMBON/EI
RANELIST/
KAMELIST/
KAEELIST/
KAEELIST/
FAXELIST/
NAXELIST/

40582 | PRIRCETOR UEIVERSITY TIXE~SHARING SYSTEXN

€TI(3,3),Ct™®R(3,3),CF1(3,3),CRR (3,3),S¥(3),ST(3)
D1(3),D2(3),D3(3),D4 (3),BODY (15) ,DBG1(3, 3) ,LINIT (10)
COEPF (4)

XLIE (2),NCOL(3,3)

ICB{18) ,XS(18) ,YCB(18),TB(18),ALPHA (3, 18),SIGNA (3, 18)
RTS (3, 18,12) ,0TL (3, 18,12) ,UTT(3, 18,12)
¥75(3,18,12) ,BTSI(3, 18, 12) ,HTS (3, 18, 12)

UTLI (3,18,12),0TTI (3,18,12),VTSI(3,18,12)

ENT(3,2) ,REX (3,2), PLUXIN (3), PCOL (3)

VARG (42) ,CURV (42),IPLUX (3,2)

LB (X%P), NEN (NNC) ,NBM (NSP,KNC) ,LX (NSP, N%P)

ER (KSP,NNP) , TEP (NSP, N3C) , TRPA (RSP, ENC)

DBA (NSP, NBC) ,NB (NSP,NKC) ,¥BT (KSP, NAC)

TNP (NSP, NAC) ,TMPA (NSP,NNC), XV (RSP, NNC) , XVA (NSP, RNC)
YV (NSP,NHC),YVA (NSP, NMC) ,ZV (NSP, NNC) ,ZVA (RSP, NAC)
T(NSP,NSP,KMC) ,DB(NSP,KBC)

PNB(NXC) ,XC (N5C) ,YC (NNC) ,ZC (XNC)
YEL(NJV,4,NSP), PPV (KJV, 4, NSP)

PAU (NSP, NMP) ,PAV (RSP,NHP) ,PAW (KSP,NNP)
PAX(NSP,NXP) ,PAY (NSP,NAP),PAZ (NSP,ENP) ,LCOL (RSP, NNP)

RUROU460
ANCOX/KRAK {4) ,KAWLS
IRST/NL,N¥, NH
ECKD/BW,BH,R%P,REK, RMP e
BIRD/PI,NBEG, S, SINANG,COSANG, AKN, AKT, AKN1, AKN2,AKT1,AKT2
ORTE/NBX,EX,XR,DUNP,C9,LL (3),LL%
IPTE/ND,TINE,DTN,TI,ITS,ITP,TST, TLIK, RNA,REU, DIR
IITH/R4B, XSTART,IKN,¥N¥%, MN5,NE¥,SAVE, PERCNT,NSR, TR
YETH/LAY,8U,NO,%T,¥,J,%,Y,2, TOSE
GTH/DENF,U,TP,ARGLE, TRP,CHI,PHI,ETA,¥TY,DAN,VELR, YRE?
CONTRL/NANE,TITLE,PERCKT,ICOPY, DUX?,DESUG,NEW,SAVE, REDO
TINES/DT®,I7S,ITP,TST,TLIX
PLOREP/LLE, KX, ¥NB, ®SP,AET, 0, AKGLE, RKU, RAA, TP, DENP
EOLEC/TE?,LCIR,E2TA,PHI,CEI, ACR
SHAPES/B0ODY
GEOX/NWNEDG, N¥, NE

RUNOS520
RUNOS30
RUNOS4 O

RUKO580

RUKO570

NAEELIST/INCUPL/PLUYXIN,FPCOL,REP,JV,KAX

NABELIST/
DATA
DATA DBG1
10303 ¢

DATA LINI
DATA TITL
DATA NANE

INOOT/VARG,CURV

1c/0/,1Cc0PY/V/

/' GAhsS',' AT *,*110 *,'FLOW',' AT ',*130 ', RUN',' AT *,RONO630
RONOG64O

1/12,9,18,500,3600,70,900,3,20,3/

2/' l'l I"’ l'l U'l ..l l/ N

/! ', vy

RUKNO660
ROX0670

DATA CPC/0.0/,CPX/0.0/,CPB/0.0/,CPI/15.0/

RUX0680

AR AR EERR XL E RS SRR ERZE AR AR SRR XL XET RS EE LSS L AL EXEE EESE EEEE XL ERER £ RUR0690

cecanra e

1 PORBAT (1H1)

RUR0700
ROR0710
RUR0720
RURO730
RUNOT40
RURO750

FORMATS
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2 PORNAT (1H1/17X,'RARIPIED SUPERSORIC PLOW OF BINARY GAS',T74,°'I') ROX0760°

3 PORMAT (*+',103X,'COPY *,I2) RUNO770
4 PORXAT (/17I,'PLOW THROUGH ALL THE BOUKNDARIES'/5X,'NT',S5I,'NASS HOL
1E PR.',10X,°PCOL. FLOUXIE PLUXES (ENT) ')

S PORMAT (3X,I4,%9.2,P9.4,5X,4710.8)
25 POBRMAT (/5X,'PRESSURE RATIO (INSIDE/ENTRARCE) = EITEER TYPE =',FP13.5
1,' REP',T76,'I'/6X,'DENSITY RATIO (INSIDE/ERTRANCE) - EITHER TYPE
2=*,?P13.5,' RNFR',T76,'I'/9X,'FLUX RATIO(INSIDE/ENTRANCE) =~ EITHER
3TYPE =*,F13.5,* BRAP',T76,'I'/) .
26 PORMAT (//10X,*FLUX RATIOS FOR SPECIES REA =',F7.2/2X,'BOUNDAEY',
1 INPLUX REPLUXI NET PLOX NET PLUX/RHO*U'/2X,*ERTRANCE',
28P10.8 /52, YCAVITY? 4710, 4/)
30 PORMAT('1TINE =¢,P6.3,60X, 'RANDO® NUMBER GENERATOR HAS BEEXR CALLED
1 1,110,' TINES!) RUNOB0O
31 PORNAT (' CP7 TIXE LEPT- ',P8.3) RUNOS10
32 PORMAT (7X,'-MOLECULES-"'/3X,316)
33 PORSAT(' TIXEZ = ',P8.3,5X,'COLLISION LOOP=',?8.3,5X, 'NOVE LOOP = *
1,P8.3,51,*TOTAL TINE = *,PB.3/21X,'2¥D MOVE LOOP =',PS8.3,5X,
2'CLEANCP LOOP=',P8,3,4X, "PARTICLE SUNSEERS = !,4I6)
38 PORMAT (91,'-XCLECULAR CCLLISIONS='/3(3I14/))
35 PORMAT(2I,*=COLLISIONS WITH SURPACE-'/3X,318)
36 POR®AT (" ®AXI®UN NUE3ER OF XOLECULES SO PAB~ ?,I6//) ROKO880
38 PORMAT(' EXCESS %OLECTLES OCCURRZID IN !, 224) 30N0890
30 PO2MAT (/' SOMETHING IS WRONG WITH BOX NUMBERING IN RUN */915,5E14.R0%0900
15) '
44 PORNAT(* KB(',I2,*,*,I4,') POPULATIOE EXCEEDED *,I3,' IN HAIK AT TRUNCS30

1INE =.4,97.3) , RCNO9LO
50 POB®AT(///' SNAP SAVED OF TAPE') RONOI50
, RUN0SG60
:t‘tt“t‘ttt“‘l X LR EE XL XA EFX XL XXEEXXEERERE LSRR E KRS CE XS SN FE S BE T XS ““?{UNO 970
' RON0930
CPA=ELTIXE (0)
CALL NOUEDF
CAiLl TRAPS(0,1,1000000,1,1)
LIEIT (4)=NKC
LIXIT (5)=KaP
LIXIT(6)=KPB
LIKIT (7)=RJV
LIAIT (10)=XSP
KAKLS=0
PI=3.181593 RON1030
PIROOT=S)RT (PI) RON1040
EET=0
LARGE=0 RUR1060
NL=1 RUN1080
pusP=, TRUE. RUN1190
DEBUG (1) =, PALSE. ’
DEBUG (2)=. PALSE.
DEBUG (3) =. TRUE.
SAVE=,PALSE. ROK1230
NEW=.TRUE. : } : RUN1260
REDO=. PALSE. RUK1240
- PERCET=.001 ROR1250

ACR=.001
DO 58 I=1,15

NS o RIS W
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BODY (1)=0.0
DO 60 I=1,3
RNU(I)=0.0
RXA (I)=0.0
CHI(I)=0.0
PLOXIR (I)=0.0
- PCOL (I)=0.0
LL (1)=0 .
DO 59 J=1,18
ALPHA(I,J)=1.0

59 SIGKA (I,J)=1.0

60

DO 60 K=1,3

ETA (I,K)=0.0

PHI(I,K)=0.0

DIR(I,K)=0.0

WRITE(6,1) RUN1330

READ (5,COFTRL) RON1340

WRITE (6,CONTEL) .

IF (KEW) GO TO 103 : RON1360

REWIKD 9 RUN1370

READ(9) DENP,U,IREP,TRP,KAWLS,NL,NW,NH,BR,BH, NREG,XLB,XLC, PI,ND,
S,SINANG,COSANG,AKN,AKT,NBX, BM,XR, TI%E,DTN,TI, ITS, ITP, ST,
TLIN,RNA,RNU,DIR, XSTART,4KX, NNB, TR, B2C,CX7,DRF,PCP,FNA,
HTF,INX,LLE, NAV,R%aX, NEEDG, PRT, SLYP, AKN1,AKK2, AKT1, AKT2,
BTA,C1,C2,C3,C7,C8,DA%,DPA, PL, DELAKG,PDN, HTI (HTR,JNT KNS,
¥¥,RTE,C4,VE®,NCOL,CTI,CTR,CNI,CKR,S),
st,p1,D2,D3,D4,KEAN, VELR, P®P, R4N,EN¥?,IPLTUX,PLOXIN,
XLI¥X,COEZPP, XCB,XS,YCB,TB,ALPRA,SIGKA,NTS,
9TL,UTT,VTS,BTS,BTSI, ENT, REX, THPA,
DBA,EB,KBT,T4P,XV,XVA, YV, IVA,2V,2VA,T,DB,PXB,XC,YC,2C,
PAU, PAV,PA¥,PAX,PAY,PAZ,LCOL,LN,
ETA,PHI,CEI,CX,CKE,CNG,CXG,CK8, TRP, TRPA,XSP,ANGLE,TF,
gTLI,OTTI,VISI,BR,R¥3,LB, NBY,NBN,VEL,PPV,PCOL,JV

DTXO=DTX

READ (5, TINES)

WRITE(6,TIXES)

IF(DTX.EQ.DTXO) GO TO 100

AINE=TINE*DTMO

TINE=AINE/DTE+D.1

DO 99 J=1,NSP

Do 99 L=1,2

ENT(J, 1) =ENT (J,L) *DT8/DTH40

SOW™» OENOANEWN

99 CONTINDZ
100 IP(T1.67.0.0) TST=TI/DTHN

WRITE (6,2)

WRITE (6,4)

®RITE (6,5) (3T, RXA (8T) ,RSU (KT) ,BCOL(XT) , PLUXIN (NT), (ENT (AT, K) ,K=1,2
1) ,ET=1,KSP)

WRITE (6, 2) - RUR1540
CALL PRINTA(KWEDG,TITLE,NANE,XCB,YCB,TB,ALPHA,SIGIA, XLIN,
1COEFPPF,LINIT, ESP)

CALL PRINTB(PNA,NSP,PNB,N%,XLI%,XC,YC,2ZC,NB,NSP)

GO TO 280 RON1590

103 READ (5,TINES)

¥RITE (6, TINES)

-3
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ILE: GKBIRT 10G82 A PRINCETOR UNIVERSITY TINE-SHARING SYSTES

RELD (S, FPLOREP)
WRITE (6, PLORE?)
READ (5, %0LEC)
¥RITE (6, BOLEC) _
IP (MSP.GT.LIMIT(10))CALL DI.. ’10,LISIT(10),=SP)
CHIN=0.0
BMR=0.0
DER=0.0
ZTT=0.0
DO 105 N=1,%SP
RER=ENME+RNA (N) #RNU (N)
CRIN=CEIN+CHI (X) *EKU (X)

105 CONTINUE
DO 115 K=1,4SP
DO 115 m=1,mSP
BETT=ETT+RXU () *RNU (K) *ET2 (¥, K)
SREA=SQRT (+5*RNE* (1. /RNA (M) + 1. /RHA(K)))

115 DMR=DER+RSU (M) *RNJ (K) DIR (M,K) ¢ (TRF/TF) ** (ETA (¥4,K) /2.) *SRXA
YIEEP=1./ (DENP*DYE* 1.4 14214)
VELR=SQBT(16628. 64*T¥? /R ¥B)
IP(MET.FE.0) VELR=SQRT(99437.92%TP/RSR)

TMB=XREP/VELR

S=0/VZILlR

NREG=1 RU¥1640
ND=1 ‘ RON1650
READ (5,SHAPES . - e

WEITE (6, SEAPES)

XCE (1)=BODY (1) /XEE?
TB(1)=BODY (2) /TF
YLIX(1)=1C3(1)
XSTART=XLIN(1)
RAB=.5¢B0DY (3) /XREP
TR=TB(1)

108 READ (5,SHAPES) BUK1670
¥RITE (6, SEAPES)
KD=KD+ 1 : ROK1680
IP(KD.GT.LIXIT(3)) CALL DIAG(3,LIXIT(3),XD) ROUX1690
XCB (ND)=30DY (1) /XREP
TB (¥D) =BODY (2) /TP
DO 1104 R=1,MSP
ALPHA (X, D) =BODY (2+2%HK)

1104 SIGYA(E,ND)=BODY (3+2%X)

IP ({TB(KD).GT.TR) TR=TE (ND) RUR1770
IP (BODY(3).2Q.0.0) GO TO 104
NSTEP=KEEG+1 . RON1800
YLIN (RSTEP)=XCB (ND)
COEFP (1) =0.0
COEPP?(2)=1.0
COEP? (3)=0.0
COEPP (&) =-RMB*s2
XR=XLIN (RSTEP)-XSTART
AKR=1, /IR
AKT=.5/RNB
RNFP1=TB (1) ** (.S5+ETT/2.) /(2. *PTROQT*S)
RAPP2=TB (ND) *% (,54ETT/2.) / (2. *PIROOT*S)

I M A b
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ILE:

260

116

516

GKBIET AU0G82

AKN1=AKN*RHFPP1
AKR2=AKN*RHSPP2
AKT1=AKT*RNPP1
AKT2=AKT*RNPP2
DO 260 N=1,3
DO 260 %=1,3
NCOL (X,X)=0
CONTINUE
READ (5,GEOHN)
READ (5,INCUPL)
VRITE (6,GEON)
WRITE(6, INCUPL)
DO 116 J=1,42
VARG (J)=0.0
CURYV (J)=0.0
REN=RSP*TB (1) /TB (D)
BMP=SQRT (REN*RXP)
au=ass
¥=XR/R¥
BB-an/uu
IP (NWEDG.GT.LIXIT(1)) CALL DIAG(1,LINIT(1),NWEDG)
IP (SNM.GT.LIXIT(S)) CALL DIAG(5,LINIT(5),B8NX)
I? (SNB.GT.LINIT(6)) CALL DIAG({6,LIXIT(6),KKB)
DELANG=180./NWEDG
SIKANG=SIN (ANGLE/180,*PI)
COSLKG=CDS (ANGLE/180, *PI)
VOL=PI®RA*RAXR
EBX=NW*NH*NWEDG
IP (NBX.GT.LIXIT (4)) CALL DIAG (&4,LINIT(4),NBX)
IP(JV.EE.LINIT (7)) CALL DIAG(7,LINIT(7),J¥V)
BE=SQRT (TR)
SRAX=0.0
DO 916 XT=1,%SP
WTK (NT)=RMA (KT) /RXR
BTA (%T)=SQRT (RTX% (%T))
SR (%T) =S*57TA (%7T)
SRT=SR (XT) *PLUXIN (5T) /RKD (=T)
IP (SRT.GT. SRKX) SEXY=SRT
COXTINUE
IN®=LLN*SCRT (TB(1))/PIROCT/SREX/ (1. +RXN)
DDN=IRX/VOL
DO 140 ET=1,HSP
FPDN{XT)=RNO (KT) *DDR
DPA(XT)=RKU(NT)
SN (¥T)=SR (¥T) *COSA NG
ST (MT)=SR (NT) *SINANG
DO 117 K=1,MSP
DAH(K.HT)'DIR(K,H*)*(TRP/T')**(B;A(K MT) /2.) /DER
CN8(K,5T)=DDN/DAB (K, "T) 1. 414214 - .
BT=ANIN1 (BTA (K),BTA (1T))
VE1=S¢3.% (1. +SQRT (TR) ) /BT

VE2=3,#SQRT((1.+ 2. *5*¢2 /(5. +CHIX))* (1. /WTH (K) + 1. /NTX (NT)))

CH(K,5T, 1) =ANAX1(VR1,VR2)
CN(K,ET, 1) SRAND (0) *CN (K, ,8T, 1)
DP=PHI (K,XT) * (CHI(K) +CHI (NT) +2.)~1

c-9
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ROK2200

RUKN2230
RUX2240

RON2320
RUX2330

RUX2420
RUN2470

RUN2480

ROK2740
ROK2750
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DS=PHI (K,¥T) * (2., 5#ETA (K, 2T))~1.0
DO 917 §=2,3 :
XPN=ACR®*ANIN1 (DF, DS)
IP((D?.GT.0.).AND, (DS.GT.0.)) XPA=(DP/(DP¢DS)) **DP* (DS/ (DP+DS)) s&Ds
XPR=ACR*#AXAX1(DP, DS)
IP((DP.17.0.).AND. (DS.LT.0.)) IPN= (D2/ (DP+DS)) **DP* (DS/ (DP+DS)) ##Ds
CH(K,XT,N)=IPN-XPN -

C¥ (K, BT, N) =RAND (0) *C5 (K, 8T, §)
DP=CEI (K)
DS=CHI (MT)

917 CORTINUE

117 COFTINUE
DO 118 E=1,KNY
READ (5,IXN0UT)

WRITE (6, INOUT)
DO 118 J=1,J7V
VEL(J,K,%T)=VARG (J)
PPV (J, K, NT)=CURY (J)
118 CONTIRDE
ENT (XT,1)=INN*SEDTNSARN*PLIXIN (37) /2ND (2XT)
EXT (MT,2) =REF*ENT (NT, 1) *SQRT (T8 (KD) /TB (1))
REN(®T,1)=0.0 )
REX (¥T,2)=0.0
LL(3T) =INXSPIROCT (1.422K) #SR (XT) /SCRT (TB (1)) *PLUXIN (¥T) /RKD (2T)
CET=CHI (%7)
I¥(CET.GT.0.) CNG (¥T)=CHT*&CHT®EXP (-CHT)
IP (CET.BQ.0.) CHG(NT)=1.0 '
IP (CET.LT.0.) CXG(¥T)=ACR®*CHT*EXP (~ACR)
CKG (T) =RAND (0) *CNG (4T) :
140 CORTINUE 80N3330

Is(1)=0.0
DO 155 N=2,ND RON3380
155 !S(N)=(.5‘(XCE(N)#ICB(H-1))—XSTAHT)‘AKR BUN3390

ICB(1)=0.0
DO 1€0 K=2,KD
160 YCB (N) =2.* (XCB (N)=IC3 (N= 1)) /R¥3
CALL CELL(EH,BH,NH,HE,XSTAET,DZLAHG,H?EDG,IC,!C,ZC.?HB)
Fr2=0.0
DO 210 N=1,¥BX
270 PEA=FNA+PHNB(N)

EPX=NBX ,
220 TIN®=0 BRUK4250
LARGE=0 RUN4260
SAxP=0 RUNL270
PET=0
NAV=0 RUN4290
AIZE=0. RUNG300
TI=0.0 ] BUF4310
DT=DTH
BEAX=0 : RUN4380
DO 250 XT=1,3
C1(3T)=RARD(0) RUNL4 10
_C2 (MT)=EAND(0) , RUNG420
_C3(NT)=RAFD(0) RUN3430
-C7 (MT) =RAND (0) - RUN4L40
- c-10
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ILE:

230

240

245
250
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C8 (XT)=RAND(0) RUNGYUSO

D1 (8T)=RAKRD (0) RUN4UG6O

D2 (8T) =RAND(0) RON44T70

D3 (AT)=RAKD(0) RONUGBO
. Dt {(BT) =RAED(0) ROUN4490

FL (XT)=0. RON4500

BTI {xT)=0. RUNUS510

HTR (ET)=0. RUR4520

JNT (AT)=0 RUN4S530

NK (¥T)=0 BRUN4US540

IPLUX (HT,1)=0

IPLUX (ET,2)=0

DO 230 ¥=1,3 RUR3S550

CTI({RT,N)=0. RUN4S60

CTR (8T,X) =0, RON&S570

CNI (XT,N)=0. RUN4S8B0O

CNR (XT,F)=0. RON4590

DO 240 E¥=1,KD RUNUG60OO

DO 240 X=1,BWEDG RUN4U610

NTS {®T,N,K)=0 RUNUG20D

HTSI (XT,K,K)=0. RUKR4U640

UTLI (MT,X,K)=0,

UTTI (XT,N,K)=0. .

VTSI (5T, N,K)=0.

UTL (%T,K,K)=0. .. RUNLESO

OTT (®T,K,K)=0. ROX4660

VTS (BT, X,K)=0. RUNUETO

HIS(XT,N,K)=0. BRUNUE8BO

DO 245 K=1,NPX RUN4690

NB (XT,N) =0 RURL700

KBT (8T,XN)=0 RUN4720

DBRA (BT,N)=0. RUN4730

XVA(ET,N)=0. RUN4740

YVA {%T,X)=0. RONLT50

ZVA{%T,N)=0. PORLT760

TEPA (%T,¥)=0. RUN4T790

TRPA(%T,N)=0.0

DO 245 NK=1,NSP

T (8T, NN, N)=0.0

COXTINIE RUN4BOO

CORTIRUE

PND=DDX

DEP=2./(PKD*S*S*RNB*RNB*PI) RONU930

PCP=1,/(PKD*S*RNB*RMB*PI)

CRicivag

BT P=.5*DRP/S
¥RITE (6, 2)
WRITE (6,4)

ROK494O

¥RITE(6,5) (¥T,EMA (NT) ,RNU(RT), PCOL (XT) ,PLUXIN(NT), (ENT (XT,K) ,K=1,2

1) ,BT=1,ESP)

WRITE (6, 2) .

CALL PRINTA (NWEDG,TITLE, NAME,XICB,ICB,TB,ALPHA, SIGK]A,ILIN,
1COEPP,LINIT,HSP)

CALL GAS (NWEDG,DELANG,ND,BTA,C1,DFA, §¥,FNB,DB, RB, XBE,NBN,
1PAU,PAV,PAN,PAX,PAY,PAZ,XLIN,COEFF,LH,LINIT(4),LINIT (6),.XCB,TB,

2LARGE, MN%,®NB,DEBUG{?) ,LCOL,8SP,ER,CEI,CRG,CNG,B5P,LB)

c-11
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CPUTYN=TPIND(0)

Ir (uasz.xr..o: GO TO 385 RUNSO060
DO 265 I=1,uSP

IP (NX(I).GT.X%AX) REAX=NN(I)

CALL PEIXTB(FNA,HSP,?NB,HH.ILIH,XC,!C,ZC,ﬁB,RSP)

I? (DEBUG (2)) WRITE(6,1)
CALL ACCUH(KHC,NPB,?NB,SB.PAU,PLV,PAH,ER,THP,TBP,XY,YY,ZY,L!,!SP,

1¥SP, NBH)

CPA=ELTINE (0)

CPI=CPL

GO TO 340 RUNS 130
RON5140

280

282
285

TINE=TIEE+1

I¥ (TINE.NE.TST+1) GO TO 285
TI=TST*DTX

DO 282 XT=1,4SP

IPLUX (2T, 1)=0 .

IFLDY (NT,2)=0

LARGE=0

CPI=EBLTIXE (0)

AINE=TINZ*DTY ROURS5170

DT=2I%E-TI . -

I?(DEBBG(1))HEIT£(6,33)AISZ,CPC,CP:,CPI,CPB,CPL,(HE(I),I=1,3),KBAX

PRT=PRT+ 1 ROUNS 180
) RORS5190

SANP=SARP+ 1 )
CALL COLIDE(C®,CX VT!,DE,DBA,RB,HCOL,LCOL.PAU,PAV,?AV,!R,T,LH,HSP,

R R Y]

1L151?{R),II:IT(6),ZTA,PHI,CHI,CNB,RSP,NBH)

KN¥ (1) =0 ROUNS5220
KNE (2) =0 RUN5230
kK% (3) =0

CPC=ELTIXE (9)
Ir(DSBUG(1))?51?2(6,33)AI!E,CPC,CP!,CPI,CPB,CPA,(Hﬁ(I),I=1,3),NEax

Call EOVE(O,LKH,H?EDG,XST&ET,LIHIT(3),LI!IT(1),LISIT(G),LI§12(9),
1D£LARG,32A,C2,C3,DPL,?L,HTI,HTR,JHT,K&S,NH,XCB,ILI:,CTI,CTR,
ZCHI,CHB,ALPHA,SIGHL,COE?P,HTS,BTSI,RTS,ETL,UT?,VTS,PAU,?AV,PAH,
3PAX,PA!,PAZ,LCOL,TB,SSP,EB,CEI,CNG,C!G,NSP,UTLI,UTTI,VTSI,I?LUZ)

KEX (1) =N¥(1) RUKS280
KNX (2) =F%(2) BUY5290
kX% (3)=N%{3)

CPE=ELTI®E(O)
I?(DEBUG(1))YRIT2(6,33)AI!Z,CPC,CP!,CPI.CPB.C?L,{ﬁ!(I),I=1,3),H5AI
TBI=T3 (ND)

CALL rLow(xnsnc,usa,xaasz,sra,c1,c7,ca,2ur,szx,Lcon,asv,wn,su,sr,
1TBI,PAU,PAV,PAE,PAI.PA!.PAZ,ZR,CHI,CHG.C!G,ESP,JY,?COL,?EL,P!V)

IF (LARGE.KE.0) GO TO 345

CPB=ELTIAE (0)
IP(DEBUG(1))EEIT2(6,33)AIHZ,CPC,CPH,CPI,CPB;CPA,(S!(I),I=1,3),NHAI

CAlL HOYE(1,AKN,KHZDG,!ST!RT,LIEIT(B),LIEIT(1),LISIT(S),LI!II(Q),
1D2LANG,BTA,C2,C3,D?A,PL,HTI,ETR,JKT,KNH,RH,ICB,!LIH,CTI,CTE,
ZClI.CBR,ALPHL,SIGHA,CO!?P,STS.HTSI,HTS.UIL.UTT,VIS,PAU,PAY.PLS,
3?11,PLI,PAZ.LCOL,TB,HSP,BR,CHI,CHG,CSG,XSP,UTLI,UTII,VTSI,I!LUX)
CPB=CPB+ELTINE (0) g
I?(DBBUG(1))HRITZ(6,33)AISZ,CPC,CP!,CPI,CPB,CP!,{8!(1),1=1.3),NEAX

ROUKS330

-0 330 %T=1,KSP
po 290 E=1,NBX o RUR5420
- L RONS450

¥B (NT,¥) =0 N .
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ORIGINAL PAGE 1S
OF POOR QUALITY

'ILE: GKBINT A0GEB2 A PRINCETON UNIVERSITY TIRE-SHARING SYSTEX

290 CONTINUE ROUN5470
NG=NK(27T) RUN5480
N=0 ) RON5490
295 N=F+1 RUN5500
IP (N.GT.BG) GO TO 310 RUN5510
I=PAX (KT, K) RUN5520
Y=PAY (XT,¥) RUNS530
2=PAZ {¥T,K) , RUN5540
R=SQRT (Y*Y+2%2) RUK5550

TANG=180.*ATAN2(Z,-T)/P1
IWDGE=TANG /DELAKG+1

IF (IWDGE.LT. 1) IWDGE=1

IP (IVDGE.GT.NWEDG) IWDGE=NWEDG

L=X/BW BUNS610
IP (L.GE.¥W) L=NW-1 RONS5620
M=R/BB . . : RUNS5630
IP (X.GE.NH) N=KH~1 ROX5640
K=NREDG* (L*NH+%) +IWDGE

IP(K.LE.NBX) GO TO 305 RUNS5660
WRITE(6,40)L,8,INDGP,NW,NH, NWEDG,X,2T,¥,X,Y,Z,R, TANG

IF (DUNP) CALL ABEND (4) ‘ RUN5680
STOP RUNS5690

305 J=KB(%T,K) +1
I? (J.LE.%NB) GO TO 308
IP (DEBUG (1)) wazrz(e 4u) MT,K,NNB, AIHZ

308 NB(MT,K)=J ’ RUN640O
LB (N)=K
GO TO 295 : . RUN6430

310 CONTINUE
NBE (XT,1)=0

DO 320 #=1,NBX RUK6450
A=NB (¥T,5) : RON64BO
DB (T, %) =L *DFA ({ET) /PNEB (%) RUNG64SO

KBM (NT,M+¢1)=NBE (ET,X) +NB (NT, K)
NBN (E)=KBE (T, M)
320 COKTINUE RUN6500
IP (K% (%T).GT.KBAX) NMAX=KSN(XT) RUN6510
DO 325 K§=1,NG
Q=LB (X)
NBN (Q) =NBK [Q) +1
RA=NBN (Q)
325 LX (MT,Ex)=§
330 CONTIFUE RUN6520
IF (SAYP.LT.ITS) GO TO 335
CALL ACCUK(KHC,NPB,PNB,EB,PAU,PAV,PAW,ER, TEP, TRP,XV,YV,ZV, LN ASP,
1NSP, KBK) :
SANP=0 RUK6570
IP (TIXE.LE.TST) GO TO 335
CALL AVRGE(FPNB,DB,DB3, NB,NBT, XV,YV,ZY,XVA, YVA,ZVA,TNP, THPA, TRP, TRD
11, uSP, ESP)
NAV=KAV+1 : RUN6600
335 CPA=ELTIXE (0)
CPI=CPC+CPR+CPB+CPA
CPJ=2.%CPI+5.
340 CPUTYX=TFPIND(0)
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ILE:

GKBIRT 10682 Y PRINCETOR UNIVERSITY TINE-SHARING SYSTEN

I?(DEBUG(3})URITB(6,33)AI!B,CPC,EPS'CPI.CPB,CPA.(!!(I)'I=1,3).BBlI
IP (TIXE.E2Q.0) GO TO 355
IP((TI!E.GB.TLI&).OR.(CPUT!B.LZ.CPJ)) §0 TO 345

IP(PRT.LT.ITP) GO TO 280 ROR6650
PRT=0 : RON6660
345 WRITE(6,30)AIN2,KAWLS i RON6670

356

350

353

I? (DEBUG(3)) WRITE(6,31)CPUTYN
WRITE(6,32) (N¥%(I),.I=1,3)

WRITE(6,38) ((NCOL(I,J),J=1,3),1I=1,3)
VRITE(€,35) (JNT(I),I=1,3)

IP (LARGE.NE.0) GO TO 360 RUNET40
WRITE (6,36) NSAX . RUN6750
IP(.NOT.SAVE) GO TO 355 RON6900

IF (PRT.EE. 0. ARD.CPUTYX.GT.CPJ.AND.TISE.LT.TLIN) 6O TO 355

REWIND §

WEITE(9) DZXP,0, XREY,TR?,KAWLS, NL, N7, NR, BY, BH, NREG, LB, ILC,PI, KD,
S+SIBANG,COSANG, AKN, AKT, NBX, BK, XR, TINEZ,DTH,TI, ITS, ITP, TS,
TLIN,RIA,RNU,DIR,XSTART,ANX, %NS, TR, BZC,CN7,DEP, PCP,FNA,
BTF,INY, 1LY, NAV, N¥AX, NWEDG, PRT, SANP, ARN1,AKN2, AKT 1, AKT 2,
514,€1,C2,€3,C7,C8,DAN, DFA, PL, DELARG, PDN,ETI, HTR,JNT,KXS,
¥8,%T™,Ca, VPN, NCOL,CTI,CTR,CKRI,CKR, SN,
sT,D1,02,D3,D4,NRAN, VELR, RNP, RXK,RMP,IPLOX,FLUXIN,
ILIN,COEPP,XCB,XS,YCB, T3, ALPHA, SIGHA,RTS,
0TL,UTT, VTS, HTS, ¥TSI, BNT,BEX, THDA,
DBA,NB,NET,TXP,IV,IVA,YV,YJA,27,2VA,T, DS,PNB, XC, YC, ZC,

PAT, PAV,PAW,PAX,PAY,PAZ,LCOL,LN,
ETA,PEI,CHI,CX,CN,CKG,CHG,CN8, TRP, TRPA,NSP, ANGLE, TP,
UTL1,UTTI, VTSI, ER,RXB, L3, NB%,BBN,VEL,PPV,PCOL, IV

FRITE (6,50) RUN7050

COSTINDE

WRITE (6,25) R22,EXX¥,RNP

DO 356 xT=1,xSD

PIWI=EET (4T, 1)

PIN2=ENT (%7, 2)

RF1=IFLOX (%7, 1) ¢DTX /DT

BF2=IFLUX (XT,2) $DT%/DT

ENP1=1.-RP1/PI M

RNF2= (PIS2-3P2) /PIN1

BPS1=RNP1*PLUXIN (XT) /EXD (*T)

RPS2=REP2%PLUXIN (KT) /RND (X7)

VRITE(6,26) EBEA(ST),FIN1,RFY,RNP1,EPS1,PIN2,RP2, ENP2,EPS2

IP (TINE.EQ.0) GO TO 280

IP (TIXE.LE.TST) GO TO 350

CALL PEINTI(DT,COSANG,SINARG,RNA,RKU,DRF,PCP,HTP,PL, T1,HTR,CTI,

1CTR,CKI,CNR)

CiLL PRINT2(AKY,XSTART,DT,RNU,BNA,DRY, PCP, BTF, ITLI,UTTI, VTSI, TSI,

1D2LANG,HHBDG,XS,ICB,YCB,HTS,HTS,UTL,UTT,VTS,LISIT(3),LIHIT(1),!SP)

CALL PRINTY (2SP,CHI,RKU,NS?, TRPA, PDN, WTN,DBA,N2T,TNPA, XVA,

1YVa, 2V, 1,8BT, XC, YC, 2C)

GO TO 353 A

COXTINUE _

CALL PRINTY(MSP,CHI,RNU,NSP,TRP, PDN, TS, DB,NB, TYP,IV,TV,2V,

10, §8B, XC, YC, 2C)

IP (DEBUG (2)) WRITE (6, 1) .

IP ((TIXE.LT.TLIN) .AND. (CPUTYNX.GT.CPJ)) GO TO 280

ONWEOVOIOTNBEWN

RON6860
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ILE:

360

364

ORIGINAL FAGE Is
OF POOR QUALITY

GKBIRNT A0G82 A PRINCETON UNIVERSITY TINE-SHARING SYSTEX

IP (IC.EQ.ICOPY) RETURK ‘
IC=1C+1 RUN7080
WRITE(6,2)

WRITE (6,3)
HRITB(6,5)(HT,BHA(HT),BNU(HT).?COL(!T).PLUXI”(HT),(BRT(HT,K).K‘\,Z

1) ,8T=1,KSP) .

¥RITE (6, 2) RUK7120
¥RITE (6, 3) IC RUR7130
CALL PRIKTA (NREDG,TITLE,NANE, XCB,YCB,TB,ALPHA,SIGHNA,XLIN,
1COEPFP,LISIT,NSP)

CALL PRIKTB(PNA,NSP,PNE,NN,XLIHX,XC,YC,2C,NB,NSP)

SAVE=.FALSE. BON7180
GO TO 345 RUN7190
¥RITE(6,38) (DBG1(I,LARGE),I=1,3) RUK7200
IP ((REDO) .AKD. {TINE.LE.TST)) GO TO 364

IP(DUONP) CALL ABEND(9) RUN7220
STOP RUN7230
CONTINUE

IP (NER) GO TO 365

REWIND 9

- READ(9) DBNP,U,IREP,TRP,K&FLS,KL,FH,NB,BU,EH,NRBG,XLB,ILC,PI,KD,

DOAWU OO EWN

365

366

370

S,SIKANG,COSANG, AKN, AKT,NBX, BN, XK, TINE,DTH,TI, ITS, ITP,TST,
TLIX,RNA,RNU,DIR,XSTART,NNX, ®NB, TR, B2C,CN7,DRP,PCP,PFA,
BTP,IFX,LLX,NAV,NMAX, NWEDG, PRT, SANP, AKN1,AKN2, AKT1,AKT 2,
BTA,C1,C2,€3,C7,C8,DA%,DPA,PL, DELANG,PDX,HTI ,HTR,JRT, KN,
NK,¥TH,C4,VRN, KCOL,CTI,CTR,CKI,CNF, SX,
st,p1,D2,D3,D&,NRAN, VELR,B%P,RXN ,E%P,IPLUX,FLOXIK,
X1I%,COEFP,YCB,XS,YCB,T3,ALPHA, SIGEA,NTS,
UTL,UTT,VTS,BTS,HTSI, ENT,REN,THDA, .
DBA,NB,KBT,T%P,XV,XVA,YV,YVA,ZV,ZVA,T, DB,PNB,XC,IC,2C,
PAU,PAV,PAR,PAX,PAY,PRZ,LCCL,LYN, -
ETA,PRI,CHI,CK,CH,CNG,CHG,CN8, TSP, TRPA,4SP,ANGLE,TF,
gTLI,UTTI,VTSI,ER,R¥B,LB,¥2N, 88X, VEL,PPV,PCOL, IV

ARE=TINE RUK7260

INB=9¢AN%/10

DDB=, 9*DDN

DRP=DRF/.9

PC¥=PCF/.9

BTP=RTF/.9

DO 370 x%=1,%SP

FDN (K%)=FDN (N¥) *IKB/AKN

LL (%¥)=9¢LL(%%) /10

DO 366 KK=1,ESP

CN8 (KK, %X)=CNB (KK, NX)*.9

DO 370 NK=1,2 .

ENT (%N,NK) =ENT (NX, NK) *INS/ANX

REX (X, KK) =0.0

IP (NE®) GO TO 220

TST=TIKE+TST

TI=0.

PRT=ITP

WRITE(6,2)

WRITE (6,4)

WRITE (6,5) (AT, REA (BT) , RNU (MT) , PCOL (MT) ,FLOXIN (NT), (ENT (XT,K) ,K=1,2

1) ,47=1,XSP)
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LE: GKBINT AUG82 A PRINCETOF UNIVERSITY TIME-SHARING SISTEY

WRITE (6,2)
IP ({LARGE.2Q.2).OR. (LARGE.EQ.3}) GO TO 280

REDO=.PALSE,
GO TO 360
ERD . RUN7410
SUBROUTINE DIAG (N, ITEST, NUN) ) DIAGO10
REAL*8 PARAX (10) /' EWEDGE',® NREG',* - ND',¢ RPX*,?
1 ENNY, ¢ BRB!, 0 NBX*, ! NSt ¢ By, MSPi/
DIAGOLO
DIAGOSO
DIAGO60
PORNATS DIAGO70
DIAGOBO
32 YORNAT (9X,'ENT,REM,ENTS, RENS, PTE, TRETA,DTH') ) DIAG090
"42 PORMAT(///5X,43E ARRAY DINENSIONS ARE ABOUT TO BE VIOLATED./) DIAG100
48 PORMAT (5X,17H XAXINON VALOE IS,IS, 198, WEEREAS YOU INPUT,IS,38 (,
1A8, 18)) DIAG 120
56 PORMAT (/51,788 IF YOU DESIRE TO USE TEIS VALUE, THZ POLLORIKG AREADIAGI30
1YS ADST BE RE-DIXZESIOFED./) . DIAG 140
62 PORX1T(9X,'BTS,HTSI,NTS, TS?,0TL,0TT,VTS*) DIAG150
64 PORNAT(SX,'XLIY,COEPP'//11X,"NOTE TEAT THE ILIN ARRAY MUST BE DIMEDIAG160
INSIONED TO 3 MORE TEAN TEZ COEPP AREAY.') DIAG170
66 PORMAT (9X, 'XCE,XS, IC3,T5,ALPHA,SIGHA") DIAG130
68 FOEMAT (9X,'DBA,N5,N3T,T4P, TYPA,XV,¥VA,Y7,YVa,2V,2V2, T, D3) DIAG190
70 FORNAT(9X,'PAT,PAV,PAW,PAX,PAY,PAZ,LCOLY)
72 PORNAT (8X,3H LN) DIAG210
74 PORMAT (//5X,765 IP YOU CHANGE THE ARRAT DIMENSIONS, ALSO CHANGE T5DIAS220
1E 'LIAIT' DATA STATEMENT.) DIAG230
5 PORMAT (9X,'ALL AREAYS ASSOCIATED WITH SPECIZS')
76 PORNAT (9X,'PKE,XC,YC,2C') DIAG2LO
78 POBNAT(9X,'PV,NTCY,XTCP,XS,IVWS,SL,DELS, TANGN®) DIAG250
80 PORXAT (SX,'VEL,PFV’) DIAG260
DIAG270
—— DIAG250
DIAG290
WRITE (6, 42) DIAG300
WRITE(6,44)ITEST, NON, PARAY (X) DIAG310
WRITE (6, 56) DIAG32)
6o T0 (1,2,3,4,5,6,7,8,9,10),%
1 WRITE(6,62) DIAG340
¥RITE (6,32) DIAG350
GO TO 11
2 ¥RITE(S, 64) DIAG370
GO TO 11 .
3 WRITE (6, 66) DIAG390
WRITE (6,62) DIAG400
GO TO 11
4 JEITE(6,68) - . DIAG420
¥RITE (6, 76) -
GO TO 11
S WRITE (6, 70) , DIAGHSD
GO TO 11 ‘
6 WRITE(6,72) . . .. . . ) DIAGE60

G0 TO 11
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ORIGINAL PAZE |5
OF POOGR QuALITY

ILE: GKBINT AUGS2 A PRINCETOF UNIVERSITY TIME-SHARIRG SYSTEX
7 WRITE(6,80) DIAGLSBO
GO TO 11
8 WRITE (6,78) DIAGS00
GO TO 11
9 WRITE (6, 80) : DIAGS520
GO TO 11

10 WRITE(6,75)
11 WRITE (6, 74) ’
sToP ‘ DIAGS40

A DIAGS550
SUBROUTIKE PRINTA (NWEDG,TITLE, NANE, ICB,YCB,TB, ALPHA,SIGNA, XLIN,
1COEFF, LIKIT, NSP)

INTEGER TST,TLIX,TIEE PRADO30
LOGICAL SAVE,NEW PRAOO4O

DINENSION LIMIT(1),TITLE(6),NANE(2),XCB(1), !c5(1),r3(u

DISENSION ALPHA (3, 1),SIGHA (3,1),XLIN (1), COEPF (4)

DIKENSION BNU (3),RHA(3) ,CRI (3),DIR(3,3),PRI (3,3),ETA(3,3)
DIKENSIOX WTH(3),DAX(3,3), vaS(s) xsy(s)

CONXOX /PIRST/NL,N¥,NB

COXKXON /SECND/BW¥,BH,RNP, R%N,RNP

CONMON /THIRD/PI,NREG,S,SINANG,COSAKG, AKK,AKT,AKN1,AKN2, AKT1,AKT2
COMNON /PORTH/NBY, R®,XR,DUXP, C9,LL(3),LLX

COXMOK ,PIPTH/KD,TI¥E,DTH,TI,ITS,ITP,TST,TLIY, RNA,RNU, DIR PRAO100
COXNON ySIITE/RMB, ISTART,INX,XNX, ¥NB,NEV,SAVE, PERECNT,NSR,TR
CONMON/EIGTE/DENP, U, TP, ANGLE, TRP,CHI,PHI ETA,¥TY,DAY, VELR, XREF

DATA NOT/'NOT %/ : PRAD120
‘ PRAO 130
et PR P PEAO4O
PRA0150
PORMATS PRAO160
PRAO170

1 PORXAT(16X,40(*-'),T74,7I'//9%,'3-D',12,"~PLUID PROGRAN = ')
2 PORMAT ('+4,31X,A4) PRADO 190
3 PORMAT ('+*,351X, 'A RESTART OF A PREVIOUS RON¢,T74,'I'/12X,2PRA0200
14, - *,6A4,' - ¢%,I2,' REGIOKS®,T74,'I',16 (/T74,'1')) PEAO210

4 PORMAT(7X,'FPRORT OP BODY =¢,E12.4,' XISTARET =LX EEIGET =',E12.4,*
1R%B',T74,'I'/7X,*BODY TEXPERATURES =',P12.2,' T PR.STRE.' ,P12.2,
2 T ENTR.!,F12.2,* T CAVITY'/7X,*X-LINIT*,T37,'BODY COEPFICIENTS?®,

3T74,°1%)

6 POREAT (S5P14.6,3X,'I') PRAO2UO
10 PORYAT(1X,72('-")) PRAO250
12 PORYAT(//14X,*PARAMETERS OF SEGNMENTS FOR BODY COLLISIOKS*,T96,°'I'/

18x, *X-COORD. TENP. ALPHAY ALPHA2 ALPHA3 SIGHAN SIGHA2

2  SIGHA3 AREAS®,T96,°I")

14 PORNAT(4X,E12.4,7P9.4,E12.8,T96,'1") :

17 FPORRAT(///25X,'ARRAY STORAGE USED'/SX,I6,! *‘,1016,T96,'I‘)

18 POREAT(1H1/17X,'LENGTH OF CELL IN BEAN-PREE-PATHS.= !,F12.4,' BN
2,T76,*I'
117X, *BEIGHT OF CELL IN NEAN-PREE-PATHS = ¥,F12.8,% BH!,T76,'I!
2/16X,' NUNBER OF L1 CELLS ALONG PLOW AXIS =!,I13,' NW',T76,°I"
3/17X,*NUEBER OF L1 CELLS IN RADIAL DIR. =',I13,* NH',T76,°'I!
4/21X,* NOKBER OP LEVELS OF CELL SIZE =*,I13,¢' NL',T76,°'I%)

23 PORMAT (3X, *RUNBER OF AZIMUTHAL WEDGES WITEIN *,I3,' DEGREES =',IPRAO470
113,% NWEDG I'))
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“LE: GKBINT 40682 T A PRINCETON OUNIVERSITY TIME-SEARING SYSTEX

2% PORMAT (16X,*BASIC TIME INTERVAL POR COLLISIOSNS =!',E13.4,' DTN
1 I*/8X,*TIEE INTERVAL POR SAMPLING PLOW PIELD INPO =',E13.4,' DTS
2 I%/24X,*7TIEE INTERVAL POR PRINTING =',213.4,' DTP I'/9x,
- 3'TINE TO STZADY-STATE CONDITIONS (ASSUNED) =',B213.4,' TST Ivy
819X, *TIXZE AT WRICH RUN IS TERXINATED =',E13.4,' TLIN I'/)

25 FORXAT {/5X,'PRESSURE RATIO(INSIDE/ENTRANCE) ~ EITHER TYPE =',P13.5
1, BRAP',T76,'I'/6X,'DENSITY RATIO (IRSIDE/ENTRANCE) ~ EITHER TYPE
2=*',P13.5,' RNN',T76,'I'/9X,*PLOX BATIO(INSIDE/ENTRANCE) = BITHER
3TYPE =*,P13.5,* REP!',T76,°'I')

26 FORMAT (5I,'PREE STREAK RUMBER OF MOLECULES ~ EITHER TYDE =',I13,°?

A INE I'/9X,*IFITIAL NUNBER OF ®OLECULES =~ MAXINUN =1',113,
1* LLA I'/9X,"AAXINON NOUEKBER OF MOLECOULES - EITEER TYPEZ =',I13
2,* [KNE I'/1%,'¥AX ROXBER OF MOLECULES IN AXY CELL - RBITHER TY
3PE =',113,' ¥EB 1)

27 PORNAT( /22X,'VELOCITY OP PREEZ STREAN PLOW =',E13.4," U',T76,'I'/1

B 19X,'SPEED BATIO OF PREX STREAM FLOW =',E13.3,' 5',776,'I'/19X, *8AC

AB NUXBER CP PREEZ STREAM PLOW =¢,E13.4,°¢ E*,T76,*1I'/19X,*SPECIFIC §
BEAT RATIO (CALCUOLATED)=',E13.4,* GANNA',T76,'I'/ 351, ' ANG
2LE OF ATTACK =',FP13.4,' ANGLE I'/16X,*NONBER DENSITY CP PEZE ST
3REAY PLOW =',E13.4," N',T76,'I%/19X, "TENPEPATURE OP PREE STREAY PL
YUOW =1,P13,4," TP',T76,'I'/16X, ' NOLE PRACTIONS OP PREE STREAE PLOW

5=¢,3213.4,' RNO I'/16X,'MOLECULAR WEIGETS OF SPECIES ABOVE =*', 3713
6.8,' RZA I'/18X,'INITIAL NUNBZRS OF SPECIES ABOVE =',3T13,' LL 1I*

7) -

28 PORSAT( /10X,°*REPERENCE TEMPTZRATUE® PCR MOLECULAR DATA =',P13.4,"
1TRP',T90,'I'/1QX,'CROSS-SBCTIDH',26X,'TE:P EXPOSENT',T90,% 1,3 (31X,
23E12.4,3X,3712.6,T90,'I' /) / 5X,'CEI/2-1',111, BOTATIONAL PARANESTER
3 PHI',TQO,'I'/B(?12.0,5!,3?12.6,?90,'I'/))

29 PORNAT(/9X,'DATA SAVED OF TAPE S")

30 PORMAT( 31%,'REP BOLECULAR SPEED =',E13.4," VELR*,T76,'I'/20X,'S?
1ECIES PREE STREAX EGLECULAR SPEZDS',T76,'I'/14X,3E16.6,776,'1' /26X
2,'REFESRENCE EEBAN PREE PATH =*,B13.,4,* XREP!,T776,'I'/26X,*SPECIES X
3EAN PREE PATHS',T76,%I'/14X,3B16.6,T776,'I'/11X,' LONGITIDINAL KXDDS
UEN NUNBEZR (PREZ STR%.)=',B13.4,! AKN',T76,¢I'/131, *TRANSVERSE KYUD
SSEF NUMBEIR (PREE STEM.)=',B13,4,¢ ART',T76,'I' /11X, LONGITTDINAL K
6RUDSEF NUM3ER ( ENTRANCE )=',E13.4,! AKN1¢,776,'I' /13X, ' TEANSVERSE
7 KNUDSEF FRUXEZR ( EINTRANCE )=',E13.8,°! ART1' ,T776,%I' /11X, LONGITUD
BINAL KNUDSEK NUMBER ( CAVITY )=",E13.4,"' AKN2',T76,'I'/13X,* TRAN
9SVERSE KNUDSEN NUXBER ( CAVITY )=',E13.4,% AKT2',T76,%'1')

PPAO682O

- PRAO6S0

PRA0700

IARRAY=T0B+LIMIT (3)* (32+56%LINIT (1)) +20%LIXIT(2) +LINIT (4)* (12044*LPRA0OT10
JINIT (6)) 4568 LINIT (5) +LIKIT(8) > (68+96*LINIT(9)) +208LINIT(7) +224*LINPRAOT20
2IT (1)

PRAO730

¥RITE(6,1) HSP .
IP (SEV) WRITE(6,2) ROT PEAO750
WRITE(6,3) NAZXE,TITLZ, KREG PRAO760
WEITE (6, 4) XSTART,RHB : PRAO770
DO 100 I=1,FREG PEA0780

100 WRITE(6,6) ILIA(I+1), (COEF? (J),J=1,8)

_ WRITE(S,10) : PRADBOO
WRITE (6, 12) “PBA0B10
DO 110 I=1,FD PRA0820

110 WRITE(S, 14) !CB(I),TB(I),(lLPHA(J,I),J=1.3),(SIGHA(J,I).J=’:3).!C3
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ILE:

ORIGINAL PAOE IS
OF POGR QuALITY

GKBINT  AUG82 i PRINCETON UNIVERSITY TIKE-SHARING SYSTEXN
1(1) .

WRITE (6, 10) PRAOBS0
WRITE (6, 17) IARRAY, (LINIT(I),I=1,10)

WRITE (6, 18) B¥,BH, N¥, NE, NL PRAOBSO
IETAZ= 180. .

WRITE (6,23) IETAZ, NWEDG

DTS=DTH*ITS PRAOOLO
DTP=DTA*ITP PRA09S0
AST=DTE*TST : PRA0O96D
ALIN=DTH®TLIN PRAO970
CHT=0.0

Do 120 J=1,MSP

120 CHT=CHT+CHI (J) #2KU (J)

GAMEA= (7.+2.*CHT) / (5. +2. *CHT)

AN=S*SQRT (2. /GAXNA) .
WRITE(6,24)DTH,DTS,DTP,AST,ALIN PRA0O98BO
BRITE (6,26) IKN,LLH, EKHN,BNB

¥RITE(6,25) REP,RMN,REP

WRITE (6,27)U,S,A%, GRAMA,ANGLE, DENE, TF, (RRU(I),I=1,3), (REA(I) ,I=1,3
1), (LL (D) ,1=1,3)

¥RITE (6, 28) TRP, ((DIR(I,K),K=1,3), (ETA (I,K).K=1,3),I=1,3), (CEL (I),
1 (PHI (I,K),K=1,3),I=1,3)

po 210 1=1,3 )

VELS (I)=0.0 :

210 XSP(I)=0.0

po 220 J=1,MSP

VELS (J)=VELR/SQRT (¥TX (J))
XT=0.0 .

po 215 E=1,MSP

215 XT=IT*RNU(H)‘DLE(J,H)*SQRT(1.0HTH(J)/VTH(5))
220 XSP(J)=1.414214*XREF/XT

WRITE(6,30) VELR;(VELS(I),I=1.3),XREP,(XSP(I),I=1,3),AKN,AKT,
1AKN1, AKT1, ARK2,AKT2

IP (SAVE) WRITE(6,29) : PRAIOUO
RETURK _ PRA1050
END PRA1060

SUBBOUTIRE PEIHTB(FNA,!SP,?HB,NE,XLIH,IC,YC,ZC,NB,N)
INTEGER*2 KB

DIXEKSIOK PNB(1),KE(1).,XLI%E(1),IC(1)

DIMERSION YC{1),2C{(1),¥B(N,1)

COMMON /PIRST/NL,NV,NH

COXEOXN /TEIRD/PI,NREG,S,SINLNG,COSLNG,AKN,AKT

CONMON /PORTH/NBX PRBOO70
1 POREKAT (1H1) PRB0OOBO
2 PORXAT (2X,° - CELL GEONETRI=———m—o—u—— PRBO0SO
----------- */2%, *'BOX LEVEL POSITIOR OF CEXTER VOLUNE PEBO 100

1
2INITIAL POPULATIOR! /72X, "NUK. ', 12X, X', 7L, 'Y THETA', 12X,* TOT
3AL ',' EACE SPECIES ',' CELL#') -

3 PORS&T(11,1“,15,3X,2?8.3,?7.1.312.3.21,1“,2!,315,3!.13)

% PORKAT (2X,° - TOTALS . ' ,E12,4,8X,3I5)
WRITE (6, 1) PRBO150
WRITE (6, 2) )
DO 200 I=1,NBX PRB0O170
X= (XC(I) -XLIK {1} ) *AXN ' PEBO 180
c-19.
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YI=YC (I)*AKT*2.0

IX=Y*NW+1

IY=Y*NH+1

K1=NB(1,1)

K2=0

IP (HSP.GE.2) K2=NB {2,1)

%3=0 .

IP(NSP.GE.J) ®3=¥B {3,I) :

M=K 1+M2+4K3 :
140 WRITE (6,3)IX,IT,X,Y,2C (I),PNB(I), n8,B1,82,83,1 ’
200 COXTINUE PRB0370 :

NM2=0

IP (%SP.GE.2) FE2=K%(2) B

NN3=0 i

IFP (2SP.GE. 3) KN3=N%(3) :

WBITE(G,Q)?BA,H!(1),R52,NH3

RETURN PRB0390

ERD PRBOLOO

-~y Ty e+

SUBROUTIKE C!LL(A,B,K?,KE,XO,D!LANG,EW!DG,XC,YC.ZC,PNB)
DINENSIOF XC{1),IC(1 ,2C(1),7FB (1)

COMMOR /TBIRD/PI CEPLL030
-— CELLO4O

' CELLO0S50

~HE DURPOSE COF THIS SUBROUTINE IS TO ¢ CELLO60
1. COXPUTE THE VOLOXE OF EACH CELL (ALl 3 POSSIELEZ LEVELS) CELLO79

AED STORE THE RESULT IN THE ARRAY CALLED ‘'ENB'. CELLOBO

2. COXPUTE THE X, R, AND THETA COORDINATES OP TEE CERTER OP CELL090
EACH CELL {ALL 3 POSSIBLE LEVZILS) AND STORE THE RESULTS INCELL100

ARRAYS CALLED *XC*', 'IC', RND wzct. CELL110
CELL120
- CELL130
I=0
I=Y0-0.5%A

PACTOR=DELAKNG*PI*2*3*L/180.
PO 110 K=1,K¥
X=X+
Y=-.5*3
po 110 L=1,KH
Y=Y+B
Z==-,.5%DELAXG
DO 110 8=1,¥¥EDG
2=Z+DELARG
I=X+1

. XC (1) =X
IC(I)=Y
2c(I)=2

110 PNB(I)=PACTOR* (2*L-1)

RETURN CELL360
EED . ~ cruL3n

SUBROUTIRE I!PACT(R&,Gl,GZ.G3,ZT.!I.PBI,CEI.ETL.XH,CIB)
CONMON/THIRD/PI .
Ir (PEI.EQ.0.) GO TO 20

7

~ AT L WD IR IR 0. e o~ e
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IP {CHI.EQ.0.) GO TO 20
DP=PHI*CHI-1.
DS=PHRI®* (2.~ 5*ETA) =~ 1.
E=ET+El
0 I=RAND (0)

IF(X.EQ.0.0} GO TO 10
XT=X**DF* (1.-X) *¢DS
IP(XT.GT.XX) GO TO 15
CIE=CIM¢XT, ,
IP (CIX.LT.XH) GO TO 10
CIN=CIN-IX
S ET=(1.-PHI)*ET+ (1.-X) *PEI*E
EI=(1.-PHI)*#EI+X#PEI*E
0 GP=SQRT (ET/RE)
EP=2.#PI*RAND (0)
CSX=2. ®*RAND (0) - 1.
SSX=SQRT (1.-CSX#+2)
G1=GP*CSX
G2=GP*SSX*COS (EP)
G3=GP*SSY#SIN (EP)
RETURN
END

SUBROUTIKE GAS (NWEDG,DELANG,ND,BTA,C1,DPA, NX,PNB,DB, KB, NBX,NBN,
1PAU, PAV,PAW, PAX,PAY,PAZ,XLIN,COEPE,LN,I2,I3,XCB,TB,LARGE,
2m”N%, 8XB,DEBUGT,LCOL,IP,ER,CKHI,CNG,CXG, I, LB)

INTEGER*2 L% (X,1),LCOL(I,1),LB({1),NB%(I,1),NBE (1)

INTEGER*2 NB

2 PORMAT (/' SOMETHING IS WRONG WITH BOX NUMXBERING IFN GAS'/9I5,SE14.5

/)
3 POREAT(/* SONETHING WRONG IR CELL VOLUMES IN GAS'/5X,515,2E13.5)

c-21

LOGICAL DUAP,DEBUG1 GAS0060
DIMENSION BTA(1),C1(%),DFA(1),N%(Y),FKB(1),CHI (1)
DIMENSION DB(I,1),NKB(X,1),PAU(I,1),PAV(I,1),PAR(I,1)
DIXEESION PAX (I, 1) ,PAY (I,1),PAZ(I,1),ER(I,1),CCEFF (4),ILIN(1)
DINENSIOK CNG(1),C®G(1),XCB(1),TB(1)
CO%%0X /FIRST/NL,NW,NE
COBXOK /SECKD/B%,BH,RHP,RMK,RNP
COXMON /THIRD/PI,NRES,S,SINAKG,COSANG,AKN,AKT
CO®XOS /PORTH/K3X,BX,XR,DU%P,C9,LL(3)
------- e c— e —————— - -===GAS0 150
GAS0160
TEE PURPOSE OF THIS SUBRDUTIKE IS TO GAS0170
i COMPUTE THE INITIAL VELOCITY OF EACH ROLECULE. GASD 180
THE VELOCITY ARBAYS ARE *PAU', 'PAV', AND 'PAW'. GAS0 190
2. CONPUTE THE INITIAL POSITION OF EACE MOLECULE. GAS0200
THE POSITION AREAYS ARE 'PAX', 'PAY', AND 'PAZ'. GAS0210
3. CREATE AN AERAY VHICH STORES THE CELL POPULATIONS- GAS0220
*§B* POR THE ACTUAL POPULATIORS GAS0230
8. CREATE A CROSS-REPERENCING ARRAY (WHOSE CONSTRUCTIOR IS  GAS0250
IFDICATED BY A COMNENT CABRD) CALLED °'LN°*, GAS0260
S. CONPUTE AN AERAY WEICH STORES THE NUNBER DENSITY IN EACE GAS0270
CELL GAS0280
6150290
- G1sS0300

»,.,v...
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LLB:

110

120

126

128
130

135

136

GKBINT A0G82 | PRINCETO¥ UNIVERSITY TINE-SHARING SYSTEX

PORKAT (* NB3(',I2,%,%,I8,') POPOULATION EXICEEDED ',I3,' IE GAS') GAS0340

BP= (1. =-RNN)

CP=1.-REN*$2

DO 180 ET=1,IP

§=0 GA50370

F=R+1 GAS0380

IP(N.GT.LL(XT)) GO TO 180 -

IF (N.GT.H8KY) GO TO 190 GAS0390
P=,001+.998%RAKD (0)

IP (BP.¥E.0.0) P=(1.=SQRT(1.=CP*P))/BP

I=YLIN (1) +P*XR

R=BN*SQRT (RAND (0))

D=PI*RAXD{0)

PLY (NT,R)=X

PAY (NT,N)=E*COS (D)

PAZ(%T,N)=R*SIXN(D)

DO 126 J=2,ND

IP(X.LE.XICB(J)) GO TO 128

CORTINUE

¥RITE(6,3) J,ND,8T,LL(MT),.K,X,XCB(J)

IP (DUYP) CALL ABEND (14)

sTOP

TL=TB (J- 1) + (TB (J) -TB (J- 1) ) # (X-XCB {(J=- 1)) / (XCB (J) ~XCB(I- 1)) "
V=4.*RAKD(0) . GASO400
VV=V&y e GASO410
C1(NT)=C1{3T) +VV*EIP (1.~VV) GASOU20
I?P(C1{¥T).LT.1.) GO TO 130 6150430
C1(XT)=C1{aT)-1. GASOLLD
A=1.-2.%RAND (0) - GAS0450
B=SQRT (1.-A%3) : GASD460
C=2.*PI*RA5D (0) : GASO470
=V/3TA (%T) *SQRT (T1)

PAD (MT,N)=V*A

PAV(ET,N)=V*B*COS(C)

PAW(®¥T,K)=V*B*SIN(C) . GAS0510
21=0.0

TP (CEI(%T7).LE.-1.) GO TO 136

EI=9.%*2AND (0)

IF (EX.EQ.0.0) GO TO 135

IT=EY**CHI (% T} *EXP (-EX)

IP (XT.GE.C2G (%T)) GO TC 136

CRG (MT)=CNG (§T) +IT

IP (CEG (XT) .LT. CNG (AT)) GO TO 135

CHG (¥T)=CKG (%T)-CXG (XT)

ER (5T, ¥)=EX*TL .

TARG=180.% (1.-D/PI) GAS0720
INDGE=TANG/DELANG*1

IP (INDGE.GT.NWEDG) IWDGE=YWEDG

L=X/B%

IP(L.GE.V¥¥) L=XW-1 )

8=R/BR GAs0780
IP (S.GE.NH) N=RH-1 GAS0790

K=NYEDG* (L*NE+%) +IWDGE
I?(K.LE.EBX) GO TO 165
¥RITE(6,2)L,H,IWDGE, N¥, NH, NVEDG,K,NT,N,X,Y,2,R,TANG

c-22
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IF (DUNP) CALL ABEND(11) GAS0830
STOP GAS0840

165 J=KB (XT,K) +1 : GAS1190
LCOL (KT, ¥) =0 A
IP(J.LE.XKB) GO TO 166 GAS1240
IP (DEBUG1) WRITE(6,4)MT,K,HNB GAS1250

166 NB (XT,K)=J GAS1270
LB(N) =K

167 IF(N.LT.LL(¥?)) GO TO 110
NX (KT) =N GAS1310
NBN (MT,1)=0
DO 170 ¥=1,NBX : GAS1330
A=KB (2T, ¥) GA51360
DB (NT,N) =A*DF) (XT) /PNB (X) GAS1370

NBE (XT,N+1)=KBY (MT,N) +NB (3T, N)
RBR (K) =NBX (MT,N)

170 CONTINUE GAS1380
NG=NX (MT)
DO 175 N=1,XG
¥O=LB ()
NBN (NQ) =NBK (§Q) +1
NA=KBN (KQ)
175 LM (XT,NA)=N
180 COKTINUE GA51390
RETURK : , GAS1400
190 LARGE=1 : ¢ GAS1410
RETURN GAS1420
" END _ GAS1430

SUBROUTINE PLOW (R¥ZDG, ENN,LARGE,BTA,C1,C7,C8,ENT,REN,LCOL, IP,NY,
1SR,ST,TBI, PAU, PAY, PAW,PAX,PAY,PAZ,ER,CHI,CNG,CHG,I,JV, PCOL, VEL,
2PPV)

INTEGER*2 LCOL

DIXEKSIOF BTA(1),N%(1),SK(1),ST(Y)

DIXERSION C1(1),C7{1),C8(1),CEG(1),FCOL{1),VELK(¥)

DIXENSIOR PAG(I,1),PAV(I,1),PAV(I,1),PAX(I,1),PAY(I,1),PAZ(I,1)

DIXENSION EXT(3,1),REN(3,1),LCOL(I,1),ER(I,1),CHI{1),CKG (1)

DIKERSION VEL(JV,4,1),PPV(JV,4,1)

CONXOK /THKIRD/PI FLOO 100
CONNMOY /PORTH/NBX, RN, XR . FLOO 110
e . - ¥L0O0120
TBE POPPOSE OF THIS SUBROUTINE IS TO ADD A NEW BATCHE OF NMOLECULESPLOO 130
TO THE SANPLE TEROUGH THE UPSTREAM BOONDARY. FLOD 140
- FLO0150
DO 370 ®BT=1,IP -
XG0=0. FLOO 18D
E=1. PLO0 190
PRAC=FCOL (XT) :
ARG=SN (AT)
STT=ST (XT)
TV=1./BTA (%T)
TR=1.
DO 180 ¥T=1,2 . rL00200

VM= (SQRT (ARG*%2+2,) +ARG) /2.
SB=A8AX1(0.0,VN~-4,)

Cc-23

R LT DY SN

LT e L,



TP
- o

102

.

GKBINRT ATGB2 A

SHM=VM ¢4, SN

AE=ENT (MT,NT) +RES (XT,XT)
B=AY

REX (NT,RT)=AZ=-2

IP (8.EQ.0) GO TO 170

DO 160 N=1,1%

1P (RN (NT).GE.%4FX) GO TO 380
NX (XT) =N% (XT) +1

NXX=XX (XT)
R=R%*SQRT (RAND (0))
D=PI*RAND(0)

PAY {ET, NXY)=R*COS(D)

PAZ (NT,N%X)=R*SIN (D)

LCOL (4T, 52X) =0
IP(PRAC.EQ.0.0) GO TO 130
PP=RAND (0)

I?(PF.GT.PRAC) GO TO 130
xax=3

VELR (4)=0.0
IP(CEI(XT).GT.=-1) KMX=4

DO 110 K=1,KXX

P=PAND (0)

DO 102 J=2,JV )
1P (PPV (J,K,%T).GT.?) GO TO 105
CONTINUE

VELE (X) =VEL (JV, K, 4T7).

G0 TO 110

PRINCETOR ONIVERSITY TIME-SHARING SYSTZXM

105 VBLK(K)=YBL(J°1,K,HI)‘(P~PPV(J-1,K,5T))‘(YBL(J,K,ﬁT)-Y!L(J-1,K,

1190

130

140

150

155

1%T)) / (PFY (3,K,%T) -PPY (J-1,K,%T))
CONTINOE

PAD (MT,N%X)=VPLE (1)

PAV (¥T,NNI)=VELE (2)

PAW (¥T,NEX)=VELK (3)

ER(XT, E%X)=VELK (&)

GO TO 160

V=S¥ +EAND (D) *SXX

C1(NT)=C1(NT) +VEEXP (VE®®2-V**242, #ARG* (V-7V} ) /7N

IP(C1(XT).L7.1.) GO TO 130
C1(%T)=C1(%T)=1.

PAD (AT, NNY)=E*V*TV
v=8.*RAND(0) -8, ,

C7 (XT) =C7 (¥T) +EXP (~V*V)
IP{C7(5T).LT.1.) GO TO 140
C7(XT)=C7{"T)~-1.

PAV (MT,ENI)=STT+V*TY

v=8. *RAND (0)~4.

C8 (KT)=CB(XT) +EXP (~V*V)
IP(C8(MT).LT.1.) GO TO 150
C8 (MT) =C8 (4T)~1.

PAW (ET,EXX)=V*TV

x=0.0

IP (CHI (3T) +LE.-1.) GO TO 156
=9, *RAND (0)

IP (X.LE.0.0) GO TO 155
YT=X**CHI(NT) *2XP (-X)

C~24

PLO0380
PLO0360

PLO0370
FLO0390

PLOOU420
FLOOU3O

PLOOLSBO
PLOO 49O

PLO0S510
PLO0S520
FLO0S30
FLO0S540

PLOO0S60

?LO0570
FLO0S80
PLDO5S0

e o vy —— 4

e

e

A e

B o 2 T

Bt R T

oL tmyraange



-

ORIGINAL PAGE |
s
OF POGR QuUALITY

.

‘LE: GKBIET AUG82 A

IP (XT.GE.CNG(MT)) GO TO 156
CRG (XT)=CNG (KT) +XT
IF (CNG (ET) - LT.CHG (8T)) GO TO 155
CRG (BT)=CKG (MT) =CAG (AT)
156 ER (5T, NXX)=X*TR
160 PAX (BT,N4X)=XGO
170 CORTINUE
ARG=0.0
XGO=XR
E=-1.
PRAC=0.0
STT=0.0 _
TY=SQRT (TBI) /BTA (BT)
TR=TBI
180 CORTISUE
370 CORTINDE
EETURN
380 LARGE=2
RETURK
ERD

SUBROUTINE COLIDE(CF,CE,HTH,DB,DBA,NB,NCOL,LCOL,P&U,PIV.PRH,BB,T,
iL%,%T,I12,13,ETA,PHI,CHI,CNB,KP,NBN)

IKTEGER TINE

INTEGER®2 LN{KP,1), LCOL(NP,1)

INTEGER*2 NBX,NB

DIMENSION CN(3,3,1),CH(3,3,1),WTH(1),DB(NP,1),DBA(RP,1),NE(NP,1)
DIMEXSION NBE(H?,1),NCOL(3,1),T(NP,RP,1),ETA(B,\},PHI(J,\),CHI(1)
DIBZNSION PAU(NP,1),PAV(NP,1),PAE(NP,!),ER(NP,1),CR8(3,1),5K(2)
COX%OX /PORTH/NBX

COMNOX /PIPTH/ND,TINE,DTH

PRINCETON UNIVERSITY TIME-SHARING SYSTEX

FLO0610
FLO0620

PLOO6ULO
PLO0650

rLO0660
FLOT140
PLO1150
PLO1160
FLO1170
FLO1180

COL0030

coL0080
coL0090
COL0 100

THEE PUEPOSE OP THIS SUBROUTINE IS TO ADVARCE TEE ELAPSED TINES IRCOLO110
CELLS BY AN AROUNT APPROXINATELY EQUAL TO THE PRE-SELECTED COLLISCOLO 120
TIME. THERE AREZ POUR TIMES FOR EACE CELL, SAVED IR AN AERAY CALLECOLO130
'T¢, CORRESPOXDING TO THE POUR TYPES OF XOLECULAR COLLISIONS WHICCOLO140
CAX OCCUE. TO ADYAKRCE THE VARIOUS TINES, AX APPROPRIATE KUNMZER OFCOLO150

THE CORRESPONDING MOLECULRR COLLISIOKS IS COMPUTED. THE ACTULAL

COL0160

XOLECULES TO COLLIDE ARE SELECTED AT RANMDOY, AKD THEIR VELOCITY VCOL0170

CoL0180

DIPECTIONS APTER COLLISIOK ARE SELECTED AT RANDOM.
AINE=DTH*TINE
DO 240 ETA=1,MT
DO 230 KTB=1,8TA
D = WTX(NMTA) + WTNM (NTB)
WA (NTA)=V¥THX (NTA) /D
WA (KTB)=NTH (1TB) /D
RM=KTH (XTL) *¥TH (NT8) /D
CHT=CHI (MTA) +CHI (XTB) +2.0 o .
PET=PHI (ETA,5TB)
ETT=ETA (MTA,BTB)
DO 220 N=1,NBX
IP (T (MTA,MTB,K).LT.AINE) GO TO 100
, IF (T (MTB,XTA,¥).GE.AINE) GO TO 220
100 NA=NB (NTA,N) *KB (NTB,N)

c-25
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IP (MTA.EQ.HTB) FA=(NA-KB(MTA,N)) /2.
I? (NA.LT.1) GO TO 220
KS=0

120 KC=0

CPUT=ELTIEE (0)
KS=KsS+1
IP (KS.GT.BA) GO TO 220

130 RC=KC+1

IP(KC.GT.EA) GO TO 220

"135 I=NB (NTA,F) ®RAND (0) + 1+ KBX (XTA, N)

-

I? (I.GT.RBE(NTA,K+1)) I=NBN({ETA,N+1)
J=LY (XTA,I)

140 K=NB(4TB,X)*PRAND(0)+1+KBX (MTB,N)

IP (K.GT. KBX (NT3,%5+1)) K=RBY(XTB,N+1)
IFP(NTA.EQ.%TB.AND.I.EQ.K) GO TO 140

1=1% (%TB,K)

GX1=WA (NTA) *PAU (¥TA,J) +%A (NTB) $PAD (XTE,1)
GM2=WA (MTA)*PAV (XTA,J) +#A (¥TB) SPAV (%T5,L)
GE3=WA (MT1)*PAW (NTA,J) +RA (NT2) *PAW (XTE,L)
G1=PAU (5T4,J)-PAD (T3,1)

G2=PAV (XTA,J)-PAV (¥TB,L)

G3=PA¥ (MT1,J) =DA% ("T2,L)
GS=G1%%2+G2%%2+G3%52

IP(GS.LT.1.0E=8) GO TO 130

ET=EX*GS -
EI=ER (ZTA,J) +ER (%TB,L)

VR=GS** (,5-2T7/2,) -
IP(YR.GE.CY(¥TA,%TB,1)) GO TO 160

CK (MTA,XTB, 1) =CN (%TA, %72, 1) +VR
IP(CN(8T2,%T2,1) .LT.C®({%TA,%TE,1)) GO TO 130

- CR(XTA,MTE,1)=CR(%TA,NT3,1)-C2%(MTA,%TB, 1)

160 CORTINUE

CPUT=ZLTIXE (0)
CALL IaPACT(R!,S1,G2,GB,ET,BI,PHT,CET,BTT,C!(:TA,HTB,Z),CN(!TA,!TB
1,2))

165 COXTINGE

170

CPOT=ELTINE (0)

17 (PHT.EQ.0.) GO TO 175

X1=0.0

IF (CEI (ET2).EQ.-1.) GO TO 175

X1=1.0

IP (CEI (%78).EQ.-1.) GO TO 175

I1=RAND(0)

IP ((CHI(2T2).EQ.0.).AKD. {CHI (XTB).2Q.0.)) GO TO 175
XT=X1¢*CEI (MT2)* (1,~T1) **CHI (1TB8)

IP (XT.GT.CX{XTA,ETB,3)) GO TO 175
C¥(ETA,ETB,3)=CK(NTA,%T5,3)+XT

IP (C¥ (XTA,4TB,3).LT.CH (STA,NTS,3)) GO TO 170
CH(XTA,XTB,3)=CKN (NT2,%TB,3)~-CHN (XTA,2TB,3)

175 CORTINUE

C=DBA {X7A,N)

D=DBA (ATB,N)

IP(C.EQ.0.0) C=DB(NTA,N)

1P {D.2Q.0.0) D=DE(XTB,¥)

I® (T(%TA,¥TB,N).GE.AIME) GO TO 180

C~26

PRIRCETOY UNIVERSIIY TIME~-SHARING SYSTEM

o

L oA pe e

LV AT R



ILE:

180
190

210

220
230
240

GKBIRT ADG82 A PRINCETOR UNIVERSITY TIAE-SHARING SYSTEN

PAU (XTA,J)=GN1+WA (NTB) *G1

PAV (NTA,J) =GK2+WA (NTB) *52

PAR (ETA,J) =GN3I+WA (XTB) #G3

IP (PBT.GT.0.) ER(XTA,J)=X1%EI

LCOL (MTA,J)=1+4LCOL (XTA,J)

NCOL (XTA,NTB)=NCOL (XTA,NTB) +1 : COLOB10
T (XTA,NTB,K) =T (¥TA,%TB,N) +CN8 (BT}, ¥TB) /NB(NTA,K) /D/VR
IP(NTA.EQ. ¥TB) GO TO 190

IP (T (%TB,XTA,K).GE.AINE) GO TO 210
PAU(XTB,L)=GY1=WA (NTA) *G1

PAV (BTB, L) =GK2=-¥A (NTA) *G2

PAW(NTB,L)=GX3~WA (NTA) *G3

IP (PHT.GT.0.) BR(XTB,L)=(1.-X1)*EI

LCOL (8TB,L)=141COL (®T3,L)

NCOL (KTB,ETA)=NCOL (XTB,XTA) +1 COL0920
T (MTB,NTA,N)=T{%TB,XTA,N) +CN8 (NTB,NT2) /NB(XTB,N) /C/VR
CONTINUE .
IP(T(%TA,XTB,N).LT.AINE.OR.T(%TB,NTA,N).LT.AINE) GO TO 120
CORTINUE

CONTINUE

COKTINUE

RETURN .

END

SUBROUTINE EOVE (KSWCH,AKN, NWEDG,XSTART,I2,I3,I4,IS,DELAKG,
1BTA,C2,C3,DFA,PL,5TI,BTR, JNFT,KNN, N8, XCB, XLI¥,CTI,CTR,CXI,
2CNB, ALPHA, SIG®A,COE®P?, BTS, BTSI,NTS,0TL,UTT, VTS, PAU, PAV, PAR, PAX,
3PAY,PAZ,LCOL,TB,IP,ER,CHI,CNG,CKG,I,UTLI,OUTTI, VTSI, IPLDX)

INTEGER*2 LCOL{I,1)

INTEGER TST,TIXE

LOGICAL DUEP ¥OV0070
REAL LAX,XU,R0 ®OV0080
DIKENSIOE BTA(1),C2(1),C3(%),PL{Y),BTI (1)

DIMNENSION ETR(1),TB(1),XCB(1),ALPHA(3,1),SIGHA(3,1),COEPF(4)

DIXEXSION PAU(I,?),PAV(I,1),PAR(I,1),CTI(3,1),CTR(3,1)

DISENSIOK CNI(3,1),CNR(3,1),DPA(1),INT(1),XLIN(1),KNN(Y),KX (1)

DIMENSION ETS(3,I2,I3),HTSI(3,I12,13),NTS{3,12,13)

DIXEKSION 0TLI{3,I2,I3),07TI(3,12,I3),VTSI(3,12,13)

DINENSIOK ©TL(3,12,I3),07T(3,I2,13),VTS(3,12,I3)

DIXENSION PAX(I, 1) ,PAY(I,1),PAZ(I,V)

DINENSION ER(I,1),CKG(1),CNG(1),CHI(1),IFLDX (3,2)

COXMON /TEIRD/PI,RREG XOv0170
COMXON /PORTH/KBX, RN, XR,DONP MOV0180
comMoN /PIPTH/SD,TINE,DTX,TI,ITS,ITP,TST
CONBOR /SVNTH/LAM,NU,NU,ST,N,J,XI,¥YI,2I,TOSE BOV0200
NAMELIST/CHECK/TIXE,X,Y,Z2,DX,DY,DZ, TLEPT,RADS, R4S, XR -
—— 210
TEZ PURPOSE OF THIS SUBROUTINE IS TO ADVANCE THE SPATIAL POSITIORN 220
OF ALL TEE XOLECULES BY AN AXOUKT APPROPRIATE TO THEIR CURRENT VE 230
LOCITIES AXD TRE PRE-SELECTED COLLISION TINE. 260
. 250
FAREA=EREG+1 HOV0270
RAS=RN$*2
DO 150 ¥T=1,IP :
N=KKE (XT) EOV0290
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ILE:

10

15

18

19

20

25

100

GKBINT A0G82 A

B=N+1
TLEPT=D7S

IP (KSWCB.EQ.1) TLEPT=TLEPT®*RAND(0)

IP (K.GT.NX (XT)) GO TO 150

LAB=PAU (XT,N)

ED=PAV (XT, N)

NU=PAW (2T, §)

XI=PAX (MT, X)

YI=PAY (KT, N)

2I=PAZ (57, X)

DI=TLEPT*LAN

DY=TLEPT*KT

DZ=TLEPT*NU

X=XI+DX

Y=YI+DY

2=2I+DZ

RADS=Y®%24Z%%2

TUSE=TLEPT

K5=0

I? (RADS.GT.R%S) CALL INTERS(X,Y,Z,RXS,KS)
IP(X.GT.XLIN(1)) GO -T0 18

IPLUX {XT,1)=IPLUX (AT, 1) 41

GO TO 100

IP (X.LT.XLI%(NAREA)) GO TO 19

IPLOX (AT, 2)=IPLUX (MT,2) +1

G0 TO 100 . e
CONTINUE

IP (KS.GT.0) CALL DEAG (AKK,NWEDG,XSTART,I2,I3,I4,I5,DELANG,JNT,BTA,
1c2,C3,DFA, °L,ETI,HTR, T8, XCB,CTI,CTE, CNI, CNR, ALPRBA, SIGXA, BN, TS,
28TSI,NTS,UTL,UTT,VTS,LCOL,IP,ER,CHI,CNG,C®5, I, 0TLI,UTTI, VTSI)
IP(2.67.0.0) GO TO 20 '
2=-2

¥U=-50

COSTIROE

PAX (%7,5)=X

PAY (57T,H)=Y

PAZ (MT,N)=2Z

PAU(®T,K)=LAN

PALV (XT,K) =40

PAU (NT,K)=NO :
I?{(X.67.0.0).A¥D. (X.LT.XR) .AND. ((Y*%2+2%22) ,LT.R¥S)) GO TO 25
WRITE (6,CBECK)

G0 TO 100

CONTINUE

TLEPT=TLEPT-TOUSE .
IP (TLEFT.GT.0.0) GO 7 15

GO TO 10

NZ=KN (XT)

PAX (®T,K)=PAX (NT,N2)

PAY(AT,N)=PAY (NT,NZ)

PAZ (XT,H)=PAZ (XT,N2)

PAD (NT,¥)=PAU (NT,N2)

PAV(NT,F)=PAYV (XT,KZ)

PAW (MT,¥)=PAW (%T,RZ)

ER (NT, K)=ER (NT,NZ)
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80YV0300
MOV0310
HOV0320
#0Vv0330
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50V0360
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LCOL (8T, N) =LCOL (NT, K2Z)- BOvV0900

N=N-1 HOV0910

NN (MT) =KK (XT)-1 850vV0920

GO TO 10 #0V0930
150 COXTINUE . movosuo

RETURR BOvV0950

END %0V0960

SUBROUTINE ACCUH(IZ,IB,PNB,NB,PAU,PAV,PL?,BR,T!P,TRP,XV,!V,ZY,LH,

1IP,I,NBX)

INTEGER*2 1X({I,1),NBN(I,1)

INTEGER*2 KB

DIMENSION ?HB(?),NB(I,l),PAU(I,1),PAY(I,1),PAV(I,1),THP(I,1)

DINMENSION XV(I,1),¥v(1,1),2V(1,1),BR(I,1),TRP(I,1)

COXNON /PORTH/NBX ACUNO050
. - - ACU%060

THE PURPOSE OF THIS SUBROUTINE IS TO ACCUNULATE TEXPERATURES, ACU%070

VELOCITIES, AND DEFSITIES IN VARIOUS ARPAYS POR DETEREINING THE ACOX080
AVERAGE FPLOW FIELD PROPERTIES AFTER STEADY-STATE HAS BEEN REACEEDACUMO90

—————— ACUN100

DO 180 N=1,NBX : ACUX 120
DO 110 MT=1,IP '

IV (XT,K)=0.0 ACOX160
YV (XT,®)=0.0 ACU%170
ZV (MT,N)=0.0 . ACU% 180
TXP (%T,K)=0. ‘ . ACUN190
TRP (XT,N)=0.0 :

TTX=0. ACU%200
TTY=0. ACUN210
TTZ=0, ACUX220
TTR=0.0

N=KB (XT,¥) : ACUN230
IF (%.1LT.1) GO TO 110 . ACU%240
u=0. ACON250
v=0. ACUX260
¥=0. ) ACUN270
DC 100 L=1,X ACUZ280
KA=KBN (KT, N) +1

J=L¥ (XT,NA)

PU=PAT (AT, J) , ACUZ 300
PV=PAV (%7, J) - ACU%310
P¥=PAW (NT, J) - ACUX320
U0=U+P0

V=V+PYV

W=H+PW

TTR=TTR+ER (T, J)

TTY=TTX+PU*PU

TTY=TTY+PV*PYV
100 TTZ=TTZ+DPWs*DPVW

¥=KB (T, ¥) :

XV (MT,N)=0/% , : ACUN390
YV (NT,K) =Y/ ACUN400
ZV (AT, §) =W /" , ACUN410
THP (KT,R)= (TTX+TTIY+TTZ) /X . ACUX 0420

TRP (MT,N)=TTR/%
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110 CONTIRUE ACUNE30
180 CONTINOE ACDONU440

RETURN ACUX450
ERD ACON460

r—g

SUBROUTINE AYRG!(?NB,DB,DBA,NE,HBT,IV,Yv,ZV,XVA,YVL.ZVA,THP.T!PA,
1TRP, TRPA,IP,I)

INTEGER*2 KB, NBT »
DI®ENSION FNB(1),D3(I,1),DBA(I,1),NB(I, 1),331(1 1) ,TMP(I, 1) )
DIXEXSION TEPA{I,1),XV(I,1),XVA{I,1),YV(I,1),TVA(I,1),2V(I,1)
DINEXSION ZVA (I, 1) (TRP (I,1),TRPA (I,1)

COMMOR /PORTE/NBX AYG00S0
AV30060
TEE PURPOSE OF TEIS SUBROUTINE IS TO COXPUTE THE AVERAGE PLOW AVG0070
FIELD PROPERTIES. . . AVGDOSBO
AVG0090
DO 110 K=1,NBX AVG0110
DO 100 ET=1,IP
A=¥BT (3T, %) AVG0150
B=NB (4T, K) . .
C=1+8 AVG0170
NBT (XT,¥)=C AVG0180
IP(C.LT.1.) GO TO 100 . AVG0190
DBA{NT,XN)= (DBA (YT, K) *A+DB (¥7,N) *8) /C AVG0 200
XVA (BT, N)=(IVA (5T, 5) *A+X7 (4T, ¥)*3) /C V30210
YUA(NT,H)= (YVA(MT,NI'®2+¥V ({¥7,9)*E) /C AVG0220
ZYA (ST, )= (ZVA (%T, 5) ®R+ZV (7, N) £3) /C AVGD230
THPA (XT,N)= (TXPA (X7, N) $A+THP (XT,5) *5) /C V60240
TREA (AT, K)= (TROA (X7, X) *A+TRP (1T, X) *8) /C :
100 CONTINUE ATG0250
110 COXTINUE AVGO260
BETOERN AVG0270
END AVG0280

SUBRCTTINE DRAG (AXN,8¥EDG,ISTART,I2,I3,TI4,15,D2LAKRG,JET,BT),
1c2,Cc3,DFr,fFL,BTY,¥7E,73,XC3,0T7Z,C7R, CNI, CXE, ALPnA,S GXA,B%,HTS,
28T7sSI %TS,07L,0T7T,V7S,1LCO0L,1IP,ER,CHI,CNG,CXG,I,0TLI,OTTI, VISI)

INTEG’R‘Z T LCoL DRGOO4D
INTEGER TINE,TST DRGOCSO
REAL LAX_ XU,NU,JAY,RAY DRGOO6O

DIEENSION BT (1),C2(1) ,C3(1),PL(1),BTI(1),CTI(3,1),CTR(3,1)
DIKENSIOE HTR(1),TE(1),XCB(1),ALP3A(3,1),5IGNA (3,1)
. DIXEESION ATS(3,I12,13),HTSI(3,I2,I3),NTS(3,I2,13)
DIXENSIOF UOTL(3,I2,I3),97T(3,I2,I3),9?75(3,I2,1I3),LC0L(I,1)
DIXENSION OTLI(3,I2,I3),0TTI(3,12,I3),YTSI(3,12,13)
DINENSION CXT (3,1) ,CNR(3,1),DPA (1) ,INT (V)
DIBENSIOE BR(I,1),CKG(1),CHG(1),CEI(%)

“eve vae

CON%OR /TEIRD/PI DRGO 140
CON%0X /PIPTH/ED,TIME,DTH,TI,ITS,ITP,TST . DRG0 150
COXMON /SVNTH/LAN,NU,NU,%7,N,J,XCL,YCL,2CL - DRG0 160
170

THE PURPOSE OF ‘THIS SUBROUTIKE IS TO ACCUSULATE THE DRAG AND HEAT 180

TRANSFER INCREMENTS ON THE BODY CONTRIBUTED 3Y EACE MOLECULE WHICH 190 N
COLLIDES WITE THEZ BODY. IN ADDITIOX, EACH SOLECULE “EICH COLLIDES 200
WITB THE BODY IS ASSIGNED AN APPROPRIATE FEW VELOCITY (OF REFLZCTION) 210

c-30
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WHICH IS USED TO CONTINUE ITS SPATIAL TRANSLATION (IN SUBROUTINE DRAG)

100
110

115

17

118

122

124

125

CALL NORMAL(JAY,KAY,RH)

JINT (BT)=JRT(%T)+1

TANG=180.&ATA¥2 (2CL,~-YCL) /PI
I¥DG=TANG/DELAKG+1

IP (I¥DG.GT.NWEDG) IWDG=NWEDG

D= (LAMSLAB+A0*NU+RU*NU)

G=ER (AT, )

H=6

DO 100 X=2,KND

IF (XCL.LT.ICB(E)) GO TO 110
CONTINUE
TBX—TB(H-1)¢(TB(H)~TB(H-1))‘(XCL XCB (8-1)) / (XCB (%) ~XCE (B=1))
WI=(NUSJAY=-RU*KLY)

VID=NMUSIAY ¢NU*KAY

UID=LAN

P=RAND (0)

IP(E.LT.SIGNA (AT, %)) GO TO 115
VRD==VID

URD=UID

WE=WI

GO TO 125

v=U, *RAKD (0)

C2 (%T)=C2 (4T) +. 5uu331*V*V*V'BXP(1 S5-VsY)
IP (C2(8T).1T.1.) GO TO 115

€2 (¥T) =C2 (XT)-1.

IP( FTS(®T,%,IVDG).KE.0) GO TO 117
ATR=ALPHA (XT,N) *T3X /SIGNA(NT,H4)
GO TO 118

ATR=ALPHA (NT,X) *TBIX /SIGKA (MT,H) +(1.-ALPEA(NT,%) /SIGHA(NT,E)) *BETSDRGOS30"
11 (%T,%,I%DG)/ KTS(XT,%,I®DG) /(3. +CHI (AT))

ABE=S5QRT (ATR)

V=V*ABR/BTA (XT)

AA=RAND (0)

A=SQRT (AR)

B=SQBT (1.=AA)

C=2.¥PI*EAKD (0)

VRD=V*1

URD=V*B*COS (C)

WR=V*B*SIK (C)

IP (CEI(¥T).EQ.-1.) GO TO 125
Y=9. *RARD (0)

IP (X.EQ.0.0) GO TO 122

XTENP=1.0

IF (CHI (ET).NE.0.0) XTENP=X*&CHI(MT)

CNG(XT)=CNG(NT) +XTEMP*EXP (~X)

1P (CKG (AT) .LT.CNG (ET)) GO TO 122

CONTINUE ‘ -
CRG (MT) =CKG (NT) -CMG (A7)

IF (CKG (XT) .GE.CNG (NT)) GO TO 128

ER (8T, N) =I*ATR

H=ER (4T, N)

UR=URD

LAM=UR
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BO=JAY*VED-KAY*¥R
RU=KAY*VRD+JAY*¥R
IP (TINE.LE.TST) RETURK

PRIXCETON UNIVERSITY TINE-SEARING SYSTESN

X®2Z= (XCL-XSTART) *AKN DRG0730
YXZ= RE®AKN DRGO740
B= (URD*URD+YRD*VRD+W R*WR) DRGO750
UTI=UIDSUID+WI*WI DRG0 760
UYI=-WI®KAY
. UYR=-WR$RAY

FL (NT)=FL (¥T) +DPL (AT) DEG0790
HTI(MT)=HTI (XT)+D+G
HTR (2T)=HTR (XT)-5-8
CTI{NT,1)=CTI (4T, 1)+UID DRG0S20
CTI(®T,2)=CTI (4T,2)+UTI DRG0 830
CTI{”T,3)=CTI(¥T,3)+ (XXZ*UYI-YNZ*UID) DRGOBUO
CNI(%T,2)=CHI (¥T,2)+VID*JAY DRG0 860
CNI(N7,3)=CNI (87,3)+X¥2*JAY*VID
CTR (BT, 1) =CTR (¥T,1)-URD DRG0 880
CTE (%7,2)=CTR (%7, 2)-UYR DRG08SD
CTR(XT,3)=CTR(XT,3) = (X2Z*TYR~YXZ*ORD) DEG090D
CSR (%T,2)=CNR (8T, 2)~VRD*JAY DRG0920
CNR(ET,3)=CNR (NT,3)-XAZ*JAT*VRD

BTS (®T,%,I¥DG) =NTS (BT, %, ITDG) +1 DRG0 940
UTLI(%T,%,I¥DG)=0TLI (%T,%,INDG)+0ID .

UTL (T, ,I#DG)=UTL(¥T,¥,INDG) ¢ (UID-TURD) DRG0960
OTTI (%7, N, I%DG)=UTTI (¥T,%,I#DG)+ I :

OTT(NT,%,1¥DG)=UTT (MT, %, IWDG) + (WI-WR) DRG0970
VTSI (MT,%,INDG)=VTSI (=T, %,I¥DG)~VID

TS(MT,,INDG)=VTIS (%T, %, INDG) + (VED-VID) DRGN98O
HTSI (®T,M,I7DG)=47SI (T, %,I¥DG) +D+G
BTS (®T,%,I#DG)=87S (87, %,1WDG) +D=B+G-H

RETURY DRG1170

DRG1180

10

11

EXD

SUBROUTINE INTERS(X,Y,2,RNS,KS)

REAL LaAY,%0,NT

COX%ON /SVNTH/LAY,%U,X0,%7,%,J,XI,Y1,21,T0SE
PORXAT (//' SOFETHING IS WRONG IN INTERS'/6215.6/4E215.6)
PORMAT (//* TROUBLE IN INTZ2RS - TYH®R =¢,E15.6/6E15.6/8E15.6)

A=NU**24+R0222

B= (YI*XD+2ZI*K0) /A
C=(RNS-YI**2-21#%2) /)

I (C.LT.0.0) C=0.0
DISCR=B**24C

I? (DISCR.GE.0.0) GO TO 10

WRITE(6,1) XI,1I,2I,%0,KR0,E%S,2,B,C,DISCR

STOP
TYBE=SQRT (DISCR)-B
IP(C.EQ.0.0) TYxE=0.0

IP ((TYXE.LE.TUSE) . AND. (TYXE.GE.0.0)) GO TO 11
WRITE(6,2) TY®E,XI,YI,2I,XU,NU,R2S,A,B,C,DISCR

IP(TYXE.GT.TUSE) TYNE=TUSE
I (TYXE.LT.0.0) TYXE=0.0
KS=1

TUSE=TIAE

Cc-32
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II=YI+LAN*TYNE
YI=YI+NU*TYNE
ZI=ZI+RU*TYINE
IP(2I.6T.0.0) GO TO 20
2I=-21
§0=~NT

20 CONTIRUE
¥YI=.9999*YI
ZI=,9999*21
I=XI
=11
2=21
RETURN
EKD

SUBROUTIKE NOEMAL(JAY,KAY,RN)

REAL LAX,KU0,E0,JAY,RAY RORX020
COBNON /SVNTH/LAX,%U,ROU,NT,N,J,XCL,YCL,ZCL NORNOUO
JAY=-ICL/RN

KEAY=-ZCL/RY .

" RETURN . RORE 130
ERD NORN 140

SUBROUTINE PRIKT1(DT,COSANG,SINAKG, RMA,RKU,DRP,FCP,HTP,PL,HTI, HTR,
1CTI,CTR,CNI,CNR)
DIBENSION DD{3),%D(2,5),PP{4,8),00(4,4),RE%4,4),SS(4,8),TT (4,5)
DIMENSION UD(4,4),P1(4,4),01(4,8),P1(4,4),PA(%),PB(4),BC(4)
- DIBEESION PL(1),HTI(1),HTR(Y),CTI(3,1),CTR(3,1),.CNI(3,1).,CNR(3,1)
DIXENSION RXA (1) ,RNU (1)
DATA ¥D/'X-PO',*RCE ','Y-PO',"RCE ','2-NM0", ' 2ENT', *DRAG',* ‘,YLPT10070
1IPT*,* vy ' PT10080
c————— PT19090
THE PUEPOSE OFP THBIS SUBROUTINE IS TO PRIKT O0UT THE GX0SS SURPACE PT10100
COEPPICIERTS OF THZ BODY. PT10110
- — PT10120
' PT10130
PT10140
PT10150
POPHATS PT10160
PT10170
PT10180
1 POREAT(//1X,50(*'#'),' GROSS SURFACE CGEPPICIENTS *,50('**) /' MOLEC
T0LAR WEIGBT', 12X,P8.3,3(19X,P8.3) /251, .

2 'INC. REP. TOT. INC. REF. TOT. INC.
3REP. TOT. INC. REP. TOT. ?) .
10 PORMAT(' NUXBER PLOX ', 4(r9.3,18X))
12 PORMAT (1X, 2A4,2X,'SEEAR ', 4 (3P8. 3,3X))
14 PORMAT(11X,*PRESSURE *,4 (3F8.3,31)) :
16 PGRNAT (11X,'TOTAL ', 4(3P8.3,3%X) /)
18 PORAAT (* HEAT TRANSFPER',7X,4 (3F8.3,3X)/)
‘ PT10280
(2R 2233 122 22222 2132 22 12 I 22322 3 3 2T 2 32 2 131 2322 SR TR TR YR Y TR 7 7 ¥ 1 PTI10290
PT10300
PT10310

RHR=0,0
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DO S0 XT=1,3

DD (MT) =BKA (%T) #RKD (RT) #DRF/DT
RNR=RME+R%A (MT) *RNU (NT)
YRITZ(6,1) (RMA(NT),XT=1,3),RHR
PF=FPL (1) *FCFP/DT

QP=FL(2) *PCP/DT

RP=PL(3) *PCP/DT

SP=PP+QP+RP

WRITE (6, 10) PP,QF,RF,SF

po 200 I=1,3

PP (4,1)=0.0

Q0 (4,1)=0.0

RR (4,1)=0.0

ss(4,I)=0.0

T (4,1)=0.0 , -

UO (4,1)=0.0
P1(4,I)=0.0
Q1{4,I)=0.0

" R1({4,1)=0.0

150

200

DO 150 XT=1,3

PP (T, I)=CTI (2T, I) *DD(NT) /RNR
QQ (XT,I)=CTR (4T, I) *DD(NT) /B4R
SS (%7, I)=CNI (®T,I)*DD (XT)/RYR
o7 (¥7,I)=CKRE (%T,I) *3D (47T) /R%R
P1(MT,T)=PR(%7,I)+S5(2T7,I)
01(%T,I)=00("T,I)+TT(*T,I)

RP (8T, I)=PP (%7,I)+Q0("T.I)

U0 (%7,I)=SS(%T,I)+TT(%T,I)
R1(%T,I)=P1(¥7,I)+Q1(nT,I)

PP (4,I)=PP (4,I)+PP (¥T,I)

QQ (4,I)=00(&4,I)+QQ(ET,I)

BR (&,I)=RR (4,I)+BR (T, I)

SS (4,1)=55 (4,I)+5S (8T, I)

TT (4,I)=TT(8,I)+TT (T, I)

00 (4,I) =08 (4,T) +03 (%T,I)
P1(4,I)=P1(&,I)+21 (%7, 1)
D1(8,I)=Q1(4,I)+Q1(®T,I)
RY(4,I)=21(4,I)+R1("7,I)
CONTINUE

PRIRCETOF UNIVERSITY TIME-SHARING SYSTEX

PT10400

PT10460
PT10470
PTI0480
PT10430

BBITB(6,12)(VD(J,I),J=1,2),(PP(K,I),QQ(K.I),RR(K,I),K=1,u).
VHITB(6,1Q)(SS(K,I),TT(K,I),UU(K,I),K=1,“)
EFIT2(6,16)(P1(K,I),Q1(K,I),R1(K.I),K=1,H)

CONTINUE

A1=COSANG

BB=SIKARG

Do 300 I=4,5

DO 250 K=1,8

PP (K,4)=A2%PP (K, 1) ¢BB*PP (K,2)
QQ (K, 8)=RA*QQ (K, 1) #+BB*QQ(K,2)
BR (K, &) =AA*ER (K, 1) +BB*RR (K, 2)
SS (K,8)=AA=SS (K, 1) +BB*SS (K, 2)

T (K,4) =AA*TT (K, 1) ¢+BB*TT (K,2)

UU (K,8)=AA*0U (K, 1) +BB*U0(K,2)
P1{K.,4)=AA%P1 (K, 1) +BB*P1(K,2)

T QY(K,8)=A2*Q1(K, 1) +EB*Q1(K,2)

PT10630
PT10640
PT10650
PT10660

PT10680
PT10690
PT10700
PT10710
PT10720
PT10730
PT10740
PT10750
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250 R1(K,8)=A1%R1(K, 1) +BB*R1(K,2) PT10760

¥RITE(6,12) (¥D(J,I),J=1,2), (PP (K,4),Q0(K,0),BR (K,4),K=1,4)
WRITE(6,14) (SS (K,8),TT (K,4),00 (K,4) ,K=1,4)
WRITE(6, 16) (P1(K,4),Q1(K,%),B1(K,4) ,K=1,8)

AA=-SINANG PT10800

BB=COSANG PT10810
300 CORTINUE PT10820

HD=HTF /DT PT10830

PA (4)=0.0

PB (4)=0.0

PC (4)=0.0

DO 400 ¥7=1,3

P2 (NT) =HTI (KT) *R¥A (RT) *RNU (XT) *HD/RHR
PB (MT) =RTR (NT) *R%A (MT) *RFU (KT) *HD/RMR
PC (XT)=PA (NT)+PB(AT)

PA (4)=PA (4)+PA (%T)

PB (4)=PB (4) +PB (KT) .

PC (4)=PC(4)+PC (NT)

400 CORTINUE

WRITE(6,18) (PA(I),PB(I),PC(I),I=1,4)
RETURN _ PT10950
END : i PT19960

SUBROUTINE PRINT2(AKN,XSTART,DT,RNU,RNA,DRF,PCF,HTP,UTLI,0TTI, VTSI
1,HTSI,DELANG,NWEDG, XS, XCB, YCB, HTS,KTS, OTL, UTT, VTS, 12,13, IP)
DIKENSIOK RXA(1),RNU(1),XS{1),XC3(1),YCB(1)

DIKENSION. TS (3,I2,13),NTS(3,I2,13),0TL(3,I2,I3)

DIMEXSION UTT(3,I2,13),VTS(3,I2,13),UTLI(3,12,1I3),0TTI (3,I2,13)
DIXENSION VTSI (3,I12,13),HTSI(3,12,I3)

COXXOK /FPIFPTE/ND PT20060
-— - e e e e e PT200 70
THE PURPOSE OF THIS SUBROUTINE IS TO PRINT OUT TEE DISTRIEUTION PT20080
OF SURPACE OF THE SURPACE COEPPICIENTS PT20090
- ———— ———— —_ PT20100
PT20110
PT20120
PT20130
PORNATS . PT20140
: PT20150
) PT20160
8 PORMAT(//1X,45(***),' DISTRIBUTIOR ON SURPACE *,45('#%) /71X, *INC.
1 TOT. I¥C. TOT. INC. - TOT.'/11X,*SEGKENT GEONETRY',
214Y, '50L. FOLE SAXP NUE, SKIN SKIE  PRES=  PRES-

10
11

k%

50

3 BEAT HEAT'/' RO. CENTER DELI CENTER DELANG',4X,*WGET. P
4RACT. ', 10X,
5 'FLOX PRCTN PRCTN SURE SORE - TRNSPF TRRSP')

FPCRMAT (1X,13,P8.3,FP7.3,P9.3,P8.3,1X,2P8,4,16,7F8.4)
FORMAT (37X,PB.8,' 1.0000%,I6,7P8.4)
PT20230
EERRS RSB ERRRERRREE BRI E BB AR AR AL EARERA N R RR AR R I RSB EL SRR RK AR RE RS £ PTI0240
. PT20250
PT20260
R¥R=0.0

DO 50 xT=1,1IP
RER=RNMR+RNA (BT) *BRNU (¥T)
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WRITE (6, 8)
I=0 ) PT20280
DO 110 N=2,KND PT20320
DTY=DT*YC3 (F) /180. PT20330
P=1IS (N} . PT20340
Q=2.‘((XCB(H)-ISIAR!)*AKE-XS(N)) PT20350
J=0 - PT20380
R==,5%DELANG
PELT=PCP/(DTY*DELANG)
QX LT=DRF/(DTY*DELANG)
SHLT=RTP/(CTY*DELANG)
DO 100 X=1,NWEDG
R=R+DELANG P
I=I+1 PT20490 !
J=Je+ 1 PT20500
¥3=0
P3=0.0
Q3=0.0
Qu=0.0
E3=0.0
R4=0.0
$3=0.0
S4=0.0
DO 90 rT=1,IP -
M1=NTS (4T,K,J)
B3=%3+M1 o
P1=8TS(!T,N,J)‘P!LT‘BNU(!T)
P3=23+P1
Q1=SQRT(UTLI(!T,N,J)*‘Z*UTTI(!T,R,J)*‘E)‘ENU(HT)'R:A(!T)‘QﬁLI/RSR
Q2=SQRT( UTL(™T,K,J) **2+ OTT (X7, N,J) **2) RNT (NT) *RXA (NT) *QNLT/R%R
03=03+)1
QU=Qu+C2
RI1=VTSI(%T,N,J) *ENU (MT) #RXA (%7) *Q¥1T/RY4R
R2= VTS (WT,H8,J)*ZNJ(MT) *2va MT)*QMLT/R¥R
S1=HTSI(ST,X,J)*ERU(ﬂT)'R!A(HT)‘S!IT/RHE
S2= HIS {%7,X,J0)*2X0 (MT) *R¥A (%T) *SXLT/RNR
R3=R3+R1
RU=R4+R2
$3=S3+S1
SB=S4+S2
90 WRITE(6,10)I,P,Q,R8,DELANG,RMA (MT),RRT(NT),"1,P1,0Q1,02,R1,R2,51,52
ERITE(G,11)BHR,EB,P3,Q3,QH,R3,BQ,53,SQ
100 CONTINDZ PT20660
110 COXTIXNUE PT20670
RETURK PT20680
END PT20690

B S R T T

SUBROJTINE PRINTY (SP,CHI,RNU,I,TRP,PDN,¥TH,DB,NS,THP,IT,

1Yv,2V,KS, 8B, IC, YC, 2C) (
INTEGEZR*2 NB, NS N
DIMENSION PDE(1),RBRU(1),CHI{1),WTH(1),TRP(I,1),TRP (I,1) ‘
DIREFSION DB (I,1y,NB(I,1),XV(I,1),YV(I,1),2V(I,1),DBT(3),NS(I, 1)

DIXKENSION IC(1),YC(1),2C(1)

COANOX /SECND/BV,3H,R%P,RMN,BNF

COENON /PORTH/NBX, RN, XR
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ILE: GKBIRT AUGS82 A PRINCETON URIVERSITY TINE-SHARING SYSTEN
-— PTS0060

THE PURPOSE OP TEIS SOUBROUTIRE IS TO PRIKT OUT THE INSTANTANEOUS PTS0070
PLOR-PIELD PROPERTIES. PTS0080
PTS0090

PT50100

PT50110

PTS0120

FORNATS PTS50130

PTSO 140

PT50150

1 PORMAT(//1X,45(*#*),* INRSTANTANEOUS PLO¥ PIELD INPORMATIOK *,45('%PTS0160
1)) PT50170

2 FORMAT (/2X,'HORIZOKTAL FUXBER=',I13,3X,'VERTICAL KUMBER=',I3,3X,'HO
1RIZORTAL POSITIOB=',F8.5,3X,' RADIAL POSITIOR =!,F8.5/2X,'BOX#
2ANGLE SAEP DENSITY EACH NO X VEL. Y VEL. 2 VEL. T(KIN) T(RO
3T) TENP.*', 14X, *MOLE PRACTIORS')

3 FORSAT (//1X, 46 (1as),9 ACCUNDLATED FLOW PIELD INPORMATIOR YL,U6 ()
1)

4 FORH&T(1:,1“,311.3,I5,8F8.3,3X,3E11.3)
pPT50220
‘t*‘t*t“*tttt't“‘“t““‘t‘t“*ttt“‘“‘t‘.“‘ttt“t‘*t“‘.'t.“‘*“*PTso230
' ’ PT50240
PT50250
IP (KS.EQ.0) WRITE(6,1)
1P (KS.RE.0) WRITE(6,3)
DO 40 NT=1,3 ' e
40 DBT(%T)=0.0 :
PDA=0,
CHT=0,
DO 50 ¥T=1,%SPp
CHT=CRT+CHI (MT) *RNU (XT)
50 FDA=FPDA+FDR (XT) *¥TH (NT)
YCT=0.0
XCT=0.0
DO 110 N=1,K3X PT50290
I?((IC(N).ZQ.XCT).END.(YC(F).ZQ.YCT)) GO TO 52
XCT=XC (K)
YCT=YC (¥)
XXT=XCT/XR
YYT=YCT/RN
IXC=XCTI/BW + 1
IYC=YCTI/BH + 1
WRITE(6,2) IXC,IY¥C,XXT,YYT
52 ZCT=ZC{N)
NSANP=0 .
DBA=0,
Xve=0,
Yve=0.
2VN=0,
TEPN=0,
TRPN=0.
E=0,
P=0.
DO 100 xT=1,MSP
NSANP=NSANP+ES (4T, N)

c-37

e

P R S



s

ORIGHIAL THLL e
= OF POOR QUALITY

ILE: GKBINT A0G82 A PRINCETON UNIVERSITY TINE~SEARING SYSTEX

XVM=XVYN+XV (XT,N) SRNO (4T) *RTXN [4T) *NB (AT, N)
YVE=YVE+YV (NT, N) *BNU (7T) #¥TH (XT) *NB (¥T,N)
ZUB=ZVN+ZV (X7, N) *RNTU (NT) $WTH (MT) ®*NB (4T, N)
CBA=DBA¢DB (XT,F) *WIN (HT) ~ .
THPN=TNDM+WTK (4T) *RY0 (NT) *TXP (%T, §) *EB (¥T, N) :
TRPEK=TEPE+RNU (%T) *NB (XT, N) *TRD (4T, N)
B=E+V¥TN (NT)*RFU (XT)*N3 (4T, N)
100 P=P+ENU (KT)*HB (¥T, X)
DBA=DBA/PD2
IF (E.BQ.0.0) GO TO S5 ?
IVE=XV%/E
YVE=YVR/E
ZVN=ZVK/E
VSTY VNS 2+ TTMEE24ZVEESD
THPE=TNDPX/E-VS .
TRPM=TRPM/P
55 CORTINUZ
TTH= [TEDN+TEDYN) / (2.5+CHT)
TXPY=TXPM/1.5
IP (CHT.KE.=-1.) TRPM=TRDN/(1.+CHT)
AMS=SQRT(VS)
IP (TTB.GT.0.) AES=SQRT({5.+2.%*CHT)*VS/{TTH*(3.5+CHT)))
€2=C0S(2CT/57.29578) .
SCZ=SQRT (1.-CCZ*%2)
RVN=ZVN*¥SC2-TVN*CC2
TVN=YVN*SC2+2VX*CCZ
DO 60 ¥T=1,%4SP .
DBT (XT)=KKU (®T) *N8 (*T, %)
IP (F.NE.0.) DBT(ET)=D2T(NT)/F
60 CONTINUE
WRITE(6,8) N,2CT,¥SANP,DB4,A%S,XVY, 5Vx,TVH,TYPY, TRPX,TTY, (D3T(J),

13=1,3)
110 COXTIRUZ PTS0470
RETURN PTS50480
END PT50490
KTRY

.CONTRL NANBE='INTE','BNALY',TITLE=' PAR',*ABOL’,'X AT',® 9SK',1H HN!',t0OK, !,
DEBUG=.P.,.P.,.T.,NE¥=, F.,SAYVE=,T.,I1COPY=0,EEDO=,T. &END

TIXES DTE=,005,ITS=6,ITP=6,TST=2,TLI%N=12 SEND

-PLOREF LL¥=2000,%2K8=5000,1NB=150,25p=1,487=0,0=7485.9, ANGLE=28.,RX0=1,,2%0.,
RN®A=28.94,0,,0.,TP=195,51,DE5P=2.52E+19 GEND

.EOLEC TRP=1000,DIR=3.5B-19,ETA=. 104,PRI=0.0,CEI==1.,ACE=.001 GEND

:SHAPZS 30DY=0.0,1000.,.00235 SEND

.SHAPES BODY=.0025,555.,0.0,2%1,0 E£END

~SHAPES B0ODY=,0050,345.,0.0,2%1.0 EEND

SHAPES BODY=.0100,300,.,0.0,2%1.0 E£END

.SHAPES BODY=,0200,300.,0.0,2%#1.0 SEND

SHAPBS BODY=.0300,300.,0.0,2%1.0 E£END

SHAPES BODY=,0400,300,.,0.0,2%1.0 5EYD .

SHAPES BODY=,0500,300.,0.0,2%1.0 &END ”

SHEAPES 30DY=,0600,300.,0.0,2*1.0 GEND

“SEAPES BODY=,0700,300.,0.0,2%1.0 SEND

-SHAPES BODY=,0800,300.,0.0,2%1.0 SEND

SHAPES BODY=,0870,300.,1.0,2%1,0 SEND

-GEOM EREDG=2,NW=20,NH=3, EEND
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rYD. ATNTOEm annad
blse VADL NG B VIUe

3INCUOPL PLUXIN=2.1429,PCOL=1.0,RNP=0.3,0V=22,KXX=3 EEND
yINOCDT YARGzoo'1"2"3.'u0.50'6007.'8.'9.'10.'11.'12"‘3.’1“.'15.'16"170'18.'
19.,20.,21.,CUBV=0.0,.070,.170,.282,-36‘9,.459,.537..599,.656,.710,.750,.785,
.815,.845,.872,.900,.922,.951,.975,.988,.996,1.00, GERD
INOOT VABG='20-,‘19.,“17-,-15.,'13-¢-11.,‘9-,-7.,-5.,'3.,-1.,1.,3.,5.,7.,9.,
. 11.,13.,15.,17.,19.,CURV=“‘O.,.003,.013,.035,.08",.1119,.250,.306,.511,.762,
" .871,.932,.962,.984,.995,.999,3%1.0, GEND
INOUT VAFG=’20a'-190'-17.'-15.'-13.,'11-,’9.,’7.,-5.'-30'-15'1.,3.,5.,7..9.'
11.,13.,15.,17.,19.,CURV=“*0.0,.003,.013,.035,.08‘!,.159,.250,.“06..611,.762,
I . 0871'. 932'.962'098“,.995,.999,3‘1.0, GEND
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