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Abstract

A new model of molecular gasdynamics with discrete molecular velocity com-
ponents has been implemented for parallel computation. When the suitably nor-
malized velocity components can take only integer values and time is discretized
for digital computation, the particles travel between a regular array of points in
physical and velocity space, and the gas is called a “lattice gas.” Calculations of
molecular motions are thereby simplified. The outcome of binary collisions between
particles is determined by reflections about axes of symmetry in the center-of-mass
frame of reference. The procedure speeds calculations of collisions. Of interest is the
insight the discrete model provides into complex physical behavior and the effect
that physically realistic simplifications have on the accuracy and speed of parallel
calculations of a flow.

The equilibrium state of a discrete-velocity gas and the influence of limited ve-
locity resolution are explained. It is found that the equilibrium velocity distribution
functions of the present model agree with those of the discrete Boltzmann equation
at very low velocity resolution and the continuous-velocity Boltzmann equation at
higher velocity resolution. The time development of non-equilibrium velocity dis-
tribution functions is presented. The model is applied to unsteady flows involving
strong shock waves, heat transfer between solid surfaces, and unsteady shear layer
development.

When the model is applied to gas mixtures, numerical experiments show that
the required number of values of each component of molecular velocity depends
strongly upon the mass ratios of the particle species involved. However, fewer
than ten values of each velocity component are necessary to produce results of
satisfactory accuracy in calculations of a shock wave in a single species gas. A

unique, self-adaptive mesh for parallel computation, used either for the present



vi

lattice gas model or earlier direct simulation Monte Carlo (Bird, 1976) models, is
described. The mesh balances the load between the processors of the multicomputer
and maintains the cell size at approximately a fixed number of local mean free paths

throughout the flow field.
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Chapter 1

Introduction

1.1 Motivation

The objective of the present research is to develop discrete-velocity molecular models
that simplify the continuous-velocity model of molecules and make the computation
of molecular motions more easily applicable to both rarefied and high density flows.
The discrete-velocity model, in which particle velocity components take on only
discrete values (e.g., integers), is distinguished from the more physically realistic
continuous-velocity molecular models by its elegant simplicity. Implemented with a
method for directly simulating particle motions, discrete-velocity models represent
complex physical phenomena that can be explored without the difficulty of having

to solve the continuous-velocity Boltzmann equation.

1.2 Previous Work

The Boltzmann equation, an integro-differential equation, describes the evolution of
the number of molecules having a given velocity in a flowing gas. Evaluation of the
collision integral, which describes the gain and loss of particles from each velocity
class, is particularly difficult. The equations of radiative transport, which are similar
to the Boltzmann equation, can be greatly simplified by supposing that light travels

along discrete rays or streams (Chandrasekhar, 1960), thus reducing the equations



(a) (b)

Figure 1.1: Two Broadwell models: (a) single-speed particles move only along

Cartesian axes, (b) single-speed particles move at 45° to axes.

to a set of coupled differential equations. That assumption leads to the discrete
ordinate method used to compute radiation transport through matter (Duderstadt,
197 9). Gross (1960) suggested the possibility of applying a discretization approach
to the Boltzmann equation and Broadwell (1963 and 1964a, b), citing such ideas,
developed a model of a molecular gas in which particle velocity components are
discrete; the molecules can move only with velocities c;, which belong to a finite set.
The evolution of each point in velocity space can then be described by a differential
equation. Broadwell used two different discretizations of velocity space; in one the
particles move with unit speed in the six directions parallel to the Cartesian axes
and in the other they move in the eight directions along lines at 45° to the axes
(figure 1.1). Particle collisions (where particles of type (c;,c;) become particles of
type (ck,c;)) were modeled by probabilistic scattering rules that were incorporated

into the gain and loss terms of the equation. The collisions, which exactly conserve



mass, momentum, and energy, occur between particles that lie on diametrically
opposite sides of a unit sphere centered at the origin of velocity space. Broadwell
studied shock wave structure and low Mach number Couette and Rayleigh flows; in
both cases, unexpectedly good correspondence between the extremely simple model
and more refined theory was found. For this model, Caflisch and Papanicolaou
(1979) have since derived Euler and Navier-Stokes equations and Caflisch (1979)
has investigated shock wave profiles. A general discussion of discrete-velocity gases,
including the Broadwell model, is given in the monograph by Gatignol (1975) and
the review paper by Platkowski and Iliner (1988), with particular emphasis on the
mathematical subtleties. Recent studies of the discrete-velocity Boltzmann equation
have investigated the relationship between the resulting continuum fluid transport
coefficients and their corresponding continuous-velocity values (McNamera, 1988)
and have greatly expanded the volume of velocity space that can be considered
(Inamuro, 1989).

If space and time are discretized, a discrete-velocity model with only a few
velocities may be simulated as a cellular automaton (CA). In such a simulation, par-
ticles travel along links between lattice sites in space and collide with other particles
encountered at those sites. Consider a pair of two-dimensional models as examples,
namely, the so-called HPP model (Hardy, de Pazzis, and Pomeau, 1973, 1976) with
single-speed particles on a square lattice, and the FHP model (Frisch, Hasslacher,
and Pomeau, 1986) with speed 0 and 1 particles on a triangular lattice. Figure 1.2
indicates the different collision possibilities. The circles drawn for the sample bi-
nary collisions are centered at the collision center-of-mass velocity and indicate the
points that are possible post-collision velocities that conserve mass, momentum,
and energy. (The shaded circles for the three particle collisions indicate the region

of velocity space that contains such points. However, since in this work we are con-



Before After
HPP model

(ii)

Before After

FHP model

Figure 1.2: HPP and FHP cellular automata models with sample pre- and

post-collision states.



cerned with models of dilute gases, ternary collisions are not considered further.)
The circles have a diameter equal to the relative speed between the colliding parti-
cles. Of course, for the collision to yield discrete velocities, the outcome possibilities
are limited to a few points on the circles. In the HPP model all possible circles are
of a single diameter, signifying a single type of binary collision, whereas in the FHP
model the circles are of three different sizes. Not all collision rules in the FHP
model conserve energy during a collision (e.g., FHP collisions (iii) and (iv), which
lead to a change of the diameter of the collision circle). The simplicity of the set
of collision rules that specify collision outcomes generally restricts the CA models
to low velocity resolution, that is, only a few velocities. Also, for technical reasons,
an exclusion principle requiring that two particles may not occupy the same point
in phase space, is applied to each lattice site. CA simulations model an inherently
compressible gas, but generally they have been applied in the low Mach number,
incompressible limit, and collision models and particle densities with the lowest
practical viscosity have been of primary interest (Henon 1987, Frisch et al., 1986).

CA methods have been applied to several problems, including: shear flow
between parallel plates (Kadanoff, 1987), shock waves (Nadiga et al., 1989), the
Rayleigh problem and flow over a flat plate normal to the flow (Long et al., 1987),
and flow about a cylinder (Doolen, 1988). The advantages of the CA are that sim-
ulations can be performed quickly using Boolean algebra and may even be directly
computed in specialized hardware. The drawbacks are that the methods may not
be more efficient than conventional finite difference techniques for continuum flows
and may not yield results consistent with the Navier-Stokes equations; low resolu-
tion of phase space can lead‘ to spurious conservation laws (Zanetti, 1988b) and to
anisotropy of the stress tensor (Frisch et al., 1986).

To simulate a gas temperature that is independent of flow velocity it is nec-



essary to consider particles having more than one speed. Yet few discrete-velocity
models beside those of Nadiga et al. (1989) and Inamuro (1989) include multi-speed
particles. A purpose of the present work is to measure the accuracy of compress-
ible flow simulations with discrete-velocity models having different levels of velocity

resolution.

1.3 Present Approach

1.3.1 Model

A general model of a multi-speed discrete-velocity gas and a method for its imple-
mentation are presented in the next sections. The molecular models treated in this
work were introduced by Goldstein et al. (1989), where the Broadwell model was
generalized, and by Goldstein and Sturtevant (1989). In Broadwell’s model, one
type of collision and one particle speed were considered, whereas, in the present
treatment, all collisions which exactly conserve mass, momentum, and energy are
considered and any discrete particle velocity is possible. The collision model is dis-
cussed in terms of the points that lie on the intersections of the collision spheres
and a discrete-velocity grid, and of the symmetries that relate to those points. The
disc‘retization of velocity space permits the discretization of particle positions onto
a lattice in physical space and, thus, creates a variety of models that can bridge
the gaps between the most basic discrete-velocity models, cellular automata, and
continuous-velocity approaches. Multi-species particle interactions and diffuse and
specular boundary conditions are also considered. The issues involved are (1) how
can one practically model collisions between ;Ilulti—speed particles, (2) what are the
effects of the microscopic particle velocity resolution upon the macroscopic flow field

quantities, (3) can a spectrum of discrete-velocity models bridge the gap between



the most crude single-speed models and the continuous-velocity approach, and (4)
can a discrete-velocity model be developed that is general enough to incorporate

common real gas effects?

1.3.2 Method

Several recent applications have highlighted the need for further understanding of
and a practical method for solving gas dynamic flows in the rarefied and transitional
flow regimes. Interest in flows around satellites (Guernsey, 1986) and high altitude
hypersonic vehicles (Bird, 1986), in rocket exhaust plumes (Hermina, 1988), and
within vacuum chambers (Inamuro, 1989b) has emphasized the shortcomings of
present models. These flows may involve gas chemistry, radiation, unsteadiness,
phase change and complex geometry. In rarefied flows, no adequate finite difference
approach is available because the full integro-differential Boltzmann equation is in-
tractable. A direct particle simulation with the correct treatment of physics and a
phenomenological treatment of the chemistry at the microscopic level is currently
the best available method for such flows, but a molecular method can be extremely
inefficient for calculating continuum flows due to the detail with which the calcula-
tions are made. Nevertheless, for the reasons stated above and also because it often
happens that some parts of a flow field are rarefied while others are not, there has
always been interest in extending the application of molecular simulation methods
well into the continuum flow regime.

The methods of this work are patterned after the Direct Simulation Monte-
Carlo method (DSMC) of Bird (1963, 1976). Such methods do not solve an explicit
finite difference Boltzmann equation so the computational mesh can be independent
of the coordinate system, and the calculation of flow over complex bodies may be

significantly simplified. Complex molecular models can be incorporated as well



to account for radiation, chemistry, and phase change. The present method is
implemented with a unique self-adaptive mesh of cells for efficient computation on
multi-computers.

The DSMC has previously been limited mainly to computation of rarefied
flows by the substantial computational time required. Moderately complicated su-
personic flows have been successfully simulated when the computational domain
has been divided into sub-regions that could be computed separately (Hermina,
1988). Such a sub-division is impractical if the flow is subsonic or unsteady and
the complete flow field must be simulated at once. Also, the grid required for com-
plicated three-dimensional flows can be time consuming to generate. The present
research investigates stmplifications of the molecular models and methods that ad-
dress these limitations. Emphasis is upon the influence of simplifications on the
accuracy and speed of calculation and on the reduction of the memory demands

upon the computer.

1.4 Outline of Present Work

In chapter 2, the theoretical underpinnings of the Boltzmann equation are briefly
discussed. The present model is then described based on the physics of binary
particle collisions both for identical particles and for particles having an integer mass
ratio. Symmetries in the collision frame of reference are used to clarify the model
and show how such general collisions can produce all possible discrete velocities.
Chapter 3 outlines three approaches that have been used to solve the Boltz-
mann equation and introducés the basic ideas of the direct simulation particle
method. A rapid way to compute the collisions involving a look-up table is discussed

and extended to handle a gas of particles that have different masses. The relation-



ship between velocity and spatial resolution is explained and realistic boundary
conditions are described. The concurrent computer used for simulations is briefly
described and the algorithms for implementing the discrete-velocity and DSMC
methods are detailed.

The effects of velocity resolution are then examined in following chapters
through simulation and comparison to theoretical solutions or numerical solutions
obtained with the standard DSMC method. The first simulations in chapter 4 in-
volve the equilibrium states in a uniform stationary or translating gas. The velocity
distribution functions and collision angle distribution are compared to theory. Next,
a non-equilibrium distribution function is observed as it relaxes toward equilibrium;
the process is compared to a DSMC simulation for particles having both the same
and different masses. The discrete-velocity method is then applied to several flows
in chapter 5. One-dimensional simulations of shock waves and heat transfer are
examined followed by a two-dimensional unsteady shear flow used to demonstrate
the application of the method for a complicated problem. Several conclusions about
the model and its implementation are drawn in chapter 6. The computer code and

instructions detailing its use are in the appendices.
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Chapter 2

Theory

2.1 Classical Theory

In classical theory, a gas is considered to be made up of many chaotically moving
particles. If the distance between the particles is significantly greater than the
particle diameter then the gas is dilute and particle collisions are almost exclusively
binary. Even if the particle number density is as high as that in the atmosphere
at sea level, the distance between molecules is several times greater than their
diameters, and the gas is still dilute. If there are no external force fields, the
particles change their velocities only when they collide with each other or with a
flow field boundary. In a small volume of space containing N particles, if dN is the
number of particles in the velocity space € to € + d¢, then dN = Nf(¢) where f(¢)
is the distribution function. That is, fdcC is the probability that a given particle at
some point in space will have a velocity between ¢ and ¢ + d¢. f is normalized so
that its integral over all of velocity space is unity. From f, it is possible to compute

all the macroscopic variables of interest. For example, & = [ u f(¢)dc.

2.1.1 Boltzmann Equation

The single-particle velocity distribution of a large number of identical particles in a

phase space consisting of velocity space, physical space, and time can also be defined
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as F(c,r,t) = nf(C), where n is the particle number density. Molecular chaos in
a dilute gas implies that this function is sufficient to describe the probability of
finding two particles in a given configuration.

The evolution of f is described by the integro-differential Boltzmann equation,

J . o +o00 rdw - .
a(nf)—{—c.b—f,(nf) :/_oo /0 n*(f fi — ffi)ec,o0dQdEy (2.1)

(Chapman and Cowling, 1952). The terms on the left-hand side represent the rate
of change of the number of molecules in an element of phase space d¢dr and the
convection of such molecules by € through the surface of the spatial element dr.
The right-hand side is an integral representation of the effect of collisions upon nf.
The double primed terms represent collisions that scatter particles of class ¢ and
C; into € and C1, a gain, while the unprimed terms represent particles scattered out
of € and €y, a-loss. ¢, is the relative particle speed, o is the collision cross section,
and {1 is the collision solid angle for this class of collisions. The formulation can
be extended to include mixtures of gases and molecules that have various internal
degrees of freedom (Chapman and Cowling, 1952).

It is possible to consider the velocity space to be discretized into a set of veloc-
ities, €;, whose distribution is given by f; (Broadwell, 1963). A discrete Boltzmann

equation can then be written for each velocity type 7 as

a

L 0
b?(nf,-) + c,-.ég,(nf,-) = Z n® A;(fif — 1:f;) (2.2)

(€;.€;)=(€k,€))
where A; incorporates the effects of o,¢,, and (1, and nA; is a collision frequency.
The left-hand side is essentially the same as in equation 2.1 but particles only
travel with the discrete velocities ¢;. The right-hand side is a summation over all

velocity pairs that can produce or eliminate particles of type ¢ through inverse and

forward collisions. Whereas, in a continuous-velocity description a collision can
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produce an infinite variety of outcomes, it will be shown shortly that an important
effect of discretization is to reduce the variety of possible collisions for each particle
pair. Broadwell solved this coupled set of differential equations for a single-speed
model in which the velocities lie in the six directions parallel to the Cartesian
axes or in the eight directions along lines at 45° to the axes (figure 1.1). The
cost of explicitly solving the more general equation is proportional to the square of
the volume of velocity space considered, as for the continuous-velocity Boltzmann
equation, although the proportionality constant may be substantially smaller. The
object of the present research is to indirectly solve the discrete Boltzmann equation

by computing the motions of discrete-velocity molecules.

2.2 Discrete Velocity Model

What does it mean to describe molecules that only lie at discrete points in velocity
space? An immediate consequence of the discretization is that the velocity compo-
nents are quantized with the unit of velocity, ¢. Hence, the distribution of particle
velocities is not continuous but approximates the distribution function, f, as a se-
ries of delta functions. In any given problem, whether ¢ is ‘small’ or ‘large’ depends
on the characteristic thermal speed of the molecules, for example, the rms thermal

velocity,

¢, = (¢?)V? = V/3RT , (2.3)

where R is the gas constant and T is the local temperature. For high-temperature
gases, the velocity distribution function is ‘wide,” and many molecular speeds occur,
so ¢ is small compared to ¢,. For cold gases, the velocity distribution function is
‘narrow,’ so only a few molecular speeds occur, and ¢ may be of the order of c,.

In early discrete-velocity models, and with cellular automata, the variety of
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collision possibilities is limited and the number of molecular velocities is fixed. There
is only a small range of temperatures in which such models produce realistic solu-
tions and, for practical problems, the velocity distribution function is always narrow.
In a gas for which the collision dynamics and molecular speeds are unrestricted and
all discrete-velocity collisions that conserve mass, momentum, and energy are al-
lowed, the width of the distribution function can increase more realistically with

increasing temperature.

2.2.1 Collisions
2.2.1.1 Collision Dynamics

In this section the mechanics of collisions between discrete- or integer-velocity
molecules are described. It is required that in every collision mass, momentum, and
energy are exactly conserved. For simplicity, collision dynamics are discussed for a
two-dimensional gas (all particle velocities lie in a plane). By a generalization to
three-dimensions, all of the results presented are obtained with a three-dimensional
model of a gas. Only the interaction of hard-sphere molecules is treated. Discussion
of collisions between particles of differing mass is deferred until the next section.
A binary elastic collision between identical particles is drawn in the center-of-
mass reference frame in physical space in figure 2.1. Particles ¢ and j approach each
other with a projected separation between their centers of b, the impact parameter.
As viewed in this collision plane, the impact scatters the particles through an angle
x. If the mass of each particle is assumed to be unity, linear momentum conservation
leads to,
i+ C; = & + & = 28, (2.4)

where €, is the velocity of the center-of-mass and the starred terms represent the



14

Figure 2.1: Binary particle collision between identical hard-sphere particles in the

center-of-mass reference frame, viewed in the collision plane.
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post-collision state. Energy conservation is described by,
Z+ci=c?+ it (2.5)

J 3

The relative velocities before and after the collision are

Cr = C; — C; (2.6)
and
G=¢-¢. (2.7
These equations can be combined to show that
2 2 2 1 2 2 1 %2 *2 %2
¢; +¢; =2¢, + ;= 2¢c, + -6 = ¢ +c; (2.8)

1 7 m 9T

o Cr
and, hence, that ¢, = ¢,. Therefore, the consequence of exact momentum and
energy conservation is that the relative velocity vector after the collision has the
same magnitude and is simply rotated by the collision anglé x about the center-of-
mass velocity.

In a discrete-velocity gas, as in a continuous-velocity gas, the probability of
a collision between two particles randomly selected from a small region of space is
proportional to their relative speed. Figure 2.2 shows a simple quantitative example
of a collision in velocity space in which one of the identical colliding particles initially
has velocity (u:,v:) = (4¢, ¢) and the other (u;,v;) = (2¢,5q). The relative velocity is
the vector difference between these two velocities and the center-of-mass velocity lies
at the center of the relative velocity vector. In a continuous-velocity gas, all points
on a large circle centered at the center-of-mass velocity and of a diameter equal to
the relative collision speed are equally likely post-collision results. Candidates for
outcome discrete velocities in the example of figure 2.2 lie at the intersections of the

velocity lattice with the large circle and are indicated by small open circles. If one



16

s:.1/0 s=1/

-s =0/1

=

Figure 2.2: Points on collision circle. Reflections about 0/1, 1/1, and 1/0 are
possible. Parity: EE (Even Even), Relative velocity: (—2,4). Lines of symmetry

are dotted.
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colliding particle is fast and the other is slow, as might occur in a high-temperature
gas, the relative velocity will be large, so the diameter of the circle defined by the
relative velocity vector will be large, and there might be many possible outcome
velocities. By this method, velocities are automatically redistributed between the
different regions of velocity space as required by the local temperature and collision
dynamics.

In two-dimensions four different cases must be considered depending on the
parity of the components of the relative velocity vector. In figure 2.2 both com-
ponents are even {e.g., (-2g, 4¢), designated even-even or EE). In this case, the
center-of-mass velocity falls on a lattice point in velocity space. If the parity is EE,
generally there are four possible pairs of output velocities (including that in which
the initial velocity vectors are simply interchanged with no apparent change on the
figure). The three pairs that are different from the input pair can be constructed by
reflections about the vertical, the 45°, and the horizontal axes through the center-
of-mass velocity. The three axes are designated by their slopes: 1/0 (vertical), 1/1
(45°), and 0/1 (horizontal).

If both components of the relative velocity are odd (designated odd-odd or
0O, figure 2.3), the center-of-mass falls at the center of a unit cell of the lattice in
velocity space, and, again, four outcome pairs obtained by the same reflections as
above are possible. On the other hand, when the relative-velocity components are
of opposite parity (EO, figure 2.4 ), the center-of-mass velocity falls on the edge of
a unit cell in velocity space, so no reflection about the 1/1 axis occurs, and only two
outcome pairs are possible. In the EE and QO cases, the relative velocity vector can
lie at 45° (see the example in figure 2.5 ). In this case, there are only two outcome
pairs possible. On the other hand, in the EE and EO configurations, the relative

velocity vector can be vertical or horizontal (figure 2.6). In such a situation, with
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s=1/0 s=1/1

r'*SZO/l

Figure 2.3: Points on collision circle. Reflections about 0/1, 1/1, and 1/0 are

possible. Parity: OO, Relative velocity: (-1,3). Lines of symmetry are dotted.
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Figure 2.4: Points on collision circle. Reflections about 0/1 and 1/0 only are pos-

sible. Parity: EO, Relative velocity: (-2,3).
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s=0/1

Figure 2.5: Points on collision circle. Reflections about 0/1 and 1/0 only are pos-

sible; reflection about 1/1 is degenerate. Parity: OO, Relative velocity: (-3,3).

EE, there are only two outcome pairs, while with EO, there is only one possible

outcome - the same as the input.

2.2.1.2 Higher Order Symmetries

At higher relative velocities, t.e., with greater velocity resolution, reflections about
other axes can be made so more possibilities for outcomes arise. For example.
the circle defined by a squared relative speed of 130¢® intersects components (7g,

9¢) and (3¢, 11¢), which cannot be obtained from each other by reflections about
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Figure 2.6: Points on collision circle. Reflections about 0/1 and 1/0 are degenerate.

Parity: EO, Relative velocity: (0,3).
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Figure 2.7: Points on collision circle. Reflections about 0/1,1/1,1/0, 2/1, and 1/2

are possible. Parity: OO, Relative velocity: (-7,9). Lines of symmetry are dotted.
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1/0, 1/1, or 0/1 (see figure 2.7). Both of these points lead to 4 possible outcome
pairs so there are a total of 8 possible outcome pairs for these input configurations.
These outcomes, however, can be constructed from either input point by reflection
about the additional axes of slope 1/2 and 2/1. In general, as the length of the
relative velocity vector increases, symmetries about lines of slopes given by ratios
of increasing values of whole numbers (e.g., 1/3, 2/3, etc.) arise. The number of
points in a quadrant that are intersected by the circle about the origin that passes
through that point are indicated on the relative velocity lattice in figure 2.8. The
boxed-in points are those that participate in symmetries more complex than 0/1,
1/0, and 1/1. If the relative velocity falls along an axis of symmetry, the possible
outcomes are correspondingly reduced, and the case is degenerate. In a three-
dimensional velocity space, there are 2° = 8 parity cases, each possessing slightly
different symmetry possibilities and degeneracies.

As the above discussion suggests, the number of possible collision outcomes
increases rapidly as the velocity resolution increases. Figure 2.9 is a plot of the
number of integer points in one octant of space intersected by the spheres with
radii from 1 to 50. It is clear that with sufficiently large relative velocity many

points on the collision spheres are available.

2.2.2 Multi-Species Collisions

The previous discussion has concerned only collisions between identical particles.
If the particles have different masses, the collisions are not as simple; the center-
of-mass velocity lies closer to the velocity of the more massive particle and not
necessarily on an integer or half-integer velocity grid location. The geometry is
again most easily seen in a two-dimensional example (figure 2.10). To conserve

energy and momentum, each particle velocity after the collision must remain on
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Figure 2.9: The number of the discrete points in one octant on all spheres whose

radius is less than 50.



26

the circle, centered at the center-of-mass velocity, which passes through its own
pre-collision velocity; the more massive particle’s velocity remains on the smaller,
inner circle while the lighter particle’s velocity must lie on an opposing point on
the large, outer circle. As for a single species collision, in three dimensions the
particle velocities lie on spheres instead of circles and all of the discrete points on
the spheres are assumed to be equally probabie post-collision results.

To create outcome velocities that are integer-valued, the particles must have
integer masses; non-integer masses generally lead to only a single intersection of
the collision spheres with the velocity axes. At present, only the more restrictive
case, in which the ratio of the particle masses is also an integer, is treated. This
restriction allows collisions to be performed with a simple change of coordinates, as

described below.

2.2.2.1 Velocity Sub-grid

In a discrete-velocity collision, there exists a sub-grid of points in velocity space on
which the center-of-mass velocity may lie. For example, if the particles are iden-
tical (a mass ratio of one), the sub-grid points lie on integer or half-integer sites
corresponding to the relative velocity components being of even or odd parity, re-
spectively. If the particle mass ratio is 2, the sub-grid points lie on integer multiples
of ¢/3 as indicated by the intersections of the dotted lines in figure 2.10. In general,
the spacing between the sub-grid sites is ¢/(m; + m2); hence, the higher the mass
ratio, the finer the sub-grid.

The sub-grid is used in place of the main grid to find the points on the small
sphere of the heavy particle. In the sub-grid coordinate system whose origin lies on
the center-of-mass velocity, the coordinates of the heavy particle velocity are the

same as the relative velocity between the heavy and light particles on the main grid.
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For example, in figure 2.10 the relative velocity between the particles (i.e.,ﬁmzz —
ﬁm:l) is (3,4) as are the coordinates of the heavy particle in the sub-grid system.
The other points on the sub-grid circle can be found by the reflections described
earlier for a single species collision. However, the only such points that are valid
post-collision values, are those that also lie on the main grid, e.g., (4¢, 2¢), (5¢, 59)
and (3¢, 5¢) in this example. Thus, to find the points on the circles, the points in
the sub-grid system are found and those that do not also fall on the main grid are
rejected. When an acceptable velocity has been found for the heavy particle, the
corresponding value for the light particle lies on the opposite side of the outer circle
[(4q, 79), (2¢, 1¢) and (6g, 1q), respectively].

In contrast to single species collisions, effective multi-species collisions with
low velocity resolution can be impossible because the smallest inner sphere on which
there can be more than one point is a sphere of radius %q, corresponding to a
relative speed equal to about one half of the mass ratio. Modeling higher mass
ratios requires higher velocity resolution to avoid creating a gas with no effective
inter-species collisions.

Bellomo and de Socio (1982, 1983) and Bellomo and Monaco (1984) also de-
scribed a multiple species discrete-velocity gas based on Broadwell’s six velocity
model. In that model each particle type travels with a single speed that is propor-
tional to the inverse of its mass; hence, the momentum of each particle is the same.
In contrast to the present model, collisions only occur between pairs of particles
having a stationary center-of-mass and thus collisions simply rotate the relative
velocity vector about the origin of velocity space. Those collisions are represented
by terms on the right-hand side of a discrete-velocity Boltzmann equation. Such
an approach is not suited for the multi-speed model discussed in the present work,

however.
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2.2.83 Features Of Lattice Gases

Several fundamental differences exist between the present model and other discrete-
velocity models. All such models begin from the same premise; particle velocity
components only have discrete values. All solve a form of the discrete Boltzmann
equation, either by analytic solution (Broadwell) or by direct particle simulation
(CA and, as will be discussed in the next chapter, the present model). Previous
models have been limited to low velocity resolution. To include more velocities in
Broadwell’s model would introduce more equations with many more collision terms
on the right-hand side {Inamuro, 1988-1989a) while, in the CA models, a greater
variety of collisions produces unwieldy rule sets. The present model, however, per-
mits all collisions that conserve mass, momentum, and energy, and can thereby
incorporate any level of velocity resolution.

New velocities can be created in all of the models. For example, if a homo-
geneous gas with velocities equally distributed between u = +1¢ is followed as it
relaxes toward equilibrium, the different models would perform as follows: in the
HPP (cubic lattice) model the first collisions would scatter particles into V' (and
W) = +1q, thus creating velocities that were not originally present. As those col-
lisions continue, the inverse collisions that deplete V' (and W) would increase until
equilibrium is reached. No speed other than 1¢ would occur because such collisions
are not included in the model. Similarly, for the FHP model, collisions create the
other four equal-speed velocities (five, if one includes speed 0g). In the nine velocity
model of Nadiga et al.(1989), speed Og and \/fq particles are created by collisions
between orthogonally moving speed 1¢ particles. The rule set for the nine-velocity
model incorporates this new type of collision and is thus more general than earlier

models.
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The rules in the present model are less restrictive; indeed, any point in the
discrete-velocity space is possible and may be reached through some sequence of
collisions. Consider the following sequence of collisions that produces high-speed
particles from a group of low-speed particles. All particles are again initially given
velocities u = +1q. Suppose the first collision occupies (0g,1q) and (0g, —1¢q) (refer
to figure 2.11 as a guide). Another collision occurs, this time [(Og, 1¢) and (1¢,0q)]
produce [(Og,0q) and (1¢,1¢)] thus occupying two further points in velocity space.
There are now three speeds present (Og, 1¢ and v/2q). Similar collisions could also
have occupied {—1¢,1q), which can then collide with (1g,1q) particles to produce
particles with the velocity (2¢,0q). (1¢,2¢) can then be reached by collisions be-
tween (Og,2q) and (1¢,1q). To continue, similar collisions would occupy (Og, 2¢)
which can, in turn, collide with particles at (2¢,0¢) to occupy (2¢,2¢), which has
a speed of /8¢, and so on. A small square region of velocity space can thus be
occupied (figure 2.11).

It can be proved by induction that it is possible to build a sequence of such
collisions that will occupy every point in velocity space. Consider unoccupied sites
(u,v) along the center of the right edge of the square of velocity space already
occupied (indicated by an A in the figure). (u,v) can be reached by a collision of
the type [(u — 1¢,v — 1¢) and (u — 1q,v + 1q)], which yields [(v,v) and (v — 2¢,v)].
Sites adjacent to the corner of the square (given by a B) can then be reached by
[(v—1q,v) and (u,v —1q)], yielding [(u,v) and (v —1¢,v— 1¢}]. Finally, the corners
(indicated with a C) can be reached by that same type of collision, [(v — 1¢,v) and
(u,v — 1q)] yielding [(u,v) and (u — 1q,v — 1¢)]. The original square can, layer by
layer, be expanded to fill all of a two-dimensional velocity space while a siinilar
process on the faces of a cube can fill all of three-dimensional space.

An analogous procedure in a continuous-velocity model would eventually lead
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Figure 2.11: Occupied sites in velocity space. Symbols A, B, and C are described

in the text.
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to all of velocity space being occupied with a Maxwellian distribufion of particles.
The equilibrium distribution in a discrete-velocity gas can also be found (Nadiga,
1989 and Inamuro, 1988-1989a); it corresponds well with a simple Maxwellian except
at the lowest velocity resolution. New velocities are not created during the solution
of a particular problem; all velocities are naturally present at some level in an
equilibrium gas with sufficiently general collision rules, and the circumstances of

the problem to be solved simply alter their distribution.
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Chapter 3

Method

A method for applying the model of a discrete-velocity gas to solve complicated
préblems is presented in this chapter. The collision integral in the continuous-
velocity Boltzmann equation (egn. 2.1) is extremely difficult to evaluate for flows of
practical engineering interest, :.e., three dimensional flows with multiple gas species.
Three approaches, however, are worth mentioning. The first makes assumptions
about the form of f, the second attempts to solve the exact Boltzmann equation,
and the third replaces the Boltzmann equation with a simpler model equation. In
the Lees (1959) moment method a form of f is written in terms of a multi-sided
Maxwellian distribution function representing particles emitted by the different flow
field boundaries. Moments of the Boltzmann equation are taken to generate a set of
ordinary differential equations that can then be solved more readily. This approx-
imate method is both mathematically complex and produces solutions that may
depend on the assumptions made about f. In a second approach, not widely used,
the left-hand side of the exact equation is numerically evaluated by a direct finite
difference method and the collision integral on the right-hand side is approximated
by a Monte Carlo technique (Nordsieck & Hicks, 1967). Steady state solutions are
obtained by an iteration procedure from an assumed initial condition. The method
is costly and is generally applied to one-dimensional flows. In the third approach

(Bhatanagar, Gross, & Krook, 1954}, the collision term of the Boltzmann equation
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is modeled by the expression nv(fy — f), where v is a collision frequency, and f, is
the local equilibrium Maxwellian. Thus, nv f represents the loss term while nv f is
the gain. This model of the gain assumes that the number of molecules scattered
into € and c¢; is that which would be found from an equilibrium gas with the same
velocity and temperature as f. While the model is correct in the collisionless and
continuum limits, its validity in the transitional regime is not assured.

None of these methods has proven acceptable for application to flows in which
departures from equilibrium are large, for example shock waves, or to flows closer
to equilibrium with real gas effects and complex geometry. In fact, the most widely
used method bypasses explicit solution of the Boltzmann equation and instead com-
putes the flow by directly simulating the motions and collisions of represéntative
molecules. It is called the direct simulation Monte Carlo (DSMC) method and was

introduced by Bird (1963 and 1976).

3.1 Direct Simulation Monte Carlo Method

The present discrete-velocity model is implemented with a method patterned after
the DSMC. In the conventional DSMC, a small sample of molecules (typically tens
to hundreds of thousands) is taken to represent a flowing gas. The DSMC is a
stochastic method and it requires many simulated particles to provide a smooth
representation of the distribution function. Fewer particles are needed to pro-
duce adequate values of the integrated macroséopic quantities that are generally
of greater interest. Space is divided into sampling cells whose size (Az, Ay, Az)
is small compared to the mean free path A, and time is discretized into stepé At
that are smaller than the mean molecular collision time 7. Only binary collisions

are treated, so the gas is, by definition, dilute. Particles within a cell are randomly
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selected to collide through an acceptance/rejection scheme that forces the probabil-
ity of a collision to be proportional to the relative collision speed. A collision time
counter in each cell insures the correct collision rate and tracks the cell’s progress
relative to that of other cells. For the simulation of single species particles there is
only one time counter that is incremented by

1
At, = 3.1
Nnoc, (3-1)

after each collision and collisions continue until the cell time exceeds the global flow
time. This procedure can be shown after many collisions to lead to the correct
collision rate (Bird, 1976). The particle cross section is normalized to be

1
0= ——=,
no/\o\/i

The subscripf 0 refers to the initial equilibrium state. When a binary mixture of

(3.2)

species is considered, this normalization must be altered. Four separate cell time
counters ¢, can be used, one for each type of collision (Bird, 1976). Expanding
upon the procedure of equation 3.1, ¢,, is then incremented by At,.,,

1 1

At, =
N.,mpoce, Nyngoc,

(3.3)

Cab

for each a,b type of collision. For example, type 1,2 collisions are performed until ¢,,
exceeds the flow time at which point another type of collision is considered. From
the definition of the mean free path for hard sphere particles in a binary gas (Bird,
1968), the particle cross section is found to be

1 1 1
W naa, [1(] 4 7 it may f1(1 33)]

The subscripts 1 and 2 refer to individual particle species of mass m.

. (3.4)

Thus, the Monte Carlo game is played twice; once for the selection of the colli-

sion pair and again for the outcome of the collision. In the selection of collision pairs,
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the distribution of relative velocities is not known a priort for a non-equilibrium gas.
Known distributions are used, however, for the selection of collision impact param-
eter, b, and azimuth angle, ¢; b is chosen to be uniform between 0 and d/2 (half
the particle diameter) and « to be uniform between 0 and 27.

After all the cells have completed their collisions, the particles are moved in
free flight to locations appropriate for the beginning of the next time step. The
resulting computed flow may be unsteady but if the flow does settle down to a
steady state, a smooth solution may be obtained as an ensemble average of several
late time states of the initial flow. The value of any macroscopic quantity in a cell
is found by averaging over the values carried by the particles of the cell. Hence, the
statistical scatter in the quantity declines as the inverse square. root of the number
of particles is considered.

The DSMC has significant advantages over other methods primarily because
evaluation of the complex collision integral is replaced by the calculation of many
representative collisions, a procedure that turns out to be more efficient. In contrast
to the other methods, the cost of the collision calcu‘lations does not depend on the
volume of velocity space considered but only on the number of particles involved.
The free flight translation of the particles during the movement phase replaces the
evaluation of the left-hand side of the Boltzmann equation. While other methods
must maintain the distribution function for all of velocity space at each point in
physical space, the DSMC must only retain several tens of particles in each cell.
During a DSMC simulation the distribution function does not need to be recon-
stituted from the individual particle velocities; only moments of the distribution
function are usually determined.

The DSMC method has some significant disadvantages as well. For low Knud-

son numbers, the physical properties (mass, position, velocity, etc.) for many parti-
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cles must be stored in computer memory thereby limiting the size of the simulation.
For complicated problems, the computational time can become excessive if the cell
size and time step values are kept less than A and 7 as is required. While exceeding
these values has generally been found to simply smooth the flow field gradients, an
otherwise correct solution of the Boltzmann equation is not then assured. It has
also been found that the DSMC is not easily implemented to take full advantage of
vectorization, which is essential for efficient use of today’s most powerful comput-
ers (McDonald and Baganoff, 1988). Central to the collision cycle is a procedure
in which particle pairs are randomly selected and subjected to various tests; both
the selection and testing processes inhibit vectorization. Much of the rest of the
method, however, can be vectorized (Usami et al., 1989, McDonald and Baganoff,
1988, Feiereisen, 1989, Woronowicz and McDonald, 1989). Conversely, the DSMC
is a prime candidate for parallel processing because individual particles are moved
independently, there are no long range interparticle forces, and collision partners
are drawn only from the same locality.

An early version of the DSMC was adapted to massively parallel computation
by writing a new code (Kawasaki, 1985) in the C programming language' for Cal-
tech’s cosmic computing environment. In the cosmic environment a computation is
defined in terms of interacting processes that rﬁay reside on a host computer or a
parallel processor (Su, 1985 and Athas, 1988). The present research version of the
parallel DSMC has been considerably improved and is now run on the Intel iPSC/1,
iPSC/2 or the Symult 2010 computers. Though the molecules are presently treated

as elastic hard spheres, the phenomenological models of real-gas effects that have

!The C language is now the most appropriate for these applications because massively parallel
‘computation is still in the early stages of development and Fortran compilers- generally have not

been highly developed or are not available.
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been developed at other institutions (Borgnake and Larson, 1975, Bird, 1968-1983,

Hermina, 1986) could easily be incorporated in the future. .

3.2 Integer Direct Simulation Monte Carlo Approach

The discrete-velocity or integer DSMC (IDSMC) method is similar to the DSMC,
but the velocity components of the particles are defined as integers. Although, in
principle, the number of values that the velocity components can assume is infinite,
in practice, one byte (8 bits) provides enough velocity resolution for flows of a single

species gas even up to hypersonic Mach numbers.

3.2.1 Discretization of Phase Space
3.2.1.1 Velocity Discretization

Initially the velocity resolution is, in effect, set by the choice of the cell size, Az,
compared to the distance traveled by a particle of unit speed ¢ in time At¢, which
shall be called the spatial lattice spacing §. As in the DSMC, At/r = j and Az/A

= | must both be somewhat smaller than unity. Furthermore,

Az_Ax_li_lE (3.5)
6§ gAt jgr jq’ '

where ¢ = \/%cs is the average thermal speed.” Then for | ~ 5 , if § is small
compared to Az, ¢ must be small compared to ¢’. Thus, the velocity resolution
improves as the cell contains more lattice sites. In practice, Az and At are chosen
on the basis of A and 7 in the region of highest expected density and temperature

in the flow under consideration.? In a typical example, if § = 0.1y, Az = 0.5)¢,

2When, as in the present work, the mesh is coarsened during the calculation in low density regions
to keep [ roughly constant, the right-hand side of Eq. {3.5) increases because //7, not ¢’/g, increases.

Therefore, in this case, the velocity resolution does not increase.
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At = 0.27y, so that ! = 0.5 and j = 0.2, and, from (2.3), ¢’ = 2¢, so RT = Z¢*. On
the other hand, if é is halved (to = 0.05)) and At increased so that [ = j = 0.5,
then ¢’ = 10q, and the initial temperature is 25 times higher. In any application,
the dimensional value of ¢ can be chosen to obtain the desired dimensional value of
the reference temperature T, e.g., 300K.

When a mixture of species is considered, the velocity resolution is found from

the definition of the mean collision rate per molecule to be,

AR R
) = (n

4 No

2 2 mitm 2 .

g‘min maeont 2,/ 4 m;rTmz 2 /<212
171 + Manz [ny2, / - + 2n1ny =72 + ny 2]

(3.6)

3.2.1.2 Spatial Lattice

A further consequence of the discretization of the velocity components is that if
particles are initially distributed in space on a regular array aligned with the axes
of the co-ordinate system at points with spacing é, then the particles remain on
the array for all time, and the gas is a lattice gas. By positioning the particles on
the lattice, the spatial resolution is coarsened to a level consistent with the velocity
resolution, and the calculation of particle motion is simplified; particle translations
during the motion phase are obtained simply by counting lattice sites. Because the
particle locations are integer numbers, storage requirements are also reduced. Any
number of particles can co-exist at a lattice site, in contrast to the CA method
where the number of particles at a site is limited by an exclusion principle (see, for
example, Frisch et al. 1986).

In the IDSMC, the coarse DSMC mesh of cells is superimposed on the fine
lattice, and particles are'drawn as candidates for collisions from all the lattice sites
within a cell. This hierarchy is seen in figure 3.1. If there are many lattice sites
per cell, the discretization of space onto the lattice is no longer significant. At a

minimum, there must be at least one lattice site in a cell in order that there be
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bl lattice site

=

cell boundary

Figure 3.1: Lattice points and cell boundaries in physical space. Cells a and b are

the same size but contain different numbers of lattice sites.

any particles there. In the IDSMC, as in the DSMC, a record is kept of the cell
in which every particle resides, at the expense of additional storage. Because the
cell boundaries mé‘y not have any simple relationship to the lattice spacing, two
cells of the same size may contain a different number of lattice points (for example,
cells a and b in figure 3.1). It is therefore necessary to take the cell volume to
be proportional to the number of lattice sites in the cell in order that the time
increment for each collision (equations 3.1 or 3.3) is properly computed.

It is worth noting that the integer-velocity method causes a minimum relative
velocity, ¢, between two colliding particles. Thus, the amount the cell time counter
can be incremented after a low-energy collision is limited by equations 3.1 or 3.3.
In a continuous-velocity gas a particularly low-speed collision can yield large time
increments that can, if not compensated for, effectively shut down a cell for long
periods and make an unsteady calculation inaccurate because the cell cannot then

adapt to changing flow conditions.
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To conserve angular momentum it has been suggested (see Meiburg, 1986 and
Bird, 1987) that particles be drawn for collisions from small sub-cells within each
cell. The lattice sites in each cell of the IDSMC can be used in place of sub-cells;
collisions between particles not residing at the same lattice site could be rejected
so that angular momentum is exactly conserved in each collision. This procedure
has not been implemented in the present study. Of course, if there is only one
lattice site per cell there is no need to reject particle pairs. Further implications of

restricting collision pairs to individual lattice sites are discussed in chapter 5.

3.2.1.3 Collision Outcomes

It was pointed out in section 2.2.1.2 that the number of possible collision outcomes
can be large and the algorithm for finding all of them for a given relative velocity is
complicated. Therefore, it is more efficient to do the calculation once and store the
results in a look-up table for use during the Monte Carlo calculations. Table 3.1
gives the first few entries of such a look-up table. This table contains the coordinates
of the integer points on spheres centered at (u,v,w) = (0,0,0) with different values of
the radius squared. Before using the table to compute a collision between particles
of the same mass, the velocities of the collision partners are transformed into the
relative velocity frame, and the square of the relative speed is found. The outcome
relative velocity of the same magnitude is chosen with uniform probability from
the table under the condition that the parity of the components of the pre- and
post-collision relative velocity vectors is the same. Then the final velocities are re-
transformed into the lab frame. It is interesting to note that spheres corresponding
to impossible collisions (e.g., squared radius = 7) are not intersected at all by the
lattice.

The look-up table is also used to find the points on the inner sub-grid sphere
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Radius? Number of Points Coordinates of Points on Sphere
on Sphere

0 1 (0,0,0)

1 6 (-1,0,0) (0,-1,0) (0,0,-1) (0,0,1) (0,1,0) (1,0,0)

2 12 (-1,-1,0) (-1,0,-1) (-1,0,1) (-1,1,0) (0,-1,-1) (1,1,0)
(0,-1,1) (0,1,-1) (0,1,1) (1,-1,0) (1,0,—1) (1,0,1)

3 8 (-1,—1,-1) (—1,—1,1) (—1,1,-1) (—1,1,1) (1,-1,-1)
(1,—1,1) (1,1,—1) (1,1,1)

4 6 (—2,0,0) (0,-2,0) (0,0,-2) (0,0,2) (0,2,0) (2,0,0)

5 24 (-2,-1,0) (-2,0,—1) (-2,0,1) (—2,1,0) (-1,—2,0) (2,1,0)
(—1,0,—2) (-1,0,2) (-1,2,0) (0,—2,—1) (0,-2,1) (2,0,1)
(0,-1,—2) (0,—1,2) (0,1,-2) (0,1,2) (0,2,-1) (2,0,—1)
(0,2,1) (1,-2,0) (1,0,-2) (1,0,2) (1,2,0) (2,—1,0)

6 24 (-2,1,1) (-241,1) (-2,11) (-2,1,1) (-1,-2,-1)
(—1,-2,1) (-1,-1,—2) (—1,-1,2) (—1,1,-2) (2,1,1)
(-1,1,2) (-1,2,-1) (-1,2,1) (1,—2,—1) (2,1,-1)
(1,—2,1) (1,—1,—2) (1,—1,2) (1,1,—2) (2,—1,1)
(1,1,2) (1,2,-1) (1,2,1) (2,-1,-1)

8 12 (-2,2,0) (-2,0,2) (-2,0,2) (-2,2,0) (0,-2,-2) (2,2,0)
(

0,-2,2) (0,2,2) (0,2,2) (2,-2,0) (2,0-2) (2,0,2)

Table 3.1 Sample from the top of the look-up table
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in a multi-species collision. As described in section 2.2.2.1, outcomes corresponding
to points not lying on the main velocity grid are rejected. If the mass ratio is large,
most points on the sub-grid sphere will not lie on on the main grid, and many
trials may be rejected. This is expensive. The following simple algorithm is used
to minimize that cost: a candidate point (V,,V,,V,) is randomly chosen on the
sub-grid sphere from the look-up table, and its X component is examined. If the X
component lies on the main grid (i.e., (V;,,, — V,) modulus[sum of particle masses]
= 0), it is acceptable, and the Y and Z components are tested in turn. If the X
component did not lie on the main grid, its sign is changed (it is reflected through
the X = 0 plane), and it is retested. If the X component is now acceptable, the
proceduré is continued with the Y and Z components being tested in the same way.
If V7 is still unacceptable, the candidate point is rejected, and a new point is selected
from the table. Even if the mass ratio is as high as 10, this algorithm runs only
slightly slower than the single-species algorithm. If separate look-up tables were
used for each mass ratio, this rejection process could be avoided, but the memory
consumed by the tables might be prohibitive. With the rejection method, a single
look-up table can be used for all mass ratios.

The table presently used has entries for spheres up to a radius of 38, a total
of 30,415 values. Each value requires three bytes for storage (one for each velocity
component) and two bytes are needed for the square of the relative speed that is
used for the reference index; hence, the table would consume about 94 kilobytes.
Because memory requirements of this magnitude are a matter of concern for users
of many preseﬁt—day parallel-computing machines in which the processors do not
share memory, only the entries for the octant (u, v, w) > 0 of each sphere are stored.
The selected outcome configuration of a collision is reflected across the planes u =0,

v = 0, and w = 0, each with 50 percent probability. This procedure reduces the
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size of the look-up table to 1/8 of that needed for the full sphere, at the expense of
a small increase in computational time. Because a look-up table is used, the cost of
computing collisions does not vary with the velocity resolution;® higher resolution

simulations simply require a larger look-up table.

3.2.1.4 Boundary Conditions

Flow boundaries, which for the calculations presented here are straight and parallel
to lattice axes, are taken to lie midway between lattice points so that particles may
not reside exactly on a boundary. Boundaries that pass through lattice points,
however, are also possible. Specular wall collisions are treated in the same way
as in the conventional DSMC, by reflecting the particle trajectory across all wall
segments necessary to insure that the particle at the end of the time step is inside
the flow field, and by reversing its normal velocity after each reflection. For diffuse
wall collisions, the velocity components of the emitted particles are chosen from the
equilibrium integer distribution (¢f. fig. 4.4) corresponding to the wall temperature.
The trajectories of colliding particles approaching and departing from walls are
calculated exactly, but, after the collision, the particle is placed at the nearest

lattice site.

3.3 Implementation for Parallel Processing

The integer direct simulation method is well suited for implementation on parallel
processors because even two-dimensional flow simulations require substantial com-

putational effort. For example, in the problem discussed in chapter 5, section 4,

3For multi-species collisions with the single look-up table, the collision cost varies with the prob-
ability of rejection of unacceptable points. That probability depends somewhat on the velocity

resolution.
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simulation of 3200 time steps, with four million particles, and 100,000 computa-
tional cells is required. Three different parallel computers available at the Cal-
tech Computer Science department are suitable for such calculations. They are a
128-processor Intel iPSC/1, a 16-processor iPSC/2 or a 192-processor Symult 2010.
Each processor or node in the iPSC/1 contains an independent microcomputer with
its own central processing unit (Intel 80286/80287), communications control, and
512 kbyte of local memory. Each node is connected directly to seven others with a
hypercube topology and to an external system manager. Together, the nodes are
referred to as the “cube.” The cube manager is an Intel system 310 supermicro-
computer that, in turn, is connected via an Ethernet to a SUN workstation. The
SUN acts as the “host” and runs the program that controls the cube. The nodes
communicate by messages sent and received under program control. Although the
iPSC/2 has fewer nodes, each node has four megabytes of memory and uses an Intel
80386 /80387 central processing unit that is about eight times faster than that in the
iPSC/1. The intér-node connections are in the form of a four-dimensional hyper-
cube and each node is also connected to a cube manager. The nodes in the Symult
also contain three or four megabytes of memory and use Motorola 68020/68881 cen-
tral processing units. Thus, the iPSC/2 and Symult nodes are nearly equivalent.
The nodes in Symult are connected with a mesh network although, for the present
simulations, the message passing time is so small that the machine is used as though
the connections were in the form of a hypercube. The iPSC/1 was used for most of
the parallel computations although the Symult was used for the largest simulations.

In the simulations, the rectangular physical space of the flow field is divided
into rectangular sub-domains, each being allocated to a single node (figure 3.2).
The sub-domains contain equal numbers of computational cells each of which, in

turn, contains about the same number of particles. When during the calculation
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a particle moves from the domain of one node to that of another, it is sent as a
message. If the node domains are sufficiently large, particles travel only to nearest
neighbor nodes in one time step, and message path lengths are minimized when a
Grey-code.? is used to map the physical domain onto the hypercube topology.

It should be noted that other solutions have been proposed for creating a
parallel version of the DSMC. In one case (Furlani, 1989), the background calcula-
tion is done on the host but the particles are passed to available processors for the
time-consuming move and collide phases of the computation. This method has the
advantage that the processors share the work evenly but the severe disadvantage
that, for larger simulations, the host quickly becomes overwhelmed as a manager,
and the efficiency suffers. Another possibility is called scattered decomposition or
random decomposition (Fox et al., 1988). Cells of particles are assigned randomly
to processors with the assumption that, while some cells require much computation,
some require little and, on average, each processor has about the same workload.
This scheme could be inefficient because of the heavy message traffic involved ex-
cept in machines for which message passing is truly an insignificant expense. Also,
it would be necessary for each processor to determine exactly where to send each
particle; hence, the position of each cell in the flow must be known by all proces-
sors and the computational mesh may consume much memory. A third, perhaps
obvious, possibility becomes reasonable if each processor has several megabytes of
memory. In this case an ordinary sequential program that computes the entire flow
field at once can be run in each processor and the final output ensemble averaged.
The advantage would be that a sequential gode could be run with minimal alter-
ations and with near perfect load balancing. The disadvantage is that the size of

the problems that could be simulated is limited.

4See Appendix A.2.
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Figure 3.2: Density profile superimposed on node mesh for a typical piston problem.
Left-hand wall is impulsively accelerated as a piston into the flow at ¢ = 0 creating
‘an unsteady shock wave. Note how the node (and, thus, the cell) size decreases

through the shock.
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With the present division of the flow field, and because the flows of interest
are unsteady, each region of the flow must be computed simultaneously. When a
particle is sent between processors, it must arrive at the correct time. Hence, the
processors proceed with lock-step synchronization; each processor checks that its
neighbors are at the same point in the calculation before it proceeds with the next
time step. Such regimented coordination is not inefficient if an adaptive mesh of

cells maintains about the same average workload in each processor.

3.3.1 Adaptive Mesh

In all parallel computations reported in this work, an adaptive grid of nodes was
used. The grid is remeshed in the vertical and horizontal directions to maintain the
average number of particles in the rows and columns of nodes constant. Remeshing
has four significant advantages: (i) it balances the work load among the nodes; (ii)
it maintains the number of particles per cell and the cell size, measured in local
mean free paths, approximately constant; (iii) it compensates for rapidly changing
boundary geometry; and (iv) it balances the number of particles in each node, so
that the total number of particles used can be maximized. In flows with strong
temperature differences, the high temperature areas of the flow have fast moving
particles and a high collision rate because the time increment per collision is small
(egns. 3.1 and 3.3). Those regions require the calc1.11ation of many more collisions
than others, and remeshing based solely on particle number density will lead to
some nodes being underutilized. Of course, the remeshing scheme can be easily al-
tered to balance other quantities between processors, such as mean pressure or even
computational time, but the features (ii), (iii), and (iv) might then be sacrificed.
For simulations without rectangular symmetry, for example flow about a body

in the center of the field, a body-fitted grid would probably be more efficient than
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a rectangular grid (Bird, 1986). A regular rectangular grid (in which the columns
and rows of the mesh remain aligned) does not necessarily place the computing
effort where it is most needed. However, the programming time to generate the
rectangular mesh is less than that required to create a more complicated mesh and
the adaptive mesh permits a useful exchange of some computational time for a gain
in programmer efficiency. In the future, the method used for remeshing could be
generalized and applied to meshes of other shapes.

To remesh the whole flow field at once either requires clever coordination to
determine the node boundaries locally, or a single processor (node zero) to compute
the entire mesh on its own. The latter procedure is chosen in the present work
because it is simpler and is directly applicable to a sequential version of the code.
Nonetheless, a substantial portion of the remeshing computational load is performed
in parallel. Each node in the bottom row of the mesh passes its particle number
density distribution to the immediate neighbor above. The receiving node adds
in its own particle number density distribution and passes the sum further up the
column of nodes. The top row of nodes similarly accumulate the data as they pass
the distribution to the left to node zero. With the accumulated distribution, node
zero creates the new mesh and passes it back to the other nodes. Periodically, just
before the complete flow field data is to be sent to the host, the host creates and
stores a mesh so that the ensemble averaged data in the host always refers to the
correct mesh.

The number of particles required per column of nodes is found simply by
summing the entries of the particle number density profile and dividing by the
number of nodes per column (see figure 3.2). The mesh generating algorithm in
node zero begins at the left side of the flow field and establishes the left boundary

of the first column of nodes. It then sums the values of the particle number density



50

profile in the X direction into a counter. When the counter exceeds the desired
number of particles in the first column of nodes, the new right boundary for that
column is found by interpolating between the two nearest X locations in the profile
and then the counter is reset. The process subsequently continues from that point;
particles are counted and a node boundary placed whenever a sufficient number of
particles are found to fill a column of nodes. The procedure is analogous in the
vertical direction.

The final mesh then simply consists of two small vector variables containing
the left, right, top, and bottom locations of each column and row of mesh nodes.
Each cell’s location need not be known by all nodes. When a node receives a new
mesh, it re-sorts its particles into its own new grid of cells and sends off those
particles that belong to other nodes.

Within each node the sorting of particles into cells is simplified if all the cells
are of the same size and if they lie in a regular array (a constant number of rows and
columns). The disadvantage of this arrangement is that the cells do not change size
within a node to compensate for significant density gradients that can occur there.
In principle, the cells within each node could be remeshed to better adjust the cell
dimensions to the local mean free path. Such a fine scale remeshing, however, would

require the exchange of more data with the host and would consume more time.
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Chapter 4

Simulations of a Uniform Gas

Discrepancies between results obtained with the discrete-velocity and continuous-
velocity methods may be due either to errors in discrete-velocity particle convection
or collisions, that is, an improper discrete representation of either the left or the
right-hand side of the Boltzmann equation. Investigation of collisions and convec-
tion separately yields physical insight into the implications of the discrete-veloéity
approximation and may point to procedures that overcome the errors.

In this chapter are presented the calculations of three test problems that
exhibit features of the discrete-velocity model in a spatially uniform gas. Only the
collision process is considered. In the first example, the equilibrium state of an
integer velocity gas is determined. The process of the relaxation of a single-species
gas to equilibrium is examined in the second case and relaxation bf a binary gas
mixture is considered in the third. A discussion of the effects of discretization on

the convection of particles is given in chapter 5.

4.1 Equilibrium State of a Discrete Velocity Gas

It is clear from figure 2.9 that for collisions with large relative velocities, typical
of gases having moderate velocity resolution, a great number of dynamic interac-

tions is possible. On the other hand, at relatively low temperatures, where fewer
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velocities are common, the number of possible outcomes is reduced. An important
question is whether the discrete representation is qualitatively similar to the con-
tinuous representation or whether serious anomalies arise. Figures 4.1 and 4.2 are
histogram distribution functions of the rotation angle of the relative velocity vector
in an equilibrium three-dimensional IDSMC gas at two different temperatures. The
figures are based on data obtained by allowing 32,000 identical particles in a box to
collide 64,000 times, a technique similar to the one originally used by Bird (1963).
The box contains just one computational cell, and the calculations are performed
on a small sequential computer. There is no need for a time counter. The solid lines
are theoretical sine distributions appropriate for a hard-sphere continuous-velocity

gas and are normalized to include the same number of collisions.

In the low temperature case (fig. 4.1}, certain discrete collision angles x (i.e.,
0, 90°, etc.,) occur often, and their resulting distribution does not resemble that of
a continuous-velocity gas. To a certain extent, the frequent occurrence of particular
angles compensates for the absence of neighboring values. There are, however, more
occurrences of ineffective or null deflections (x = 0° and 180°) than would account
for the lack of small non-zero deflections.! In low speed collisions there simply are
few reflection symmetries and there is a high probability of degenerate colliéions.
The probability of null collisions occurring in an equilibrium single species gas
decreases with increasing velocity resolution (figure 4.3) because the average size of
the collision spheres increases (i.e., the mean relative collision energy = 2&£7). Null
collisions effectively distort the time and collision counters because the counters are
incremented although nothing is changed. Detailed tailoring of the distribution of

collision angles with an acceptance/rejection method was tried but was found to slow

1When the particles are identical, a 180° deflection is also a null collision.
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Figure 4.1: Histogram of the angle of rotation, x, of the relative velocity vector
in each collision. The solid line is the theoretical distribution for 64,000 collisions.

Particle temperature is RT = Z¢*. Bin width = 0.5°.
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Figure 4.2: Histogram of the angle of rotation where the particle temperature is

RT = 201.3¢%. Bin width = 0.5°.
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Figure 4.3: Probability of a null (0° or 180°) collision occurring in a single species

equilibrium gas at different temperatures.
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the simulation substantially. Another possibility, discussed later with respect to
multi-species collisions, is to consider a portion of the null collisions to be ineffective
and simply not increment the collision counter when they occur.

In the'high temperature example (fig. 4.2), the continuous distribution is
well modeled except, again, for an excessive number of null collisions. It is not
clear a priori whether the random choice of outcome intersections of the relative
velocity sphere with the lattice produces an adequate distribution of collision angles,
because on any given sphere the lattice points are not distributed uniformly. The
correspondence found between IDSMC scattering angles and the theoretical sine
distribution at high temperatures applies only to the mean gas, not to collisions of
a specific relative energy. As will be seen in chapter 5, at low temperatures (i.e.,
low velocity resolution), the excess of null collisions has the effect of artificially
increasing the diffusivity of the gas, while at moderate to high temperatures, the
effect on macroscopic quantities is not noticeable.

The velocity distribution function itself provides a more direct means for eval-
uating the effects of velocity discretization. The IDSMC method produces the
correct equilibrium solution to both the discrete Boltzmann equation at very low
velocity resolution and to the continuous Boltzmann equation at higher resolution.
The sampled distribution of discrete U velocity components at high and low tem-
peratures in an equilibrium gas, figures 4.4 and 4.5, is seen to be in agreement with
the theoretical Maxwellian velocity distribution function for a continuous-velocity
gas. As few as nine discrete-velocity components are enough to reproduce the
Maxwellian distribution, e=#*%* (8 = 1/+/2RT), with a high degree of accuracy.
In the lowest temperature state (figures 4.6 and 4.7), the simulated distribution
function is instead compared to a numerical solution for the equilibrium state of a

discrete-velocity gas (Nadiga et al., 1989). In both a stationary gas and translating
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solutions to the discrete Boltzmann equation of Nadiga at RT = 0.2738¢%, U = 0.

gas, the simulated distributions are the same as Nadiga’s solution, except that in
the Monte Carlo calculations there is some inherent noise.

By varying different portions of the collision process, particularly the symme-
try of the points on the collision spheres, it was found that equilibrium distributions
are insensitive to the correctness of the process. A more appropriate measure is the

relaxation of the velocity distribution function in a highly non-equilibrium gas.
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4.2 Relaxation to Equilibrium

To observe the relaxation of a non-equilibrium gas, 90,000 particles are simulated in
a box consisting of one computational cell. The particles are initially given integer-
valued velocity components and are distributed bimodally as indicated in the top
rows of figures 4.8 and 4.9. The z-component molecular velocities are distributed
in two narrow bands (each with RT ~ 10¢*) about u = +25¢, while the y- and 2-
component velocities have only one peak of the same width. As for the equilibrium
states discussed earlier, the fluid is uniform in these calculations, and all particles
in the box may collide with a probability proportional to the relative speed. Only
the collisions and velocities are calculated. The particles have no specific position
so their movements are not represented. In figure 4.8, the distributions of the
DSMC calculation are plotted as histograms with bin size ¢, while in figure 4.9
the spikes rep.resent the accumulated data at the corresponding discrete values of
velocity. Although in the DSMC calculation the initial distribution contains only
integer-valued components, after the first collision, the velocities become decimal
numbers.

The molecular velocities are sampled after 1 (second row), 2 (third row), and
10 collisions per particle (fourth row). It can be seen that in both of the calcu-
lations of figures 4.8 and 4.9, the initial bimodal shape evolves into a Maxwellian
distribution with temperature RT = 218¢” in all three directions (indicated by the
solid curves in the bottom row), and that the IDSMC results are essentially the
same as the DSMC results even in the non-equilibrium state. Using the Bhatana-
gar, Gross, & Krook (1954) model of the Boltzmann equation for a discrete-velocity

gas, Broadwell (1963) showed that the equilibrium distribution has the form of a
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Maxwellian, i.e., for a two-dimensional stationary gas,
n; o« exp[—A(w’®+v?)], (4.1)

where the subscript (); refers to the class of particles with discrete-velocity com-
ponents u; and v;. In the high temperature limit, A becomes (2RT)~!. Thus, the
distributions shown in the bottom row of figure 4.9 are expected.

If the velocity resolution of the gas is too low, however, there are few points on
the discrete-velocity collision spheres, many collisions are null, and the gas relaxes
too slowly. This incorrect relaxation rate is due both to the velocity discretization
and to the present collision model which incorporates a random choice of points on
the collision spheres. The result can be seen in the combined DSMC and IDSMC
results of figure 4.10. The individual modes of the initial bimodal distribution have
a low temperature of RT = 0.5¢% and are separated by only 4¢q at v = +2¢. The
DSMC particles are assigned floating point velocities and are sorted into bins of
size %q in the histograms. One hundred forty thousand particles are used. The
W component is not shown because it is the same as V. In the discrete solution it
is seen that after one collision per particle there are still too many particles with
u = +2, not enough with u = £1, and the V distribution is not sufficiently broad.
Both methods, however, eventually produce the same equilibrium state after seven

collision times (third row).

4.3 Multi-Species Relaxation

A similar relaxation of a non-equilibrium velocity distribution function occurs in a
two-species gas. Consider a spatially uniform gas in which one group of particles
moves with u = +10 and has a mass of 3, while another group moves with v = —10

and has a mass of 1. Thirty thousand particles are used, 15,000 of each species.
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At time zero the molecules of each species are in equilibrium with molecules of the
same species but not the other; the distribution function of the light particles is
considerably wider than that of the heavy particles because the width varies as
\/kT /m. The mass 1 particles have a temperature of kT /m = 15¢* while the mass
3 particles have kT/m = 5¢®. The overall gas temperature is RT = 65¢*. In
figure 4.11, the results of the DSMC relaxation processes in the U and V' directions
are shown as histogram distributions with a bin width of 1¢q. Figure 4.12 shows the
results of the same simulation carried out with the IDSMC method.

It can be seen that the initially separate groups merge together to form two
overlapping peaks of greater width. Because energy is exactly conserved in each
collision, the overall gas temperature remains constant, while the temperature of the
individual species’ increases as seen by the greater width of each band. Because most
of the momentum is carried by the heavy particles, the light particle U distribution
function moves toward the heavy particle distribution function. The V distribution
function simply broadens with time. The W distribution is the same as V and is
not shown.

The IDSMC reproduces the DSMC results well although slight differences can
be seen after one collision per particle; the heavy particle distribution function of the
IDSMC model has not moved quite as far to the left as in the DSMC model. This
discrepancy is caused by the frequent occurrence of null collisions during low-speed
inter-species encounters. Poor inter-species coupling is a manifestation of the same
influence of velocity resolution as seen in the single species gas except that, with a
mass ratio of three, the size of the collision sghere is effectively reduced to one third
of that for equal mass particles. This effect is greatly exaggerated if the mass ratio
is higher. In figures 4.13 and 4.14 a second comparison is made but here the mass

ratio is 10 and the overall temperature is slightly higher (RT = 76¢*). Only the
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first collision time is shown. With such a high mass ratio, there are so few points on
the heavy particle collision spheres that most of the inter-species encounters result
in null collisions, and the integer distribution function obviously relaxes too slowly.
Figure 4.15 shows the number of possible outcomes from a collision between a
mass 1 and a mass 10 particle versus the square of the relative collision speed. The
average, rather than the total, number of outcomes is plotted because the number
depends on the location of the collision spheres on the velocity grid and not simply
on their size. On each sphere there is, at a minimum, one pair of points — the
original pair. For a mass ratio of 10, the minimum collision speed for there to be
more than one pair of points on the sphere is v/61¢, a value somewhat larger than
half of the mass ratio.? Noting the change of scale between figures 2.9 and 4.15, it
is clear that there are dramatically fewer points on inter-species collision spheres.
The distribution of collision angles found in the collisions between mass 1 and
mass 10 particles in an equilibriufn gas at RT = 76¢* is plotted in figure 4.16. Of
the 100,000 collisions performed, 53,937 of them occurred between particles having
different masses. The huge number of 0° deflections dominates the distribution.

Also note that the other angles are no longer symmetrically distributed about 90°.

For a simulation with a single species discrete-velocity gas, it is not difficult
to use sufficient velocity resolution to reproduce DSMC results. This procedure
becomes progressively more difficult, however, for simulations with high species
mass ratios because of the large look-up table needed. To alleviate this problem,
it may be useful instead to specifically eliminate 0° collisions, thereby changing the
definition of a collision and of the collision time. Figure 4.17 shows results from

a simulation with the same initial conditions as figure 4.14; however, if a multi-

20nly for odd mass ratios is the minimum relative velocity exactly half the mass ratio plus %q.
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species collision is null, another multi-species pair is chosen to collide. The collision
counter is incremented only after an effective collision has occurred. With the 0°
collisions eliminated, the tendency of the remaining angles toward large deflections
causes the IDSMC distribution to relax more rapidly than is desired. It is diffi-
cult to strike a balance between the extremes of either permitting or eliminating
0° collisions because the angle distribution that occurs depends on the particular
velocity distribution of the gas. Such a scheme, however, takes the same compu-
tational effort to obtain a given result as simply performing more collisions and it
is therefore not pursued further. For effective high mass ratio gas simulation, high

velocity resolution is required.
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Chapter 5

One- and Two-Dimensional Applications

Simulations more complicated than those of the equilibrium states or relaxation
processes described in chapter 4 will clarify implications of the discrete-velocity
model. In this chapter simulations of shock wave structure, heat transfer between
parallel plates, and shear layer growth phenomena are used to enumerate some of
the macroscopic features of the IDSMC, particularly features related to the con-
vection of discrete-velocity particles. The performance of the DSMC and IDSMC
methods on different machines is discussed. The simulations are performed as two-
dimensional calculations — particles have positions (z;,y;) while the velocities remain
three-dimensional as (u;,v;,w;). One-dimensional results are obtained by averaging
the two-dimensional data over the width or height bf the test volume. Such aver-
aging is equivalent to ensemble averaging many separate one-dimensional runs in

which only the z particle positions are updated.

5.1 Normal Shock Wave Simulation

To rigorously test the discrete-velocity method, its solution for the structure of
strong shock waves is first compared with the DSMC solution. For this purpose,
calculations are carried out on a parallel processor using comparable codes with the

same time step, cell size, etc..
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Time step Cell size Part./cell Sites/mfp # Particles

0.17 0.5\ 500 20 5.12x10°

Table 5.1 Conditions for simulation of figure 5.1

Figure 5.1 shows the normalized density and temperature profiles obtained by
the DSMC (solid line) and the IDSMC (points) for a normal shock wave of strength
M, = 2.12 in a perfect hard-sphere gas of identical particles. The space coordinate
is normalized with the upstream mean free path. The discrete Maxwellian distri-
butions of molecular thermal velocities {bar plot), corresponding to the measured
uniform states upstream and downstream of the shock, together with the continuous
Maxwellians (solid curves), are shown for comparison. The calculation is carried out
in a nonsteady frame; the left wall of a box is impulsively accelerated to a constant
speed of 2q at time ¢ = 0, and the shock profile is sampled after 300 time steps (138
million collisions). The simulation conditions are given in table 5.1. Thirty-two
processors of the Symult 2010 multicomputer are used. It can be seen that excel-
lent agreement with the continuous-velocity DSMC model is achieved starting with
only 5 values of each velocity component. In the uniform gas behind the shock, 9
values of each component are found. Similar simulations were performed with the
DSMC method alone at different Mach numbers aﬁd compared to those done by
Bird (1970, 1976, and 1988). The results were the same, thus confirming that the

DSMC is correctly implemented.

Figure 5.2 shows results from a similar problem, but with the upstream tem-
perature 4 times smaller and the piston speed half as large as above. In this case,
the velocity resolution is poor, so the discrete calculation does not agree as well

with the continuous-velocity result. Note that in the upstream and downstream
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Time step Cell size Part./cell Sites/mfp # Particles

0.17 0.5\ 500 10 5.12%10°

Table 5.2 Conditions for simulation of figure 5.2

states the equilibrium distribution functions are well represented, but inside the
nonequilibrium shock discrepancies are evident. As discussed in chapters 2 and
4, the particle diffusivity is too large because there are just a few possible veloc-
ities and zero deflection collisions occur too often. The hot downstream particles
diffuse toward the front of the shock, and the shock becomes too thick. This is
a macroscopic manifestation of microscopic differences between the collision terms
in the continuous and discrete Boltzmann equations, although possible effects of
the convection of particles cannot be absolutely eliminated. Where in figure 5.1
the maximum slope thickness of the IDSMC density profile is 5% greater than the
DSMC result, in figure 5.2 the IDSMC solution is 8% thicker. Perhaps, however,
this greater discrepancy is still small enough for crude engineering calculations if a
low resolution simulation is otherwise desirable.

A sensitive test of the absolute accuracy of shock structure calculations is
obtained by plotting the normal component of the pressure tensor, p,, = pu'?,

against the specific volume, v. By integrating the z-momentum equation,

v Opz:

pus- =5 (5.1)

it is found that % should be a straight line — the Rayleigh line. In figure 5.3, p;.,
normalized by its upstream value, which by definition is the upstream pressure, is
plotted versus po/p for the same shock calculations as presented in figure 5.1. The
cluster of points at (1, 1) is from samples near the upstream end of the shock and the

cluster near (5.40, 0.42) is from the downstream end. In the calculations reported
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here, the cell size and time step are optimized in a trade-off between spatial and
temporal resolution and computational time to achieve the performance indicated
in the figure; larger values would have resulted in an S-shaped curve that deviated
from the straight Rayleigh line. The figure shows that, with the same time step

-and cell size, the IDSMC and the DSMC give comparable performance.

5.2 Multi-Species Normal Shock

The accuracy of the IDSMC method is sensitive to the species mass ratio in a
binary gas as it is to the velocity resolution in a single species gas. In this section
the structures of shock waves in binary gases with mass ratios of two and five are

compared. In the simulations each species, considered alone, has sufficient velocity
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Time step Cell size Part./cell Sites/mfp # Particles

0.1137 0.5 200 40 3.1x10°

Table 5.8 Conditions for simulation in figure 5.4

Time step Cell size Part./cell Sites/mfp # Particles

0.087, 0.5\ 200 40 3.1%10°

Table 5.4 Conditions for simulation in figure 5.5

resolution to produce accurate results. Yet, because of the small effective size of
the collision spheres in the mass ratio = 5 collisions, many such collisions are null
and discrepancies with the DSMC method occur. The test Mach numbers are
chosen so that the mass five particles have velocity resolution (RTh ~ 1.6¢* and

RT;; > 3.5¢*) which was found sufficient to produce good results in figure 5.1.

Figure 5.4 shows a comparison of density profiles for the integer and continuous
velocity methods in a M, = 2.01 shock wave. Upstream, there are equal numbers
of both species; the mass ratio is 2. The parameters in table 5.3 are chosen to
obtain the desired velocity resolution. The left wall speed is 4¢ and the profiles are
sampled at time step 640 (170 million collisions) (figure 5.5). All 128 processors of
the iPSC/1 are used. The upstream and downstream thermal velocity distribution
functions are shown beside the wave for both the light (solid lines) and the heavy
particles (dotted lines). The density profiles (lines) are the heavy, light, and mean
DSMC values, while the symbols represent the corresponding quantities obtained
with the IDSMC. Both methods show the separation of the species within the wave

characteristic of the highly non-equilibrium conditions. The correspondence be-
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tween the methods is good although there are small differences near the leading
edge of the wave where the velocity resolution is not as high as it is downstream.
The maximum slope thickness of the IDSMC mean density profile is 8% greater
than the DSMC profile. It must be noted that the current version of the DSMC
produces a Mach 10 wave, in a gas of 10 percent mass 10 particles, which is only
about 2/3 as thick as that obtained by Bird (1976). The reason for the discrepancy
is unknown.

For comparison with the mass ratio 2 case, consider a shock in a gas with a
particle mass ratio of 5 but in which the maximum velocity resolution for the light
species remains essentially the same (figure 5.5). The integer model produces a 32%
thicker shock due to insufficient coupling during heavy/light collisions, rather than
to inadequate velocity resolution for either species taken on its own. In fact, many
heavy/light collisions are completely ineffective because the relative speed of the
mass 5 and 1 particles did not exceed the value of 3¢ (= 1g + 3the mass ratioa),
which is the lowesf speed for an effective collision. The high mass ratio results in a
decrease in the number of points on the small collision spheres of the mass 5 particles
during multi-species collisions and, thus, increased diffusivity. Substantially greater
velocity resolution would be required for an adequate number of points to occur on

the collision spheres in collisions between particles of such disparate masses.

5.3 Heat Transfer Between Solid Surfaces

Heat transfer between parallel plates is discussed in this section. In order to demon-
strate the application of a diffuse boundary condition in a lattice gas and to provide
an example in which the effect of velocity discretization on the left hand side of the

Boltzmann equation is readily apparent, both the unsteady time development and
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85

1.0 o= = T T T T T T T
0.9 N DSMC ]
' 2N\
& R Light Particles
l MC * i
0.8 IDS o - Heavy Particles
o Light Particles ‘-.‘
E— Mean
0.7 - Heavy Particles _
o Mean
0.6 - -
1.0 .
0.5 - 0.8 A N
0.6
04 | 04 | §
0.2 : ,
0.0 ) '
0.3 r ~-15-9-3 3 9 15 3 9 15
Downstream Thermal Upstream Thermal
i Distribution Function Distribution
0'2_ e Function )
0.1 - i
. LIRS ..
0.0 i ! L ) NI ! L b
-7 -5 -3 -1 1 3 5 7
X
Ao

Figure 5.5: M, = 2.84 Shock density profiles. Mass ratio = 5. Number densities are
equal. Upstream, RTj, = 8.25¢* and RT}, = 1.66¢*>. Downstream, RT}; = 27.77¢*
and RT,; = 5.55¢%. Also shown are up/downstream thermal distribution functions

(m = 5: dotted lines and bars, m = 1: solid lines and bars).



86

0.9 r R IDSMC, RT, = 0.392¢

— IDSMC, RT, = 6.28¢*
0.7 .

° DSMC

0.5 ¢

0.3 |

0.1 r

0.0 ==

Figure 5.6: Temperature distribution at early times - heat transfer between parallel

walls. Wall temperature ratio = 2, 4 collision times.

the steady state solutions are examined. Initially, both plates are at the same
temperature and, at t = O, the right hand wall is raised to twice the ambient tem-
perature. All of the particles are identical. The spacing between the walls is 10
mean free paths. Although this configuration involves flat surfaces parallel to the
lattice axes, the simulation method can be extended to curved surfaces as well.
Figure 5.6 presents the temperature distribution after four collision times for
both the DSMC and the IDSMC methods. The two curves for the IDSMC approach
correspond to simulations with initially high velocity resolution (RTy = 27¢*) and

low resolution (RT, = 0.392¢?) while the circles represent the DSMC results. In
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Figure 5.7: Temperature distribution at equilibrium - heat transfer between parallel

walls. Wall temperature ratio = 2.

Resolution Time step Cell size Part./cell Sites/mfp # Particles

high

0.27 0.5\ 60 20 5.1%10°

low

0.1, 0.5\ 200 10 2.6%10°

Table 5.5 Conditions for simulation in figures 5.6 and 5.7
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the DSMC and high resolution IDSMC simulations, 20 time steps (10.5 million
collisions) are calculated to reach 4 collision times. In the low resolution case 40
time steps (5.6 million collisions) are calculated. With sufficient resolution, it is
clear that the integer method reproduces the continuous-velocity results well, but
that low velocity resolution leads to insufficient heat transfer at the wall as seen by
the depressed temperature throughout the domain.

When the gas reaches equilibrium there may be differences between the high
and low resolution integer solutions because of null collisions as well as due to the
different heat flux from the walls. Null collisions cause a decrease in the slope of the
temperature profile so that, from the equilibrium state alone, it is not clear which
effect causes the discrepancy with the high resolution calculation. Figure 5.7 shows
the steady state solution where the low resolution profile has greater temperature
slip than the high resolution profile at the cold boundary where the resolution is
lowest. To obtain these profiles a total of 102 million collisions are calculated.
The DSMC and hi‘gh resolution profiles have the distinct curve and inflection point
that have been found by others as well (Sone, 1989). Near the hot wall, the velocity
resolution improves and the low resolution IDSMC solution corresponds better with
the high resolution and DSMC results. Inamuro, applying his method, which is
also based on the concepts of points on spheres in a discrete-velocity space, obtains
similar results for the equilibrium state (Inamuro, 1989a).

Profiles for the small temperature ratio of 1.05 were computed with the present
DSMC method and produced the same temperature jump as found by Sone (1989),
thus providing further assurance that the DSMC method is implemented properly.
Applications in the linear regime, with their small amplitudes, suffer from substan-
tial noise and will not be discussed further.

The low heat transfer at the wall in a discrete-velocity gas is due to a decreased
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particle flux to the wall (suggested by Inamuro). The particle flux error across a
flow boundary at an angle § with respect to an X or Y axis of the velocity lattice

in an equilibrium gas, is plotted in figure 5.8. The error F is defined as

Zi)boundary ;;.300 Z—__?o_oo[z 008(0) - jSZn(H)]f('L, ].a k)q3

f—-’_oooo f—+oc::° 0+°° anormalf(é")dé"

The summation in the numerator represents the discrete-velocity number flux. The

integral in the denominator is the continuous-velocity number flux. The continuous
distribution function, f(c'), is simply a Gaussian while the discrete distribution
function, f(z, j, k), is found from the discrete Boltzmann equations (Inamuro, 1989a)
for ¢/ less than 1.2 and from a Gaussian distribution at higher temperatures. ¢',,
is the most probable thermal speed, and thus corresponds to the width of the
distribution function. The error initially falls off with increasing velocity resolution
but falls less rapidly at higher temperatures.

A boundary parallel to the velocity lattice (6 = 0) has the largest flux error;
hence, for the computation of a flow around a curved shape, it is simple to determine
th‘e velocity resolution needed to keep the error below a desired level. With low
velocity resolution, a substantial number of particles move parallel to the boundary
(or nearly so) and thus never cross it. For example, if § = 0, particles with « = 0,
which represent the region of velocity space 3! < v < t! and —co < v < +o0,
never cross the boundary and hence, never directly feel its presence. In a continuum
velocity gas, no particles have a precisely zero normal velocity component.

That there should be a disparity between the discrete and continuous-velocity

solutions solely due to an error in particle convection is not unexpected. Consider

the collisionless form of the Boltzmann equation,
7] L 0
—(nf) +Eo=(nf) = 0, (5.3)

which has the simple solution f(z,t) = fini:(z—1t/c) in one dimension. An imprecise
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representation of the initial distribution function, f;,;, introduced by a discrete-
velocity representation, can cause “streaming” or “ray” effects for particles having
the same velocity in an expanding flow.

The small oscillations of the low resolution temperature profiles (figures 5.6
and 5.7) are not noise but result from a collisionless phenomenon caused by the
discretization of space, velocity, and time in a gas in which particles may move
with more than a single speed normal to a surface. Before they collide with other
particles, those particles leaving the walls with the same normal discrete-velocity
will travel along straight, parallel, and uniformly spaced particle paths in an z — ¢
plane (figure 5.9). Where such paths cross at a spatial lattice site, particles of
different speeds coexist and there may be a substantial periodic variation of the

macroscopic quantities (density, velocity, pressure, etc.).

In the heat transfer problems, the Knudson number is 0.1 so particles reflected
from a wall may not be deflected by collisions until they are well into the flow. Some
low speed collisions do not effectively alter the particle path because it is possible
that, even if the v and w components are altered in the collision, the u components
of Vthe velocity will remain unchanged. Periodic macroscopic waves can thus extend
across the small domain. The low resolution solutions were computed with 10 sites
per mean free path and a cell size of half a mean free path. Hence, each value of
temperature plottéd in figures 5.6 and 5.7 represents an average over about 5 lattice
sites. The data are not smooth because 5 sites contain a few oscillation periods and
the average of a periodic function over such a small number of cycles is sensitive to
the exact number of periods considered. For realistic simulations, each cell should
contain enough sites (perhaps 10 or more) to obtain smooth macroscopic results
and to ensure that the space-velocity correlation induced by a boundary does not

cause an incorrect sampling of velocities during collision calculations.
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Figure 5.9: z—t plot of particle paths for speed 1, 2, and 3 particles originating from
the lattice sites nearest the surface. Where paths cross at a lattice site, particles of

the respective speeds will coexist for one time step.
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5.4 Two-Dimensional Shear Layer

An unsteady two-dimensional simulation both demonstrateé the feasibility of com-
puting a complicated problem on a parallel processor and provides assurance that
moderate velocity resolution is sufficient for successful use of the IDSMC. A rectan-
gular region 320 mean free paths wide by 480 high is considered (figure 5.10). The
left and right boundaries are periodic; any particle passing out through one side
is re-injected through the other. The horizontal boundaries are specular reflectors.
The ambient gas temperature, RTy, is 2mq?. At time zero there is a sinusoidal divi-
sion midway through the flow with a peak to peak amplitude of six percent of the
flow field height. A velocity perturbation is created by placing 100 point vorticies
along the interface and creating the particles in each cell with a mean velocity, due
to the vorticies, calculated at the center of the cell. The mean velocity far from the
layer is nearly horizontal although slight rarefaction and compression waves may
result from small initial inclinations of the flow. The particles throughout the flow
have the same mass but are labeled to indicate whether they originated above or
below the initial shear layer. Each stream moves with Mach number 0.6; hence,
the relative Mach number is 1.2. The cell size is initially taken to be 1.0\g wide
and 1.5)p high because the Mach numbers involved are low, and the smallest ex-
pected features should be several times greater than Ay after the initial shear layer
has begun to diffuse. Because the temperature rise (and, thus, the change in the
collision frequency) in all regions of the flow is expected to remain small, the time
step is chosen to be 0.47y. There are 800 cells per processor for each of 128 proces-
sors on the Symult 2010. The simulation continues for 3200 time steps (2.9 billion
collisions) with data being saved after every 100 steps. Remeshing occurs every 8

steps.
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Time step Cell size  Part./cell Sites/mfp # Particles

0.4 1x 1.5 40 10 4.1x10°

Table 5.6 Conditions for simulation of the shear layer.

In figures 5.10 - 5.12 the mixture fraction of particles that began on either
side of the shear layer is shown as well as one in every 92 velocity vectors. Black
represents unmixed fluid while yellow represents a 50:50 mixture ratio. The color
bar is at the top of the figure. Individual cells are difficult to distinguish but the
domains computed by each processor are outlined with thin black lines. As soon
as the simulation begins, the shear layer diffuses rapidly and very weak compres-
sion and rarefaction waves propagate away from the layer. The particles near the
perturbation have about 20 velocities available (+10 in each direction) while those
further away have about 16. A low Mach number simulation is more difficult to
achieve than one at a high Mach number because the amplitude of the pressure,
density, temperature, vorticity or Mach number (figure 5.13)' perturbations does
not rise much above the noise and because so many time steps are required for the
flow to change substantially. The mixture fraction is the least noisy quantity.

As discussed in chapter 3, remeshing is based on the particle number densities.
In this simulation, however, the quantity balanced between the processors is a
combination of the particle number density and the mean mixture fraction of the
two particle types. This causes the mesh to become smaller in the regions of greatest
mixing where a fine mesh is desirable. At the final time shown (figure 5.12) the cells
in the center are about 1 mean free path wide by 0.96 high while those far from the

region of shear are about 1 by 1.86 mean free paths.

1Colors (blue — > yellow) indicate a scale of Mach number from zero to one.
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As time increases, the initial perturbation at first appears to grow as the
shear layer rolls up. Yet a substantial rolling motion never develops before the
perturbation is damped out by viscosity. The Reynolds number based on the per-
turbation wavelength and a single stream Mach number is only 316. Other similar
simulations have indicated that the close proximity of the horizontal walls probably
did not damp the wave as much as did the viscosity. Because the relative Mach
number is low and no shocks are seen, the damping is also probably not due to
compressibility effects (Papamoschou, 1986).2

The same simulation is carried out using the DSMC method and the results
of the two methods are compared after 300 time steps in figure 5.14. It is clear that
the IDSMC does not produce any noticeable asymmetries in the flow. In fact, if the
DSMC results are subtracted from the IDSMC results and the difference plotted
(figure 5.15), it is clear that that difference is simply due to random fluctuations
within the shear layer. Outside of the layer, the two particle types are not yet
mixed and there are no fluctuations. A more quantitative comparison can be made
by comparing profiles of the u component of velocity along a specific section through
the flow. In figure 5.16 is shown a u profile slicing through the shear layer with
a column of cells located at X = 159A;. The IDSMC and DSMC results appear
essentially the same. Although the noise level of the IDSMC method has not been
specifically quantified, it appears essentially the same as that of the DSMC. Thus,
with sufficient velocity and spatial resolution it seems that asymmetries introduced

into the Navier-Stokes equations by the lattice gas representation are not significant.

2 A simulation in a flow field ten times larger with cells also ten times larger, did produce a more

substantial roll-up. Such a large cell size, however, is probably unrealistic.
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5.5 Performance Comparison .

By declaring the molecular velocity components to be one byte long, provision for
256 different values of velocity in the multicomputer used for the present calcula-
tions, allows 2.3 times more particles to be treated in a two-dimensional flow than
when the particle velocities are stored as real numbers. With real numbers, the
storage per particle is 23 bytes (12 for the 3 components of velocity, 8 for 2 posi-
tions, 2 for the particle index, and 1 for the particle type), while with the IDSMC
method it is 10 bytes (3, 4, 2, and 1). Thus flows with Reynolds numbers 2.3 times
greater can be calculated. Clearly, because many fewer than 256 velocity values
may be necessary, this result could be improved if the velocities were stored in a
more compact manner. For example, if only 5 bits were used for velocities, 10 bits
for positions, and 2 bits for the type, the improvement could, in principle, be 3.5
times.

By design, the IDSMC computes primarily with integer arithmetic and the
DSMC with floating-point arithmetic; hence, comparison of the relative speed of
the two methods may be machine dependent. In the calculations of relaxation to
equilibrium reported in Chapter 4, in which only collisions in one large cell are
calculated and the particles are not moved, the IDSMC ran about 3 times faster
for single species collisions and 2 times faster for multi-species collisions than did
the DSMC on a sequential SUN 3/60 microcomputer. This gain results from the
relatively slow square roots, random number generation, and trigonometric func-
tions required in the DSMC computation. On the other hand, the simulations that
were run on the Intel iPSC multicomputer did not show the same relative perfor-
mance improvement for the IDSMC: the single species shock showed a 10 percent

improvement, the binary gas shocks had 23 percent, and the heat transfer showed



99

no gain. On the Symult, the shear layer simulation showed a 40 percent gain. The
relative time each method spent computing collisions remained basically the same
as on the SUN. The differences between the parallel and the sequential simulations
reflect the proportion of time spent performing collisions. The differences may also
reflect the relative performance of the machines for floating point and integer arith-
metic. The efficiency of the parallel computation is defined as one minus the ratio
of the time spent performing parallel processing tasks (i.e., sending and receiving
particles) to the total computational time. On the iPSC and Symult, both codes
generally ran with an efficiency of 7Q to 80 percent. On the Symult the maximum
rate of collisions, using the IDSMC on 128 nodes for the shear layer problem, was
222 million per hour. In view of the fact that the codes have not yet been optimized
for speed, it is clear that more work needs to be done to select definitive bench-
marks. Improvements can be made to both the DSMC and the IDSMC codes, but
the relative performance could remain the same. Nonetheless, the modest improve-
ments in computational time énd memory usage realized on the multi-computers
with the IDSMC, allow such particle simulations to be extended further toward the

continuum flow regime.
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Chapter 6

Conclusion

A discrete-velocity model of particle motion in rarefied flows has been studied the-
oretically and through numerical experiments. The investigation was motivated by
a desire to understand the fundamental physics of a discrete-velocity gas and by
the need to link discrete-velocity molecular models to accepted continuous veloc-
ity models. A new molecular model has been developed to permit such a linkage
and has been implemented in the integer direct simulation Monte Carlo method on
multi-computers for large scale calculations. The method may also be an acceptable
engineering tool to extend particle simulations toward the continuum flow regime.

The most important conclusions are

e a computational model, accommodating arbitrary particle velocity resolution,

multi-species gases, and diffuse boundary conditions, has been developed;

moderate velocity resolution is needed to accurately simulate non-equilibrium

flows;

e averaging macroscopic quantities over several spatial lattice sites is necessary

to avoid “ray” effects;

lattice gas methods can be successfully applied to rarefied flows;
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e the new integer method, as well as the standard DSMC method, can be effi-

ciently implemented on multi-computers.

A summary of the main results follows.

6.1 Summary

An integer velocity model of molecular gasdynamics has been developed and im-
plemented with a direct particle simulation. In the model, each particle possesses
integer velocity components (u,v,w) and may collide with other particles. During
such a binary collision, mass, momentum, and energy are exactly conserved by de-
termining post-collision particle velocities from the symmetry reflections between
points on a sphere in the center-of-mass frame of reference. Multi-species collisions
involving two separate spheres and a velocity sub-grid are described. High veloc-
ity resolution leads to larger spheres and a large variety of collision possibilities.
Through the collision process, all velocity space is filled although the distribution
of velocities found depends on the nature of the problem being solved.

The DSMC method is the present state of the art for computing rarefied or
transitional flows of real gases around complex geometries. When this method is ap-~
plied to the discrete-velocity model, each particle resides at a lattice site in space and
hops among the sites during the movement phase <;f the computatioﬁ. During the
collision phase, particles are temporarily held at the lattice sites and are randomly
chosen to collide from among the sites contained within each computational cell. For
each selected particle pair, the relative speed is used to access the possible outcome
relative velocity from a look-up table. In a hard-sphere continuous-velocity gas,
the distribution of the relative velocity orientation is spherically symmetric. Hence,

the look-up table contains the points on the surface of spheres in a discrete-velocity
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space and one of those points is chosen randomly as the post collision relative veloc-
ity. This concept of points on a sphere and how to compute.or find them efficiently
is central to the discrete-velocity method.

After the model and method were described, a numerical experiment rather
than a theoretical approach was pursued to examine the model’s range of valid-
ity. A theoretical investigation would have been impractical because it could not
be used for applications far from equilibrium. The numerical experiments involved
four different types of problems: (i) demonstrating the equilibrium state for a sim-
ulated discrete-velocity gas and comparing the result with theory; (ii) proving the
correspondence between the IDSMC and DSMC results for unsteady simulations
of distribution function relaxation where no exact theory exists; (iii) showing the
effective equality of macroscopic quantities using the IDSMC and DSMC methods
for one-dimensional shock wave and heat transfer simulations; and (iv) establishing
the agreement between the DSMC and IDSMC for a complicated two-dimensional
flow field.

It was found by simulation that the discrete velocity distribution function
for an equilibrium gas agrees with the continuous-velocity Gaussian distribution at
moderate to high velocity resolution and the solution obtained from the discrete
Boltzmann equation at low resolution. The simulation of the distribution of colli-
sion angles, x, explained the effect of reduced velocity resolution on the diffusivity
of a gas. Whereas in a high temperature gas with good velocity resolution the distri-
bution of x closely approximates the theoretical %sm( x) value, at low temperatures
many particles are scattered through either zero or 180 degrees. Such null collisions
do not provide an exchange of energy or momentum between identical particles
and thus allow many particles to diffuse too far through the gas before they collide

effectively. The large number of null collisions result from there being few points
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on the small collision spheres of low speed collisions from which to choose. This
paucity of points is due to the reduction of reflection symmetries available and the
increased importance of degenerate symmetries on small collision spheres.

The relaxation of a bimodal distribution function that mighf characterize a
region of a flow with extremely high shear was then discussed. Because no the-
oretical solution is available, the IDSMC simulation was compared to a DSMC
simulation with the same initial conditions. It was found that if a gas is made of
identical particles or particles of similar mass, the discrete-velocity method repro-
duces the continuous-velocity results accurately if moderate velocity resolution is
used. If, however, the particle mass ratios are large, there are few points in relative
velocity space that lie on the small collision spheres of the heavy particles, and
substantially greater velocity resolution would be needed for the integer results to
be acceptable. A simple correction to the model that ignores null collisions was
found to improve the results but did not change the fundamental problem of the
null collisions. Together, the equilibrium and relaxation problems demonstrated the
effect of discretization on collisions and, thus, on the right-hand side of the discrete
Boltzmann equation.

To clarify the implications of the microscopic details of discrete-velocity par-
ticle collisions and motions on the macroscopic quantities in a flow, an unsteady
shock wave was simulated and profiles of the density and temperature through
the shock were compared with DSMC results. A shock wave is a severe test case
because it involves highly non-equilibrium flow. Other authors have shown that
the DSMC method accurately reproduces experimental results obtained in shock
tubes and low density wind tunnels (Pham-Van-Diep, et al., 1989) when the correct
inter-molecular potential is used. The present version of the DSMC was found to

reproduce published computational profiles for a single species hard sphere gas and
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was thereby concluded to be a correct implementation of the method although there
remains some question about the multi-species portion of the code. A more accu-
rate representation of molecular diameters with the Variable Hard Sphere method
(Bird, 1983) was superfluous to the investigation of velocity discretization and was
not included. Thus, both the IDSMC and DSMC results can only be compared
directly to other hard sphere computations but not to experiments.

For the shock waves, moderate velocity resolution was found to be necessary
for the IDSMC to reproduce the DSMC results. Low resolution led to greater
viscosity than is realistic and, thus, to thick shock waves in a single species gas. In
a binary gas the velocity resolution would have to be increased over that of a single
species gas by an amount approximately proportional to the species mass ratio in
order to obtain the correct viscosity. The shock wave simulations demonstrated the
effect of velocity resolution on the right-hand side of the Boltzmann equation. .

The heat transfer problem provided insight into the effect of low velocity res-
olution on particle convection. It was found that decreased velocity resolution leads
to lower heat transfer at a diffuse wall while, with sufficient resolution, the heat
transfer is correct. The low resolution error is due to an incorrect flux of particles
to (and, hence, from) the wall and can thereby imply an error in any flux related
quantity, for example, pressure. Also, it is necessary to average macroscopic quanti-
ties over 10 or more lattice sites to smooth the space-velocity correlations introduced
by the boundaries of a multi-speed discrete-velocity gas. During a diffuse scattering
event, the reflected particle’s position is rounded to the nearest lattice site. This is
a good approximation provided the lattice spacing is substantially less than a mean
free path. The diffuse wall model also provides a way to compute a lattice gas flow
about a curved surface which would be difficult to simulate as discrete segments

between lattice sites. The continuous surface can simply be treated with floating
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point math and appear as a uniformly diffuse surface on all but the tiny lattice
spacing scale.

The final problem involved a complicated two-dimensional flow that was used
both to prove the applicability of direct simulation particle methods on a multi-
computer and to demonstrate that, in at least one complex flow, the unrealistic
terms a lattice gas introduces into the Navier-Stokes equations are insignificant if
sufficient velocity resolution is used. The simulation covered several different areas
where a problem might have been expected: vorticity diffusion in compressible
flow, unsteady curved compression and rarefaction waves, species diffusion, and
a real flow instability. The IDSMC and DSMC produced the same results. While
many possibilities were obviously not examined, enough were examined to engender
confidence that, by using moderate velocity resolution, any anisotropic effects of the
discretization are not important for practical problems.

Certain portions of the discrete-velocity model must be expanded to make
the method more generally useful. Non-integer species mass ratios should be incor-
porated with the same type of velocity sub-grid described above. Internal degrees
of freedom can be introduced by changing the radii of the collision spheres during
some collisions and molecular chemistry can be simulated by introducing three-body
collisions. A more accurate representation of molecular diameters can be incorpo-
rated with the Variable Hard Sphere model. However, in future applications in
the rarefied regime the DSMC should be adequate where the IDSMC would intro-
duce unnecessary complications. In the completely continuum regime, the unaltered
IDSMC probably cannot compete with a continuum gas computation. Thus, the
practical use of these integer concepts should probably be limited to transitional

flow computations.
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Appendix A

DSMC/IDSMC Program User’s Guide

This is intended to be a discussion of the programs used to simulate rarefied gas-
dynamics on the‘ Intel iPSC/1 Hypercube computer at Caltech. The description
should be thorough enough to enable a new user, who is familiar with the C pro-
gramming language, the general layout of a distributed memory message passing
computer, and DSMC computations, to run, and perhaps modify, the basic pro-
grams. All programs were meant to be run under the Cosmic Environment for the

iPSC/1 computer, although they can utilize the Reactive Kernel as well.

A.1 Overall Program Outline

There are separate programs residing on the host computer (generally a SUN 3/60)
and the cube. The host acts essentially as a manager while the majority of the
simulation is computed by the cube. Within the cube the flow field is divided
among the processors; each receives a rectangular sub-domain. Each processor
then divides its sub-domain among equally sized computational cells around which
the Monte Carlo simulation is based. The particles in a node collide within these
cells and move between cells.

At the end of each time step those particles that pass beyond the bounds of

their present processor are sent as messages to neighboring processors. Periodically,
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Figure A.1: Flow chart for program in each node. Subroutine names appear in

italics and variable names in bold.
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the boundaries separating the processors are moved in order to balance some quan-
tity between the processors, such as the number of particles or the computational
time. The boundaries, however, remain regular so that nodes and cells always are
aligned in rectilinear rows and columns.

The code is the same for both the DSMC and IDSMC methods except for
the collision subroutine. In fact, both simulations begin with exactly the same
initial conditions of particles having integer velocities and residing at lattice points
in space. In the DSMC simulation the particles quickly collide and take on a
continuum of velocities and positions.

In figure A.1 the overall organization of the cube program is outlined. As in
the remainder of the discussion, the program/subroutine names are italicized and
variable/parameter names are given in boldface.

Upon receiving the start-up data from the host, the cube program calls some
initializing subroutines. Results from separate runs are ensemble averaged to in-
crease the number of particles per cell and reduce the noise. At the beginning of
each run the cube program creates particles and sends macroscopic flow field data
to the host for storage. It then moves the particles, sorts them into the appropriate
nodes and cells and collides them. Periodically, the cube remeshes itself and, more
infrequently, the host creates or retrieves a mesh for the cube before the cube sends
out the next set of flow field data.

What follows are details of the host and cube programs and the important

subroutines they contain.
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A.2 The Host Program

The host program writes and reads data to and from disk; the cube program only
prints out an occasional status message and passes results to the host. The host
program begins by reading from disk the flow field parameters and passing them
to the cube. Periodically, the cube and the host interact in order to pass out the
results, which are then saved on disk in files called safestep and safemesh. Between
those times, however, the host remains idle. Because results are saved periodically,
the run can be terminated at almost any time and another run begun with only a
minimal loss of information. Not every particle position and velocity can be saved
as there is insufficient disk space, but the macroscopic quantities of each cell are

retained. Thus, the program must be restarted from time zero.

A.2.1 Beginning the Process

Let us proceed through the host program (appendix B) and describe the function
of each portion. The main driving program is called hostmain. All communication
with the cube and all subroutine calls occur from here. Nearly all of the global
variables are defined in files host-2d.h and 2d.def, which are included at the top of
hostmain and each subroutine. At the beginning of hostmain the message descrip-
tors are defined that are later used to send and receive messages from the cube.
Like all variables used throughout the code, these descriptors should have names
that are indicative of what they do or contain. Host-main’s first subroutine calls
initialize some variables, read the parameters from the dat file and create the first
mesh. These data are converted to the cube format (Su, 1985) and sent as a mes-
sage to node zero, which passes them on to the other nodes. The data are then

converted back to the host compatible format.
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A.2.2 Receiving Data from the Cube

The run can now begin in earnest. If this is a restart of an earlier simulation, the
previous run would have already saved some data and some meshes on disk and
these must now be read so that the position of a cell in physical space is the same
from run to run. If this is the first run, a new mesh is generated. The correct mesh
is sent to the cube. The host then sends a ‘please send your data’ signal to node
zero and waits for node zero to respond. As a safety feature, the host program will
only wait for one hour before it gives up and assumes something went wrong in the
cube. If it receives data before the hour is up, the host converts the data to host
format and continues to ask the other nodes, in sequence, for their data. When
all of the data for time zero have been received the host accumulates them with
the old data (if they exist) in the subroutine acum and then writes them to disk in
subroutine wr.z'te-safety.

The host has now completed the first cycle. However, a conflict arises. The
host must send a mesh to the cube just before the sending out of data so that
the accumulated data for a given‘time step always refer to the same mesh. Yet if
the host were to create every mesh, much host/cube interaction would be required,
which would be slow both due to slow communication over the ethernet and to the
“host itself being slow. This conflict is resolved by having node zero create the mesh
every cremesh time steps. The mesh during each run is then necessarily different
between host remeshings because the flow field is slightly different. However, just
before the cube is to send out a new data set, it passes the host the information
it needs to make a mesh. The host then makes a mesh if none already exists 6r
reads an old mesh from disk. The host sends whichever mesh it chose back to the

cube where each node resorts its particles onto the new mesh before it sends out
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the macroscopic data. Therefore, the cube generally is free to run and remesh on
its own. The host’s procedure is seen in the next dozen lines of code in hostmain
where the host receives the X and Y number density profiles and the cube’s most
recent mesh and returns a new mesh to the cube.

The host then enters the subroutine read-safety where it may read in another
old data set and mesh in preparation for the next time it receives output data. The
program concludes when the host has received the last data set from the cube.

To summarize the functions of the subroutines called by hostmain:

Host-set finds the characteristics of the cube with which the host is working.

e Host-getdat opens the dat file and reads in all of the flow field parameters for

the run.
e Host-dat computes several values from those parameters.

e Makechain creates the first mesh, which is assumed to be uniform because the
initial number density distribution is usually uniform. Makechain also sets the

components of the accumulated output matrix to zero.

e Grey is used to map a two- dimensional grid in physical space onto the hyper-
cube computer architecture so that nearest neighbor sub-domains of physical
space are also nearest neighbor processors in the hypercube. This feature is

used to reduce the path length traveled by messages.

e (Host)mkmesh is the host-based program that creates a new mesh. It is nearly

the same as the cube-based (cube)mkmesh, which is discussed below.
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A.3 The Cube Program

A.3.1 Beginning a Simulation

The cube’s code (appendix C) contains the heart of the DSMC/IDSMC methods.
As in the host’s code, there is a single central driving program, cube-main. Most
of the variables are specified as external variables and are described in 2d.h, which
is included at the beginning of cube-main and each subroutine. Most variables are
actually defined in 2dcube. 2d.def defines some further quantities that are used in
2dcube and 2d.h to dimension arrays.

As soon as the cube program is spawned to a node, cube-main calls the sub-
routine setup that receives the startup data sent from either the host or a lower
numbered node, and passes the data on to the current node plus one. Setup then
calculates the same quantities as in host-set (above) as well as each node’s location
in the grid of nodes and how many nearest neighbor nodes each has. Cube-main
then calls cube-getdat, which calculates several variables (as in host-dat, above),
places the host- generated mesh into the cube mesh, and computes the location of
the cells in the node. Neighbors, the next subroutine called, creates a small vector
containing the node numbers of the eight or so adjacent nodes.

Cube-main next initializes the three random number generators. Rand pro-
vides a floating point random number between 0 and 1. Ranbits supplies as many
random bits as are requested. Ran-int-le provides a random integer less than or
equal to what is specified and greater than or equal to zero. If the IDSMC is be-
ing used, cube-main will also call make-LUT to create the relative velocity look-up

table.
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A.3.2 The Basic Direct Simulation Algorithm

With the preliminary computation complete, the runs can begin in the cube. First,
new particles are created in tnitia based on the specified initial conditions. The
look up table is then re-ordered in scramble() to insure randomness. Each particle
is sorted into the correct cell in reset-local. Send-ok tells neighboring nodes that the
current node is ready to receive particle message packets. The initial macroscopic
cell quantities are found in sample and are sent out to the host in send-out. Zero
resets the array used to send out the ma.croscopic data. All of these subroutines,
used only once at the beginning of each run, do not take much time.

The subsequent subroutines, however, are executed during every time step and
consume most of the computational effort. The sequence of events in each processor
is as follows: move all particles according to their present velocity components and
account for particle/boundary interactions in move-pt. If all of the nearest neighbor
processors are ready (checked in recv-ok), send them (in send-pt) any particles that
have moved beyond the sub-domain covered by the present node. Receive any
particles sent from other nodes in recv-pt. Send a ‘ready to receive again’ signal
to the neighbors in send-ok. Reset all particle indices in reset-local to account for
the newly sent or received particles. In coll perform all particle collisions. Finally,
every cremesh time steps, or just before the macroscopic data is to be sent out to
the host, create a new mesh with cube-remesh. Every nstep time steps accumulate
the data and send it out to the host with the subroutines sample, send-out, and
zero.

This completes the description of the startup and move/collide cycles inher-
ent to the direct simulation method. The description does, however, gloss over a

fair amount of complexity in the individual subroutines, several of which are now
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discussed more fully in the order in which they are first called.

A .3.3 Details of Several Subroutines

o Make-LUT(). Make-LUT is only called if the IDSMC method is being run
and thus it is attached to the end of the IDSMC version of coll. Make-LUT
creates the relative velocity look-up table for the points in the first octant of a
sphere (u,v,w > 0). Make-LUT first calculates the number of points on each
sphere within the octant and stores those values in the vector Enumf{]. It then
allocates memory for a pointer to all points on each sphere, accounting for the
fact that some spheres have fewer points than others and, thus, require less
memory. It organizes those points such that consecutive points on each sphere
in the table are placed in 1 group or 3, according to their parity. (See the
description of coll below for further detail.) Finally, by calling scramble(), it
scrambles the table while maintaining the parity ordering. Scramble() insures

that any bias created during the construction of the table is removed.

e Initia. Inittia is called at the beginning of every run to create new particles.
The initial temperature and, thus, the velocity resolution of the gas is found
from the parameters of the specified flow: the mean free path, time step, and
species mass ratios and concentrations. In order that flows computed with the
DSMC and IDSMC are directly comparable, exactly the same initial particles
are created in both types of simulation. Hence, tnitia next computes the equi-
librium integer velocity distribution function for each species and stores it in
teﬁp-array[][] as an array of integers that are scaled to 2™ (for moderate
resolution but saving storage space). The width of each distribution function

is also found and stored as temp-width[]. Initia then over-writes the node's
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mesh with the mesh received from the host. In a somewhat convoluted manner,
to account for a possibly non-uniform initial density distribution, the number
of lattice sites and particles in each cell are found. The cell time counters and
reference maximuin relative velocities are set. In every cell each particle is then
placed individually at a lattice site, given a mass, (either 1 or mass-h, with a
probability proportional to perc-h, the percentage of heavy particles), and as-
signed an integer velocity drawn by acceptance/rejection from the distributions

in temp-array(]{].

Move-pt. Move-pt is called during every time step to move the particles through
space with their current velocity. It is only in this subroutine that parti-
cle/boundary interactions occur. Although the particles may obtain positions
beyond the limits of their present processor, they are not sent to the other

processors until cube-main calls send-pt.

In move-pt, after the locations of the left-hand wall (the piston) and any ob-
stacle are determined, particles are individually translated. If the boundaries
are to be specular the process jumps far down in the subroutine to a portion
termed “simple step.” There, a particle’s position is updated and any specular
collisions with a horizontal boundary are performed by reflecting the particle
position and reversing the normal velocity component. Then, if the particle’s
path has carried it through any of the (always specular) vertical surfaces, it is
again reflected. To conserve momentum, twice the piston velocity is added to

a particle reflected from the piston face.

If, however, the horizontal boundaries are to be diffuse, particle movements
become complicated. In this case, the particle’s initial position and velocity

are saved in temporary variables and the time until the first impact on either
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the top or bottom surface is found. If that time is greater than the time
step then the particle will not impact at this time and the process jumps
down to “simple step.” Otherwise, a collision will occur shortly. In that case,
the particle is moved to the surface and the time remaining to that particle’s
time step is found. If the particle had been moving up and is thus sitting
on the upper surface, three components of its emitted velocity are found (via
acceptance/rejection) from the distribution functions saved in temp-array|[][].
The normal (—v) velocity component is taken from a different distribution than
the parallel components. If the particle sits on the lower surface, its emitted v
velocity is similarly positive. If the simulation is with the DSMC method, the
particle velocities are drawn from the correct continuous velocity distributions.
Finally, the code drops down below “simple step” where the particle is moved
off the surface a distance corresponding to its newly assigned velocity and
the time remaining in the time step. If this is an IDSMC simulation, the
new position is rounded to the nearest lattice site. The particle may then be

specularly scattered off the vertical surfaces if it is so destined.

Send-pt. Send-pt sends particles that have been moved beyond the bounds of
their present processor to neighboring processors. Generally, a processor cov-
ers a sub-domain several mean free paths in each dimension so only a small
percentage of particles will leave a processor during each time step. In order
to reduce the time required to send particles, send-pt has become fairly com-
plicated. It begins by checking whether a pa_,rticle is to be sent to another
processor either to the right orvthé left. If so, and if the flow field is “flow
through” and the particle has passed beyond the flow field limits, the parti-

cle’s position is corrected by adding or subtracting the flow field width. The X
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location of the processor to receive the particle is then found by checking one
column of nodes to the right, then one column to the left, then two columns to
the right, and so on. The procedure in the vertical direction is similar except

that the top and bottom boundaries are never “flow through.”

If the particle is to be sent from the processor, it is copied into a particle
sending structure and removed from the sending node’s inventory before its
departure. It can be sent either as a single particle or as a member of a group.
If the receiving node is not one of the eight or so nearest neighbor nodes,
the particle is sent alone with a flag indicating that it came from a distant
node. The occurrence of such a very fast particle should be extremely rare if
the processors cover a sufficiently large spatial domain. The vast majority of
the particles are only sent to nearest neighbor nodes. If the particle sending
structure is filled with PTSENT particles, it is immediately sent with a flag
indicating that it is not the last such structure of particles to be sent in this
time step. Particles are sent in such groups to reduce the total number of
messages that must be sent (saving time) and to reduce the size of the message
queue that would have to be allocated to allow for the large memory overhead
associated Wifh sending many small messages. Finally, after all particles have
been placed into sending structures and/or sent, a final structure is sent to all
nearest neighbors with a flag informing them of this fact. Distant nodes are

not so informed, however.

Recv-pt. Recv-pt is the subroutine corresponding to send-pt that receives in-
coming particle packets. Recv-pt continues to receive particles until it receives
a signal from each of the nearest neighbor nodes that it has sent all particles

appropriate to that time step. Upon receiving a particle packet, recv-pt checks
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the flag to see if the packet is from a. distant node or a neighbor which will
still be sending other packets. In either case it does not count the packet to-
ward fulfilling the signal that all packets have been received. It can happen
that a particle is received from a distant node but that the receiving node
boundaries have moved beyond the particle position since it was sent. This is
extremely rare and the particle is totally discarded. Normal packets are un-
packed into individual particlés and the total number of particles in the node

is incremented.

Coll. Coll is the subroutine where all binary particle collisions occur. It is two
separate subroutines, in fact, for the DSMC and IDSMC implementations. The
correct version is simply swapped into place before the program is compiled.

The beginnings of both versions are similar and are discussed together.

Both versions compute collisions in those cells in which there are two or more
particles of the appropriate mass. Collisions are performed separately for each
of the four collision types in a binary gas mixture. Two different particles are
chosen randomly from among the particles of the correct type within the cell.
The particles’ relative velocity components and the sum of the squares of the
components is found and the collision cross section computed. An account is
kept of the highest relative speed found in the last 20 collision attempts and,
every 20 collisions, the cell’s maximum relative particle speed is decremented
by an amount that is half the difference between its present value and the
maximum within the last twenty collisions. This procedure compensates for
the situation where the fluid within a given cell may cool with time and the
| actual maximum relative velocity decline appreciably. It also slowly dissipates

the effect of a rare, extraordinarily fast collision. In every collision attempt,
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however, the cell’s maximum relative ,speved is updated if it is less than the
collision value. The particles chosen are then rejected for collision if they lie
on opposite sides of a flow field obstacle or if the square of their relative speed,
normalized by the cell’s maximum relative speed squared, is not sufficiently
high when compared to the square of a random number. The relative speed
itself is not used because it saves time to delay calculating the costly square
root until after all possible rejections have occurred. Once a pair has been
accepted for collision the appropriate cell time counter and the total collision

counter are incremented.

If the particles have a different mass coll calls a subroutine, diff-species-collision(),
to perform the collision. The DSMC and IDSMC versions perform the actual
collisions differently both for the same and different species particles. These

procedures are discussed separately below.

In the DSMC version the collision is performed by the method Bird (1976)
describes. The impact parameter and scattering azimuth angle are chosen ran-
domly. With these, the post-collision relative velocity is computed. Together,
these operations are the slow portion of the DSMC collision as they contain
four slow function calls: rand(), sqrt(), sin(), and cos{). Next, the center of
mass velocity is found and, together with the relative velocity, the post collision
particle velocities are finally computed. If the particles had different masses the
operations would have been similar except that the computation of the center
of mass velocity and the final particle velocities would utilize conservation of

momentum to find the correct values.

In the IDSMC version the actual collision is computed very differently. When

the particles are identical, coll first computes twice the center of mass velocity,
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(%2emo» V2emys Waems), Which is an integer vector. The parity of the vector is

found and is defined as par:

par = 0 if uzemy and vaem, have the same parity ( (0,0) or (e,e) ) but waoemy is

different,

par = 1 if uy.pm, and wy,,, have the same parity but v,,,,, is different,
par = 2 if wy,,, and vy, have the same parity but us.,,, is different,
par = 3 if Usemy, Vaemy and Waem, have the same parity.

The value of the vectors’ parity indicates how far over in the look up table the
list of the valid post collision relative velocities begins. If par = 3, all entries
are valid. If par = 0, only the first third of the entries are valid. If par = 1,
only the second third of the entries are valid and thus the list reference pointer
is shifted. over so that the point chosen will come from the middle third of the
look up table. If par = 2, only the last third is valid and the list reference
pointer is shifted two thirds of the way over. To save memory, only points
in one octant of a sphere are stored in the look up table. Thus, to obtain
points uniformly distributed through all octants, the point chosen is reflected

randomly across the planes ¥gcmy, V2emy, and Woemy = 0.

The above look up table procedure is equivalent to the slow portion of the
DSMC collision process. Once the relative velocity vector is obtained, the post

collision particle velocities are easily found from the center of mass velocity.

If the particles have a different mass, diff-species-collision() is called. All points
on the sphere of the heavy particle that lie on the sub-grid are considered
possible candidates for the post-collision relative velocity. Some, and perhaps
many, of the points must be rejected, however, because while they are points

on the sphere on a sub-grid they do not lie on integer points on the regular
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velocity grid. A point is randomly chosen and the rejection process is carried
out efficiently as follows: Each velocity component is considered independently
in turn. The uw component is reflected randomly across the v = 0 plane.
If it lies on an integer location on the main grid, it is accepted. The test
for its acceptability includes a modulus check, which is computed once and
stored in a small vector. If u fails the test, it is reflected across the u = 0
plane (to become —u) and is again tested. If it passes, it is accepted, but if
it again fails, the whole point, (u,v,w), is rejected and a new point chosen.
When each component individually passes the test the whole point is finally
accepted. The ratio of accepted to rejected points depends on the mass ratio
of the particles involved. Again, once the relative velocity is obtained, the post
collision particle velocities are found simply from conservation of momentum.
The long division that is required is computed once and stored in another small

vector.

In both the DSMC and IDSMC versions of coll, the collision process will con-
tinue until the cell time in each cell in the node is brought up to the overall

flow time.

Cube-remesh. Cube-remesh is called from cube-main to remesh the grid of
nodes every cremesh time steps or just before the host is to be sent the
macroscopic data. Cube-remesh begins by calling subroutine send-out-scale,
which accumulates the density profiles into vectors called xscale[] and yscale(]
and sends them to node zero. The other nodes wait for node zero to send back
the new mesh. Upon receiving the mesh, each node computes the new size and
locations of its cells and then goes through the subroutine sequence recv-ok,

send-pt, recv-pt, send-ok, and reset-local to resort the particles onto the new
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mesh. This sequence is essentially the same as that carried out by cube-main

after each movement of the particles.

Send-out-scale. Send-out-scale is a complicated subroutine designed to effi-
ciently accumulate the number density profiles into node zero. It is worth
noting here that if another positive quantity, such as the number density of a
single species or the particle temperature, is substituted for the number density
in send-out-scale, the mesh created will be such as to balance that quantity
between the nodes. It is assumed that there is a rectangular field of nodes.
Each node begins by summing all of the particles in each row and column of
cells it contains into the two vectors myxscale[] and myyscale[], which span
the width and height of the entire field of cells. If a node is in the bottom row
it then accumulates its myscale[] data into the scale[] sending structures and
passes the structures to the node above. The other nodes wait for that data,
accumulate it with their own data, and again pass the combination on to the
node above. Nodes in the top row wait for data from the nodes below and to
the right and then pass their accumulated data to the node to their left. Ulti-
mately, having received data from the node below and the node to the right,
node zero adds in its data and the flow field profiles are complete. The process
of accumulating the data is thus performed with moderate parallelism. If the
host is to create the mesh, node zero sends the host the profiles and the present
mesh and awaits the new mesh. Otherwise, node zero calls cube-mkmesh to
create the mesh. In either case, node zero finally distributes the new mesh to

all the other nodes before returning from send-out-scale.

Cube-mkmesh. Cube-mkmesh is the subroutine that actually scans the accu-

mulated profiles to create the new mesh. It begins by calculating where the
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left-hand flow field boundary, the piston, lies. It then sums all of the entries
in the Xsca]e[] profile to find the total number of particles {(or whatever the
profile contains) in the flow field and the number of particles to be placed in
each column of nodes. Then, xscale[] is scanned to find the first non-zero
entry, which should occur at a location coinciding with the most recent po-
sition of the piston. The left-most new node boundary, local-xmark[0], is
always placed at the present location of the piston. Cube-mkmesh then begins
summing particles (into sum) for the new first column of nodes by scanning
along xscale[] until it can proceed no further without sum overfilling that col-
umn. The right-hand boundary for the column is then found by interpolating
between the boundaries of the column of cells which would éause an overflow.
Sum 1is corrected and the next column of nodes is considered. No entries in
xscale[] beyond the first few should be zero and the right-hand side of the
flow field should not be reached before all particles have been accounted for.
The right-hand boundary of the right-most column of nodes is always placed

exactly on the flow field boundary.

The mesh in the X direction is smoothed hremesh times. Smoothing con-
sists simply of averaging the width of each column of nodes with that of its
neighboring columns. Smoothing is necessary to alleviate an oscillation that
was found to occur behind strong unsteady shocks which pass from regions
with small cells into regions with large cells. In a smoothed mesh the cell size
changes gradually through the shock, but there can be a memory and work
load imbalance between processors because a smoothed mesh will not exactly
. reflect the actual number density profiles. A smoothed node just downstream

of a shock may cover too large of a domain and become flooded with particles.
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The procedure for remeshing in the vertical direction is the same as in the
horizontal direction except that the top and bottom flow boundaries remain
fixed and there is no need to search for the first non-empty row of cells (all
should contain particles). Also, the mesh is presently not smoothed in the Y

direction.

A.4 Running the Code

That completes the description of the different subroutines. This guide concludes
with a discussion of how to actually run the program using the IDSMC method to

compute a shock wave passing over an obstacle.

A.4.1 Determining the Values in 2d.def

First, it is necessary to put the IDSMC version of the collision routine in place
of coll. Then, set the dimensions of the arrays to be used as seen in 2d.def in
appendix B.

The values shown are as they would appear in the file. PTSENT is sized
such that each particle package is of a length corresponding the maximum message
length that can be sent as a single unit in the Intel iPSC/1 (about 31 for the DSMC
and 60 to 70 for the IDSMC). NXCELL and NYCELL are the number of cells in
the X and Y directions, respectively, in each node. NM is the maximum number of
particles permitted in each node and must be reduced if the DSMC version is used,
because each particle would consume more space. NNODES is the number of nodes
to be used and NDXMAX and NbYMAX are the number of nodes in the X and Y
directions. LATICE and VTYPE are set to 1 as flags indicating that the particles

are to remain on a lattice and that they have integer velocities. It is possible to
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run the program with the particles having integer velocities but not traveling on
the spatial lattice. In that case, their positions must be defined as floats and they
may be created in initta at any point in space. A gas constant, GAMMA, of 1.667
corresponds to a gas of hard smooth spheres having three (VELDIM) translational
degrees of freedom. Setting the maximum look up table sphere radius, LUTRAD,
as 38 is adequate for a moderate velocity resolution simulation but it should be
larger for higher resolution or some high speed collisions will exceed the size of the
table. Remember, however, that the memory consumed by the table varies as the
cube of the sphere radius. The three typedef lines are used to define what variable

type are the velocities, positions, and times.

A.4.2 Determining the Values in dat

2d.def must be complete before either the host or the cube programs are compiled.
The flow field parameters in the dat file (also in appendix B), however, are read by
the host program during the run and may be changed at any time prior to that.
In the dat file each variable name is placed directly below its value. The whole
calculation is repeated for runmax runs to obtain a smooth ensemble averaged
answer. Nprint is the number of times during each run that data is to be saved
on disk. Each file may be long (10 to 10000 kbytes) so there must be sufficient
disk space available. Nstep is the number of time steps between each incidence
when data is so saved. Nex and ncy are the number of cells in the X and Y
directions in each node, respectively, and must be less than or equal to NDXMAX
and NDYMAX. Mc is the initial number of particles in each cell. It should be large
enough that the more rarefied species (if there is more than one) always has at least
20 or so particles per cell to ensure that the time counter is incremented properly.

It should also be small enough so that at no time will any node have to contain
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more than NM particles. In considering this second qualification, the anticipated
flow field, remeshing, and statistical fluctuations must all be considered as potential
causes of a node becoming swamped. Seed is the random number generator seed
and should be a moderately sized integer.

Xm-glob and ym-glob are the physical right and top boundaries of the flow
field. They should be half integers for the IDSMC but may be any floating point
number for the DSMC. The left and lower boundaries are similarly specified as x-
left and y-bot. The size of the flow field should be such that each node’s domain is
at least a few mean free paths in both directions so that in one time step it is very
unlikely that a particle will jump completely over a node. The field should also be
sized so that, together with the number of cells in each node and the number of
nodes, the cells come out as a desired size for the simulation planned. Finally, for
the IDSMC, the flow field must be large enough that, no matter how the cells move
around and change size during remeshing, at no time will any column or row of cells
contain no lattice sites. That is, the width and height of each cell must always be
greater than one.

Dtm is the time step. For the DSMC method it may be a float but for a
lattice gas it must be an integer (which is invariably 1). Lam-zero is the size of a
mean free path, (the number of lattice sites per mean free path in the IDSMC), and
is used to determine the initial particle velocity resolution. Ts-ratio is the ratio of
the time step to the mean collision time in the quiescent initial fluid. It too is used
to determine the initial particle velocity resolution. It should be sized so that in
the hottest portion of the flow to be calculated, where the collision rate is highest,
the ratio is still somewhat less than one. For example, if the temperature behind a
shock is expected to be about four times the initial temperature, ts-ratio should

be about half of the 0.5, which should be adequate in a flow with no significant
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temperature rise.

Tw is the temperature ratio of the top surface to the bottom surface and
it may be a floating point number. Uw is the X velocity of the top and bottom
surfaces; it should be an integer for an IDSMC simulation. U-enter is the speed
with which the piston will move to the right. For the DSMC it may be a floating
point number but for the IDSMC it should be an integer or a half-integer because
the particles that rebound from the piston face do so with twice the piston velocity
added to their reflected velocity and the final velocity must be an integer. Diff is a
flag used in the subroutine move-pt to indicate whether the horizontal surfaces are
to be specular (< 0) or diffuse (> 0).

Obst-ht is the height of the obstacle that is placed in the flow. It is set to zero
for simple undisturbed flows and to a height less than the flow field height otherwise.’
The obstacle X location is given in obst-a, which should be a half integer for the
IDSMC. The obstacle has no thickness and may lie anywhere within a cell. Pstop
is the X location where the piston will abruptly stop moving. It should be a half
integer location in the IDSMC. It must also be somewhat to the left of the obstacle
position and the right hand flow boundary to avoid a catastrophic squeezing of the
flow.

Hremesh is the number of times the mesh is smoothed. If hremesh is set
to zero the mesh will not be smoothed. The more the mesh is smoothed the worse
the load balancing effect of remeshing becomes. Generally, an hremesh value of
1 or 2 is used for high Mach number shocks to allow the mesh at some location to
begin to adapt to the presence of the shock before it arrives. Without smoothing,
a significant oscillation in the macroscopic quantities can occur behind the shock.
Cremesh is the number of time steps that occur between remeshings within the

cube. For dynamic flow fields it should be 1 or 2 while for more sedate flows it can
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be 10 or more. If remeshing is not sufficiently frequent and the flow gets far ahead
of the mesh, when remeshing finally does occur, huge numbers of particles will be
passed between nodes and some nodes’ message queues may become saturated and
the program may hang. Time-avg is the number of printouts after which no new
safestep files are created and the following results are accumulated into the last
such file. This allows for time averaging of an initially unsteady flow (i.e., the heat
transfer problem), which later becomes steady.

Mass-h is the mass of the heavy particle species. The light species is always
assumed to be of mass 1. Mass-h can be any positive value for a DSMC simulation
but must be a fairly small integer for a moderé,te to low velocity resolution IDSMC
simulation. A safe rule is that the light gas velocity distribution function at equilib-
rium should be mass-h times as wide as what would be needed for a single species
gas or there may be too few possible collisions between the light and the heavy
particles. Perc-h is the initial percentage of heavy particles. When a particle is
created, a random number is compared to perc-h to determine if the particle is to
be heavy or light; hence, the value of perc-h can be any floating point value. It
should not be much smaller than 0.05 or larger than .95, however, or there will be
so few of the rare species that the time counter will not be incremented properly
during a rare species collision. Dia-rat is the ratio of the diameters of the heavy
to the light particles.

That concludes the description of the program. To run the compiled version
simply get the proper sized hypercube with “getcube 7 ipsc cosmic,” spawn the
cubemain code with “spawn cubemain -1 0” and execute the host program with

“hostmain.”
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Appendix B

Program For The Host

File name: Page:
2d.def 139
dat 140
host-2d.h 141
host-main.c 143
host-set.c 146

host-getdat.c 147
host-dat.c 148
host-mkchain.c 149
acum.c | 150
host-mkmesh.c 151
grey.c 155

pr-safety.c 156



139

2d.def 2d.def

/* In 2d.def are defined several quantities used as flags or to
* dimension arrays in host_2d.h, 2d.h and 2dcube.c.

*/
#define MAXNAM 60 /* Maz. number of characters in a line in dat */
#define MAXPRT 50 /* Maz number of printouts per nrum * nprint */
#define PTSENT 31 /* Maz # of particles sent in a given message */
#define NXCELL 6 /* Maz allowed number of z—ells per node */
#define NYCELL 6 /* Maz allowed number of y—cells per node*/
#define NM 10000 /* Maz allowed number of particles per node */
/* —maz of "~ 6420 for DSMC, 26,000 for IDSMC */
#define NNODES 128 /* Maz number of nodes that will be used */
#define NDXMAX 16 * Number of nodes in z~ direction */
#define NDYMAX 8 * Number of nodes in y— direction */
#define LATICE 1 * Latice = 1 for pts. to remain on lattice, 0 otherwise */
#define VIYPE 1 /* Vtype is velocity type, | = integer, 0 = float */
#define GAMMA 1 666 /* Ratio of specific heats */
#define VELDIM 3 * Number of random wvelocity components simulated */
*

#define LUTRAD 38 /* The maz radivs of LUT sphere */
typedel char veltype;
typedefl int postype;

typedefl int timetype;

Oct 1 17:84 1989 Page | of 2d drf
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1 10
runmax nprint
1000.5 1000.5
xm glob  ym_glob
0. 1.

uw Tw
-1.0

diff

4004 500.5
obs_ht obs_a
400.5 0.
pstop temp
0.5 05
x_left y_bot

Mar 28 13:04 1989

nstep
10
dtm

u_init

0
hremesh
1.
mass_h

6 6

nex ncy
10.00 0.2
lam_zer ts rat

1.

u_enter

2 100
cremesh time avg
0. 1.

perc h dia_rat

lat_sp

dat

Page 1 of dat
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host_2d.h

/* Host_2d.h is included with the host program to define the
*  global variables. Many of the varigbles have the same name
* g5 in the cube program and gre not described again.

*/

#include <stdioh>
#include <mathh>

#include "2d.def"
FILE +datptr;

short dim,size,chsize,cwsize;
long tot_field_mol;

float pi2, sq2;

float xm, ym, chx, chy, time;

struct meshlong {
/* these contain the accumulated number of particles in the rows and
* columns of cells of the whole flow field just before re—meshing
*/
long xscale] NDXMAX*NXCELL + 1j;
long yscale]NDYMAX*NYCELL + 1f;

struct meshlong scale;

struct meshflt {
float xmark|NDXMAX+1], ymark[NDYMAX+1j;
/* tmark and ymark contain the "new’ node positions the mesh should
* take and are sent down to the cube
*

} meshMAXPRT];

struct outsht { /* Integer variables output from the cube */
short npart/NXCELL|[NYCELLJ;
short npart_h[{NXCELL]|[NYCELLJ;
/* short nulll; May be needed when there are odd numbers
- in NXCELL and NYCELL, lLike 515 but not for 2z20
*/
b

struct outflt { /* Floating pt varicbles output from the cube */

float cellx]NXCELL], celly[NYCELL|;

float vx[NXCELL|[NYCELL],

float vy[NXCELL|[NYCELL|;

float kinen[NXCELL][NYCELL];

float kinenx|NXCELL||[NYCELL|;

float kineny{NXCELL||NYCELL|,

float kinenz{NXCELL] NYCELL);

)
struct output {
struct outsht s

struct outfit f;
} out{NNODES|;

struct acoutlng {
long npart/NXCELL|[NYCELLJ;
long npart_h[NXCELL|[NYCELL};

b

struct acoutflt {

Mar 28 20:05 1989

host_2d.h

Page 1 of host_2d.h
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host_2d.h

float cellx]NXCELL|, celly(NYCELL];
float vx[NXCELL|[NYCELL|,

float vy|NXCELL|INYCELL]:

float kinen|NXCELL|{NYCELL),
float kinenx|NXCELL)[NYCELL];
float Kineny|NXCELL|[NYCELL|
float kinenz{NXCELL||[NYCELLJ,

I

struct acoutput { /* Accumulated variables, longs and floats */
struct acouting I;
struct acoutflt f;

} acout/NNODES];

struct heading {
short numruns, numsteps;
} acum_header, mesh_header;

/* Input variables ¥/

struct insht {
short nprint, nstep, seed,
short mc, runmax, ncx, ncy;
short hremesh, cremesh, time_ avg,

%

struct nflt {
float xm_glob, ym glob, x_left, y_bot, mass_h, perc_h, diameter_ratio,
float Tw, uw, u_init, u_enter, mc_enter;
float lamda_zero, ts ratio, lattice_space, lattice_jump;
float dtm, diff;
float obs_height, obs_a;
float pstop, temp;
float nodeheightNDYMAX + 1], nodewidth]NDXMAX + 1];

b

struct input {
struct insht d;
struct infit f;
}oim

Nov 16 16:21 1989

host_2d.h

Page 2 of host_2d 4
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host_malin.c ‘ host_main.c

/* This is the primary host program which is responsible for: inputing the
*  run data, sending the run date to the cube, receiving and storing the

*  gctual output date periodically, creating/recovering a new mesh and

*  sending it down to the cube and finally printing out all the accumulated
*  data.

*/

#include <stdio.h>
#include < signalh>
#include <cube/cosmic.h>
#include "host_2d.h"

char dat]] = {"dat"};

alarmed() { fprintf(stderr,"Alarm clock Received\n"}); exit(—), } alarmed
main() main
{

FILE *safestrm;

char fname(80];

short nrun, outnp;

short 1, rIIT;

extern short cwdim;

MSGDESC in_d;

MSGDESC out_ini_d;

MSGDESC out_step_d;

MSGDESC pls_sd,; /* Here are defined the message descriptors */
MSGDESC new_mesh; /* which are used in the Cosmic system */
MSGDESC last_cube_mesh;

MSGDESC out_scale _rd;

signal(SIGALRM alarmed);

sdesc (&in_d, 0, 0, 0, &in, sizeof(in));

sdesc (&out_ini_d, 0, 0, 0, 0, sizeof{struct output));

sdesc (&out _step d, 0, 0, 0, 0, sizeof(struct output));

sdesc (&pls_sd, 0, 0, 100, 0, 0);

sdesc (&new_mesh, 0, 0, 12345, 0, sizeof(struct meshfit)},

sdesc (&last_cube_mesh, 0, 0, 12345, 0, sizeof(struct meshflt));
(&out_scale rd, 0, 0, 1717, &scale, sizeof(struct meshlong));
/* These describe what the descriptors consist of */

sdesc

cosmic_init{(HOST,0}; /* Necessary to use cosmic kernal */

host_set{); /* Here are calculated the cube’s dimensions */
host_getdat(); /* Now read tn run date from file “dat” */
host_dat{); /* Calculate some parameters from the data */
mkchain(); /* Create the first mesh. */

/* Here are initialized data in the host */

htocs(&in.d, sizeof(struct insht)/sizeof(short));
htocf(&in f, sizeof{struct infit)/sizeof{float));
/* Convert the input data to cube format */
sendb(&in_d); /* Send the input dats to node zero who will pass
¥ it on to the other nodes. */
ctohs(&in.d, sizeof(struct insht)/sizeof{short));
ctohf(&in.f, sizeof(struct infit)/sizeof{float));
/* Convert the input data back to host format */

/* Loop over sample sets, for runmaz runs */
for { nrun = 0, nrun < ind.runmax, } {

Oct 1 17:84 1989 Page 1 of host_main.c
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...main
mkchain(), /¥ Just to be sure .*/
for ( rrr = 1; rrr— && nrun < ind.runmax; nrun++ ) {
printf("\nRun number %hd\n", nrun); flush(stdout);
time = 0,
outnp = 0; /* This 1s the output number */

/* If it exists, read in acum date for
*  first time step from the file
¥ to accumulate new data in
* addition to old data. */
sprintf(fname, "safestep.%d” outnp);
if((safestrm = fopen(fname,“r")) '= NULL) {
fread {(char #)&acum_header, sizeof{acum_header) | safestrm);
fread ({char *)acout,sizeof{acout), | safestrm);
fclose(safestrm);

/¥ If it ezists, read in mesh
*  data for first time step */
mesh_header.numsteps = ~;
sprintf(fname, "safemesh”);
if((safestrm = fopen(fname,"r")} |= NULL) {
fread {{char #*&mesh_header,sizeof{mesh_header),1 safestrm),
fread ({char *)mesh sizeof{mesh),1 safestrm};
fclose(safestrm);

printf("ached.nrs=%d, mhed numst= %d\n",
acum_header numruns, mesh_header numsteps);

filush(stdout);
/* Now, receive date at time = 0 from each node */
for (i=0; i<NNODES; i++) {
pls_sd.node = i
sendb{&pls_sd); /* Send signal to node i that
*  host ts ready to recetve
*  date */

out_int_d type = 1 + 20000;
out_ini_d.buf = (char *&outli];
alarm(3600); recvb(&out_ini_d); alarm(0);
/* In case nothing is recetved within
* | hour, terminale run in failure. */
ctohs( &outfi].s, sizeof(struet outsht)/sizeof(short));
ctohf( &outi].f, sizeof{struct outflt)/sizeof(float));
/* Convert cube data to host format. */
}
acum();,  /* Accumulate received date in acum array */
write_safety{outnp); /¥ Write received results to disk */
alarm(3600); recvb(&out scale_rd);, alarm(0);
/* Receive two mesh scaling vectors within an hour
* or end in failure */
ctohl{&scale,sizeof(struct meshlong)/sizeof(long)),
/* Convert scaling vectors to host format */
last_cube_mesh.buf = (char #&meshiMAXPRT-],
alarm(3600); recvb(&last_cube mesh); alarm(0);
/* Receive the mesh the cube last
* generated into the last meshf]
*  space availible, always.
F
ctohf(&mesh]MAXPRTH], sizeof(struct meshfit) /sizeof(float});
/* Convert cube s mesh to host format */
for(i=0; i<cwsize, i++)
in.f.nodewidth(i] = meshMAXPRT—I| xmarkl|ij;
for{i=0, i<chsize; 1++)
in.f nodeheightfij = mesh{MAXPRT-|.ymark{i],

Oct 1 17:84 1989 Page 2 of host_main.c
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/* Update nodexzz, used in host_mkmesh.c */

mkmesh(outnp+1), /* Make a new mesh */
htocf(&mesh{l], sizeof(struct meshfit)/sizeof(float));

/* Convert new mesh to cube format */

new mesh.buf == (char *&mesh[l]; .
sendb(&new _mesh), /* Send new mesh to node zero */
ctohf(&mesh[1], sizeof{struct meshfit)/sizeof(float));

/* Convert new mesh back to host format */

read_safety(outnp); /* read in data accumulated

* from files for safe keeping */

/* In the following section the same procedure as used above for ttme 0 is used to receive
*  data from the cube, make meshes and store the data so the comments are

* not repeated.

*/

/* nprint prints per run */
for ( outnp = 1, outnp < (ind.nprint + 1), outnp++ ) {

}

cosmie_exit{0);

Mar 22 11:87 1989

time = outnp * in.d.nstep * in.fdtm,;
/* Here, receive data ot other times [rom each node */
for (i=0; i<NNODES; i++) {
pls_sd.node = j
sendb(&pls_sd);
out_step d.type
out_step _d buf
alarm(3600);
recvb(&out_step_d);
alarm(0),
ctohs{ &out[i]s, sizeof(struct outsht)/sizeof(short));
ctohf( &out|il.f, sizeof{struct outfit)/sizeof(float)),
1
acum();
write_safety(outnp),
/* Write the just accumulated results to disk */
ifloutnp = mn.d.npnnt) {
alarm(3600); recvb(&out_scale_rd);, alarm{0);
ctohi{&scale sizeof{struct meshlong)/sizeof{long));
last_cube_mesh buf = (char *)&meshMAXPRT-};

1+ 20000;
(char #)&outli];

if(cutnp '= i d.nprint) {
alarm(3600);
recvb(&last_cube_mesh);
alarm(0),
} /* Receive two mesh scaling vectors within
* two hrs or end in faslure */
ctohf(&meshMAXPRT 1},

sizeof(struct meshflt) /sizeof(float));
for(i=0; i<cwsize, 1++)

in f nodewidth{ii = mesh{MAXPRT-] xmark]i};
for(i=0;, i<chsize;, 1++]

in.{ nodeheightiil = mesh]MAXPRT—| ymark|i],
mkmesh(outnp+1),
htocf(&mesh[outnp+1]. sizeof{struct meshfit) /sizeof{float));
new_mesh.buf = (char #)&meshjoutnp+1];
ifloutnp != in d nprint) sendb{&new_mesh);
ctohf(&mesh|outnp+1], sizeof{struct meshflt)/sizeof{float));
read_safety(outnp), /* read in  data accumulated

* from files for safe keeping */

..main
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/* This subroutine calculates characteristics of the Cube to which
* Host will send data

x

#include <cube/cosmic.h>

#include "host_2d.h”

short chdim, cwdim;

host_set() host_se t
{
int 1, [;
dim = cubedim(), /* Cube dimension, i.e, 64 nodes, dim = 6 */
size = 1 << dim,
chsize = NDYMAX; /* cube — height — size, num of nodes */
cwsize = NDXMAX, /* cube — width — size, num of nodes */
] = NDYMAX;
for(i=0; 1(j&1); i++, [>>=1){}
chdim = i /* cube — height — dimension */
j = NDXMAX
for(i=0; '(j&1); i++, j>>=I1){}
cwdim = /* cube — width — dimension */
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/* This subroutine opens the data file and reads and writes on a output file */

#include < cube/cosmich>
#include "host_2d.h"

{

hest_getdat{) host_getdat

char dumMAXNAM];
extern char dat{], printr{|;

if { (datptr = fopen(dat, "r")) == NULL ) {
printf{ “Cant open %s\n", dat);
exit(1);

)

fscanf(datptr, "%hd\t%hd\t%hd\t%hd\t%hd\t%hd\t%hd\n",
&in.d.runmax, &in.d.nprint, &in.d.nstep,
&in.d.nex, &in.dncy, &indmc, &in.dseed)

printf("runmax=%3hd nprint=%3hd nstep =%3hd ",
in.d.runmax, in.d.nprint, in.d.nstep);

printf{"nex=%3hd ", in.d.ncx);

printf("ncy=%3hd mc =%3hd seed=%3hd\n",
ind.ncy, indme, in.d.seed);

fgets(dum, MAXNAM, datptr);

fscanf(datptr, "BN\tBN\tBNtBNtBNTBN\tBAR", &infxm_glob, &infym_glob,
&in f.dtm,&in.f lamda_zero,&in.{.ts_ratio,&in.f lattice_space,&in.f lattice_jump);
printf("xm_glob=%5.2f ym_glob=%5.2f dtm=%5.4f\n",
infxm_glob, infym_glob, nfdtm)
printf("lamda_zero=9%5.2f ts_ratio=%5.2f lattice_space=%5.2f lattice jump=%5 2f\n",
in.f.Jamda_zero,in f.ts_ratio,in f.lattice_space,in f.lattice_jump);
fgets(dum, MAXINAM, datptr);
fscanf(datptr, "%BI\t%BN\t%BN\t%BN\n",
&m fuw, &infTw, &inlu_init, &in.f.u_enter),
printf("uw = %52f Tw = %52(\n", infuw, infTw);
printf("u_init = %5.4f u_enter = %5.4f\n", in.fu_init, inf.u_enter),
fgets(dum, MAXNAM, datptr),

fscanf(datptr, "%f\n", &in.fdiff);
ponti("diff = %5 .21\n", in.l.diff);

fgets(dum, MAXNAM, datptr),
fscanf(datptr, "%M\t%f\n", &in.f.obs_height,&in.f.obs_a);
print{("obs_height= %3.1f obs_a=%3.11\n", inf.obs_height,in.f obs_a);

fgets(dum, MAXNAM, datptr);

fscanf(datptr, "%i\t%\t%hd\t%hd\t%hd\n",
&in f.pstop,&in.f.temp,&in.d hremesh,&in.d.cremesh,&in.d time_avg);

printf{("pstop = %3.1f temp = %3.3f hremesh = %d cremesh = %d time_avg = %d\n"
in.f.pstop,in.{.temp,in.d.hremesh,in.d.cremesh,in.d time_avg);

fgets(dum, MAXINAM, datptr),

fscanf(datptr, "%\t%I\t%N\t%N\t%\n",
&in.fx_left, &in.fy bot, &infmass_h, &infperc_h, &nfdiameter_ratio);

printf("x_left =%22f, y_bot =%2.2f, mass_h =%22f, perc_h =%22f diam ratio =%2.2(\n\n"
infx_left, infy bot, infmass_hinfperc_h, infdiameter_ratio);

print{("Final number of collisicn trmes = %f\n",
in{ ts_ratio {float)in d.nstep { float)in.d.nprint);
fllush(stdout); .
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/* This subroutine calculates several parameters from data */

#include <cube /cosmich>
#include "host _2d.h"

host_dat() host_dat
{

pi2 = 2 * 3.14159;

sq2 = sqrt(2.);

xm = (infxm_glob-infx left} / cwsize;

ym = (infym glob-infy bot) / chsize;

chx = xm / win.dnex;

chy = ym / indncy;
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#include <cube/cosmic h>
#include "host_2d h"

mkchain()
{

int 1, m, j, nx, ny;

host_mkchain.c

mkchain

/* Here host calculates a first mesh which is passed to the cube.

#

in.f.nodeheight{0] in.f.y_bot;

for (i=0, 1<==cwsize; i++)
mesh[0].xmark[i]] =

in.f.nodewidth|i]

in.fx_left + (float)

/* The bottom of the field */

* xm;

/* The mesh is evenly spaced in the z direction initially */

for (i=0; i< =chsize; i++)
mesh|[0].ymark|i] =

in.f.nodeheight|i] = in.fy_bot + (float)i

¥ ym,

/* The mesh is evenly spaced in the y direction initially */

/* This ¢s to zero the acout matriz... */
for (1 = 0; i < chsize; i++ ) {
for { j = 0; ] < cwsize, j++ } {
m = who(},i); /* Node I'm considering */
for ( nx = 0; nx < mndncx; nx++ ) {

for { ny = 0; ny < indney; ny++ ) {

acout|m|.| npart[nx[ny]

acouty m} {.npart_h[nx|[ny]|
acout,[mt fvxinx|[ny] = 0,

acout|m| f.vy|[nx|{ny
acout{m| f kinen|nx|
acout|m|.f kinenx[nx|[ny]
acout|{m| fkmeny{nx][ny]
acout m[ f.kinenz|nx|[ny|

Oct 1 17:85 1989
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/* This subroutine accumulates date output from the cube every
*  nprint time steps. These wvalues, for a given time, are
*  written to disk in write_safety. */

#include <cube/cosmic.h>
#include "host 2d h"

acum()
{ g
short 1, J, m. nx, ny;
for (1 = 0; i < chsize, i++ ) { /* For each row of nodes.. */
for ( j = 0, ] < cwsize; j++ ) { /* For each colmn of nodes... */
m = who(j,i); /* Node I'm considering */
for ( nx = 0; nx < ind.ncx; nx++ ) {
acout{m|.f.cellx[nx] = out[m].f.cellx[nx];

for ( ny = 0, ny < indney; ny++ ) {
/* For each cell [nz/fny]... */

acoutm}.l.npart[nx]{ny] += out|m).s.npart{nx|(ny];
acout{m|.l.npart_h[nx|[ny] +=out|m|.s.npart_h{nx|[ny];
acout{m|.f.vx[nx|[ny] += out|m].f.vx|nx][ny];

acoutm| f.vy[nx|[ny] += out{m|.f.vy[nx|/ny],

acout{m|.f kinen[nx|{ny] += out{m|.fkinen[nx|[ny};
acout|m].f kinenx[nx|[ny] += out{m].f kinenx[nx][ny|;
acout{m).f kineny[nx|[ny] += out|m].f kineny|nx|[ny|;
acout|m|.f kinenz|nx|{ny| +=out|m|.f kinenz[nx||ny],
acoutim|.f.celly[ny] = out{m].f.celly/ny];

acum.c

acum
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/* This routine crestes o new mesh based on the particle distribution
* sent up from the cube. This routine is nearly the same as that used

* within the cube, cube_mkmesh.c, which is more fully commented.
*/

#include < cube/cosmich>
#include "host_2d.h"

float dif_local_xmark{NDXMAX+1};
float temp_xmark[NDXMAX+1];

mkmesh(outnp) mkmesh
short outnp;

s

int 1, |, k, i_begin, k begin, dum;

int numpercolmn, numperrow, sum;

float cellwidth, cellheight, stuf, pistonpos;
float const,;

iffoutnp <= mesh_header numsteps) {
printf("In host_mkmesh, went to’leave mesh alone ountp=%d header=%d\n",
outnp, mesh_header.numsteps);
flush(stdout);
goto leave_mesh_alone;

/* So that only one set of meshes
¥ 45 used */

pistonpos = in.fx_left + ((outnp-1.)%n.d.nstep +
in.d.nstep) * in.fu _enter * infdtm;
if(pistonpos > inf.pstop) pistonpos = in.f.pstop;

print{("piston at %i\n" pistonpos); flush(stdout),

tot_field mol = 0
for(i=0, |<NDXMAX#n.d.nex; i++) tot_field_mol +== scale xscalei;
numpercolmn = {long)(tot_fleld mol) / NDXMAX + 05;

/* # of particles

in one column of nodes */
numperrow = (long)(tot_field_mol) / NDYMAX + 05;

/* # of particles

in one row of nodes */

for(i=0; i<=cwsize; i++) { /* zscale is searched for its first non—zero
member and the mesh is started just 2
cells before there */
cellwidth = (in.f.nodewidth[i+1] — in.f nodewidthlt})/in.d.ncx;
for(k==0; k<ind.nex; k++) {
if{scale.xscalek + i*ind.mncx] > 0) {
const = k — 2; if{const < 0) const = 0

mesh|outnp| xmark{0] = in.f nodewidthii}+ const*ellwidth;
if(k == 0 && ! != 0) mesh[outnp].xmark(0] = in.[.nodewidthfij —
(in.f nodewidth(ij-in.f.nodewidth[i-1}} /in.d.nex;
if(k == 0 && 1| == 0) meshfoutnp].xmark[0] = in.f.nodewidth{O];
if{meshjoutnp| xmark[0) > infpstop) {
mesh[outnp].xmarkl0] = in.i.pstop,
print("Mesh beyond pstop(?}, k= %4, 1 = %d\n" k),

for(j=0; 1<10; |++)
print("The first few xscales were, %d, %d\n",
j,scale xscale[j]);
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meshfoutnp].xmark|0] = pistonpos;

t_begin = 1, k_begm = k; /* these contain the
location of the first
nonzero column */

goto found _x_begin;

found x_begin:

sum = O0;
) =1
mesh{outnp] xmark{0] = pistonpos;
printf("In HOST, pistonpos = %f\n" pistonpos);
for{i=i_begin; i<cwsize; 1++) { /* now begin counting particles and
setting down a node boundary when sum
= numpercolumn */
cellwidth = (in.f.nodewidthli+1] — in.f.nodewidth(i])/in.d nex;
for(k=k_begin; k<indnecx; k++) {

k_begin = 0;

if(scale.xscalek + i*ndncx] ==
meshjoutnp].xmark{j] = in.f.nodewidth[ij+ k*cellwidth;
printi{“Scale xscale == 0 early \n");

s goto done_with x;

if(numpercolmn >= sum + scalexscalek + i*n d.ncx])
sum += scalexscalek + i*n.d.ncx;
ifli==cwsize-1 && k==in.d.nex-) {
stufl = scale xscalefk + ifin.dncx| /
(float)(numpercolmn / in.d.ncx);
if(stuf < 1) stuf = 1,
mesh[outnp|.xmark{j] = in.f.nodewidthfij+
(in.d.ncx—1.+stuf) *cellwidth;

else {
stuf = (float)(numpercolmn-sum)/(float)
(numpercolmn / in.d.nex),
/* stuf is the linear interpol.
to the locat. of the node end */
mesh[outnp].xmark({j] = in.f.nodewidth]i]+
{{Aoat)k+stuf) fcellwidth;
iflk == k_begin)
if{i '= 0) mesh|outnp).xmark|j] =
in.f.nodewidth(i] + stuf
#in.f nodewidthi]~in.f nodewidth[i-1]) /in.d.nex;
else meshfoutnp| xmark()] =
inf.nodewidthfi} + stuf
¥in f.nodewidth(i+1]-in f.nodewidth[i]) /in.d.ncx;

4= 1

sum = scalexscale[k+i#*n.dncx] — (numpercolmn-sum),
/* sum is reduced by the # of
parts. taken by the last node */

}
}
done_with _x:
mesh{outnp| xmark{cwsize] = in.fxm_glob;

for(1=0; i<cwsize; i++) dif_local xmark|i] =
mesh(outnp| xmark(i+1] — mesh(outnp| xmark(i;

...mkmesh
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/* Now smooth this mesh by smoothing the areas of the nodes */

for(j=0; j<in.dhremesh; j++ ) {
for(i=1; i<cwsize-l; ++) temp_xmark{i =
0.3333 Adif local_xmark(i—}+ dif_local_xmark[t|+dif_local_sxmark{i+1]),

dif_local_xmark[0] = (dif_local xmark{0] + dif_local xmark{l]) * 0.5;
dif _local_xmark{cwsize—l] =

(dif_local_xmark|cwsize-l] + dif_local_xmarkjcwsize—2]) * 0.5;
for(i=1;, 1<cwsize; i++) dif_local_xmarkll] = temp_xmark[i],

}

for(i=1;, i<cwsize; i++) meshloutnp| xmark[i] =
mesh(outnp] xmark[i<| + dif_local_xmark[i<];

/* Now the same things are done in
the Y direction */

i_begin = k_begin = 0,

sum = O,

=1

for(i=i_begin; i< chsize; i1++) {
cellheight = (in.f.nodeheight|i+1|—=n.{ nodeheightlil} /in.d ncy,
for(k=k_begin; k<ind.ney; k++) {

k_begin = 0;
if(scale. yscalek + i*in.d.ncy] == 0) {
meshfoutnp] ymark])] = in f.nodeheight{ij+

k *cellheight;
goto done_with _y,

if(numperrow >== sum + scale yscalelk + i*ind.ncy]} {

sum += scaleyscalelk + 1%n dncy|;
if{i==chsize- && k==mdncy-) {

stuf = scale yscalelk + i*n.dncy] /

(foat){numperrow / in.d.ncy);
if{stuf < 1) stuf = 1,
meshjoutnp| ymark|j] = in{nodeheight{ij+
(1n d ney—1.+stuf) *celtheight;

}
else {
stuf = (foat){numperrow-sum)/(float)
(numperrow / 1nd ncy);
mesh{outnp|.ymarkljl = in { nodeheight{ij+
[(foatjk+stuf}*celiheight;
iflk == k_begin)
ifi '= 0} meshfoutnp| ymark[j] =
in f nodeheightnf + stuf
Hin I nodeheighthi—
in f nodeheighti—1) /in d ncy;
else meshioutnpj ymark|)j =
in f nodeheightjl] + stuf
Ain f podeherght{i+1j—
in [ nodeheightifJ/in.d.ncy;
] += 1L
sum = scaleyscalelk+i1*n d ncy] — (numperrow — sumj;
}
}
done_with_y:

...mkmesh
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..mkmesh
meshfoutnp| ymark|chsize] = in.f.ym_glob;

WLATICE == 1) {
for(i=0; i1<t=cwsize; i++)
if(meshjoutnp| xmark|i} ==
{int)mesh[outnp] xmark{i]) mesh{outnp} xmark{i] += 01,
for(i==0; 1< =chsize, i++)
if(mesh{outnp| ymarkfi] ==
(int)meshfoutnp|.ymark{i]) meshfoutnp].ymark{i] += 0.01;

/* Note that the mesh is not smoothed in Y */

leave_mesh_alone:

for(i=0; i<=cwsize, i++) { /* nodewidth is updated with new mesh to
be sent down to the cube */
in.f nodewidth{i] = mesh|outnp] xmark([i];
if(i<cwsize) for(k=0;, k<in.d.nex; k++)
scale xscale(k+i*n d.ncx] = 0;
}
for(i=0; 1<=chsize; i++) {
in.f.nodeheightfif = mesh[outnp] ymarkli;
if(i<chsize) for(k=0, k<indncy, k++)
scale yscalelk +1*in.d.ncy] = 0,

}

dum == chsize; if(cwsize > dum) dum = cwsize;
for(i=0; 1<=dum; i++) {
. ifi <= cwsize && | <= chsize)
printf("HOST1 = %d, xmark = %f, ymark = %f\n",

i,mesh{outnp| xmark|i],mesh{outnp|.ymark{i);
else if(i > cwsize)

printf("HOSTi = %d, xmark =
i,mesh{outnp|.ymark[i]);

else if(i > chsize)
printf("HOST:i = %d, xmark = %f, ymark = .. \n",

1, meshjoutnp).xmark[i]);

}
filush(stdout);
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/* These two subroutines, the same in both the host and the cube, are
*  used to find a node number from its z,y location, or visa versa.

*/

#include < cube/cosmic.h>

grey bin(n) /* calculate binary code from grey code */
short n,

{

int i
for(i = n; n >>= 1,1 "=n),
return(i),

}

who(x,y) /* calculate node#t =who(z,y) from node location */
short X
short y;

{

extern short cwdim;

r={x ‘((x >> ) + ({y " {y >> 1)) << cwdim ),
return(x};

Mar 28 20:21 1989
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/* This subroutine writes or reads to/from disk the accumulated output data.
*/

#include < cube/cosmich>
#include "host_2d.h"

write_safety(outnp) write__safety
short outnp; '
{

FILE *safestrm;
char fname{80};
int file_write, try open;

file_write = outnp;
ifloutnp >= in.d.time_avg) file_write = in.d.time_avg;
/* That 1s, accumulate all date for output numbers greater
* then time_avg into the safestep file # =time_avg
*
acum_header. numruns = 0;
sprintf(fname, "safestep.%d" file_write);
if((safestrm = fopen(fname"r")) i= NULL) {
fread ((char *)&acum_header sizeof{acum_header),1, safestrm);
felose(safestrm),;
} /* Find # of runs ot this time which is in header */

/* Put new ecout data in place of old */
try_open = 0,
open_safestep:
sprintf(fname, "safestep %d" file_write);
if{(safestrm = fopen(fname,“w"}) == NULL) {
try open += I,
printf("can’t open %s, have tried %d time(s) \n",
fname, try_open),
if(try_open > 5) exit{1);
else {sleep(60), goto open_safestep;}
/* This is a safety mechanism in case system is slow */
<
acum_header.numruns += 1;
fwrite{(char ¥&acum_header, sizeof{acum_header),1 safestrm);
fwrite((char #acout sizeof(acout),1 safestrm},
fllush(safestrm);
fclose(safestrm);

/* Put new mesh data in place of old */
try open = 0;
ifloutnp > mesh_header.numsteps) {
printf(" Trying to save mesh, outnp=%d, headernumstep=%d\n",
outnp, mesh_header numsteps);
filush(stdout);
mesh_header numsteps = outnp,
open safemesh:
sprintf(fname, “"safemesh"),
if((safestrm = fopen(fname,”w")) == NULL) {
try _open +== I;
printf("can "t open %s, have tried %d time(s) \n",
fname, try_open);
ifftry_open > 5) exit{1);
else {sleep(60), goto open_safemesh;}
/* This is a safety mechanism in case system is slow */

fwrite((char *)&mesh_header sizeof{mesh_header),1 safestrm);
fwrite((char *)mesh,sizeof{mesh),1 safestrm);
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fflush(safestrm),
fclose(safestrm);

}

read_safety{outnp)
short outnp;

FILE #safestrm,
char fname[80];

int i, j, nx, ny, m;
int file_read;

file_read = outnp+1; iffoutnp+1 >= in.d time_avg) file_read =

/* of it exits, read in date for nezt time step */
sprintf(fname, "safestep.%d" file_read);

ifloutnp = in.dnprint && (safestrm = fopen(fname,"r")} = NULL) {
fread ((char #*)&acum_header sizeof{acum_header),1 safestrm);

fread ((char #acout,sizeof{acout}, 1 safestrm),
fclose(safestrm);

else { /* This 1s to zero the acout matriz... */

for ( i = 0; | < chsize; i++ ) {
for { ] = 0, ] < cwsize; j++ ) {
m = who(j,i); /* Node I'm considering */
' for ( ax = 0; nx < indnex; nx++ ) {
for { ny = 0, ny < indncy; ny++ ) {

acoutm}J.npartinxi[ny] = 0
acout|m|]npart_h[nx|[ny] = 0.;
acout{m}.f vx{nxjjny] = 0,;
acout|m).f.vy[nx|[ny| = 0;
acout{m].f kinen|nx|[ny] = 0,;
acout{m|.f kinenx|nx|[ny| ;

acout{m|.f kineny|[nx|[ny]
acout{m| [.kinenz|nx|[ny|

i
cee

)
'
)
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Program For The Cube

File name:
2d.h
2dcube.c
cube-main.c
setup.c
grey.c
cube-getdat.c
neighbors.c
initia.c
reset-local.c
send-ok.c
sample.c
send-out.c

Z€ro.c

Page:

160

165

166

168

169

170

172

173

178

179

180

183

184
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move-pt.c 185
recv-ok.c 189
send-pt.c 190
recv-pt.c 193

coll.c (IDSMC version) 195
coll.c (DSMC version) 203
cube-remesh.c 208

send-out-scale.c 209

cube-mkmesh.c 211

random.c 216
ranbits.c 222
ran-int-le.c 223

makefile 224
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/* In this file, 2d.h, are declared the global parameters used in
* the Cube based program. Each tis given a short descriplion.
*  2d.h is included at the beginning of each subroutine.

*/
#include < math.h>
#include "2d.def”

extern int Enum[1+LUTRAD*LUTRAD];

/#* # of potnts on spheres in LUT

*/

extern struct Epoint { char Ex, Ey, Ez; } *pE[;

/* The Look Up Table, LUT, for integer collisions
*/

extern unsigned char number_in_group({1+LUTRAD ALUTRAD][3];
/* Used to sort LUT based on parity of components
*/

extern char heavy_lite_mod{], heavy lite_div(};

/* Used in multi_mass colls to save a bit of time
¥ doing % operation or long division */

extern short step_type;

/* For lock step coordination between nodes

*/

extern short node;

/* node # */

extern short locx;
extern short locy,
/* Node number in z and y directions
*/
extern short chsize;
extern short cwsize;
/* Number of nodes tn z and y directions

extern short msg rt;

/* Number of nearest neighbor nodes to roule date to
¥/

extern short neighbor(8);

VA The node numbers of those neighbors
¥/

extern short npartNXCELL|[NYCELL];
extern short npart_h{NXCELL|[NYCELL],
extern short npsum|{NXCELL|{NYCELL|,

/* npart/nz/[ny] = no. particle in cell
* npart_ h = number of heavy particles in cell
¥ npsum/nzf[ny] = summation by columns to nz, ny—!

* indez of first particle in cell
i
extern short vrmaxcount/NXCELL|[NYCELL),

/* used in coll to track when vrm_sqff| was last incremented */
extern int ler(];

/* ler[amol] = particle label related to storage of

* particle guantities — assigned to a particle

* during initial problem setup

*/

extern int temp_width(|, temp_width_div2jj, temp]];

extern int temp_arrayl4][101};

/* temp_width/| = width of IDSMC Gaussian at some temp.
*

temp_width_dw2] = 1/2 width of IDSMC Gaussian at some temp.

* temp_arrayf/// = The Gaussians at some temp.
*/

extern char mass_of type]];
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/¥ The mass of each type of particle.
*/

extern long ini_totmol;

extern long totmol;

/* ini_totmol = the imitial total number of particles created in node
¥ totmol = the current total number of particles in node
* (MUST ALWAYS BE LESS THAN NM)
*/
extern long num_mass(}; -
¥ the number of particles in each mass group.
*/
extern long tot_field_mol;
/* tot_field_mol = total # molecules in whole field
*/
struct meshlong {
/* these contain the accumulated number of particles in the rows and
¥ columns of cells of the whole flow field just before re—meshing
*/

long xscale]NDXMAXNXCELL + 1
long yscale NDYMAX*NYCELL + 1,
%

extern struct meshlong scale;

extern float pi2, sq2;
/* pi2 = 2 * PI
¥ s¢2 = sqri(2)

+/
/

extern float xm, ym;

/* m = size of mode region sn z direction

* ym = size of node region in y direction

*/

extern float chx, chy, cell_vol;

/* chr = cell dimension in z—direction

* chy = cell dimension in y—direction

* cell vol = cell volume

*/ -

extern float cxs;

/* czs = hard sphere collision cross section

*/

extern float um, vmw;

* vmw = most probable molecular speed @ wall temp
*/

extern float ind;

/* fnd = unnormalized undisturbed gas number density
*

extern float vrQ,

* vr0) = st approz to relative speed in undisturbed gas
*/

extern timetype time;

/* time = flow time

i

extern float ct{4)[NXCELL|[NYCELL] vrm_sqNXCELL|{NYCELL)],
extern float recentvrmax_sq{NXCELL{{NYCELL,,

/¥ ctfl[nz/fny] = cell time

¥ vrm_sqfnz/[ny] = mazimum relative speed squared

\ zsectmaz is the maz(sum of the cross sections of two particles)
* recenturmer_sq is the most recent value of the

¥ relative mean velocity squared

*/

extern float rand();

extern postype ptx{], ptyl};

Oct 1 17:58 1989 Page 2 of 24 h



2d.h 162

extern veltype ptvx{], ptvyl], ptvz]];
extern char type||;

/* These are the wvectors/arrays contarning the positions,
* velocities and masses of the particles.
*/
struct particle {
postype X;
postype y;
veltype vx;
veltype vy;
veltype vz;

unsigned char type;

3

extern struct particle *ppt(];

extern struct particle_sent recv {
int num_sr; /* number sent or received */
struct particle pt_st[PTSENT|, /* particle Sent or Received */

)/ pmesg_sri];
¥/

struct meshfit {
float xmark[NDXMAX-+1], ymark[NDYMAX+1];
/* these contain the “new’ node heights and widths sent down from the
*

host. */

This 1s the structure to be Sent/Recved to the neighbors

I

extern struct meshfit mesh;

struct output { /* Structure of data output to the host */
short npart{NXCELL|[NYCELL);
short npart_h{NXCELL|[NYCELL],

I* npart[/// = accum no. parts tn cell

/

ft

¥ npart_hfl/, accum no. heavy parts in cell
*/
/’*/ short nulll; null needed when NXCELLENYCELL are odd, same in host
* to account for different formets in cube and host
*/
float cellx{NXCELL), celly{NYCELL},
/* celizf] = X coord of cell center
* celly/] = Y coord of cell center
*/

float vx[NXCELL||NYCELL];
float vy|NXCELL|[NYCELL,
float kinen|NXCELL|[NYCELL);
float kinenx{NXCELL|[NYCELL),
float kineny[NXCELL||NYCELL},
float kinenz{NXCELL|[NYCELL|;

/* vzflff = accum u velocity in cell

* vyfff| = accum v welocity in cell

* kinenfl[] = accum trans energy in ceil

* kinenz//[] = accum 1 trans energy in cell
* kinenyfl[] = accum y trans energy in cell
* kinenz(l[| = accum : trans emergy in cell
*

/

),

.extern struct output out;

/* Input variables comming from the host */
struct input {

short nprint;

short nstep;

short seed;
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/*
*/

/*
*/

j*
*/

/*
*/

/*
*/

/*
*/

163 2d.h

short mc;
short runmax;
nprint = number of printouts per run
nstep = number of time steps per printout
me = initial no. parts per cell
runmaz = number of runs for ensemble averaging
short ncx |
short ncy;
ncz = number of cells in z direction
ncy = number of cells in y direction

short hremesh, cremesh;
hremesh = amount of smoothing of mesh
cremesh = # of time steps between each cube meshing

short time_avg;
Used to indicate if code should switch to time averaging
instead of ensamble averaging after time_avg printouts.

float xm_glob;
float ym_glob;

tm_glob = size of global region tn z direction
ym_glob = size of global region in y direction
float x_left;
float y_bot;
z_left = location of left hand side of flow field
y bot = location of the bottom of the flow field
float mass_h, perc_h, diameter ratio;
mass_h = the mass of the heavier species (light assumed = 1)
perc_h = the initial percent of heavy species present.
diameter_ratio = the diameter ratio of heavies to lifes.

{ not presently used )

float Tw;
float uw;

Tw = wall temperature divided by initial temperature
ww = wall velocity

float u_init;

float u_enter;
float lamda_zero;
float ts_ratio;
float lattice_space;
float lattice_jump;

u_tnit = a free velocity variable.
u_enter = speed of piston
lamda_zero = instial mfp m neuwirel gos.
ts_ratio = ratio of time step (dtm) to instial coll time.
lattice_space = distance between lattice siles.
lattice_jump = how far o vel=1 particle can move in one dtm. -
float dtm;
dtm = time step for calculation, mean upstream colliston times
float diff;
diff = 0. —> rough wall with above paremeters set
diff = 1. —> diffuse wall — molecules emitted at
) wall temp

float obs_height, obs_a;
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obs refers to some obstacle in the flow. Height is its height
and obs_a its X location

float pstop;
pstop = the z position at which the piston will stop

float temp,
a temporary or free wvariable

float nodeheight NDYMAX + 1f, nodewidth|NDXMAX + IJ;
nodeheight[0]=y height of the bottom of the lowest node while
nodeheight[1] is the y height of the top of that node, etc..
nodewidth{0] = z position of the LHS of the leftmost node while
nodewidth{1] 1s the z position of the RHS of that node, etc..

struct input in;
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/* Here 1s where most global variables are actually defined.

#include < cube/cosmic.h>

#include "2d.h"

#define PI 3 141593

int Enum[1+LUTRAD ©.UTRAD];

unsigned char number_in_group[l+LUTRAD *LUTRADJ{3;
struct Epomnt *pE[LUTRAD LUTRAD+1};

short
short
short
short
short
short
short
short
short
short
short
short

step_type;

node;

locx;

locy;

chsize;

cwsize;

msg _1t,

neighbor(8];
npart{NXCELL|{NYCELL};
npart_h[NXCELL|[NYCELL};
npsum|NXCELL|[NYCELL);
vrmaxcount{NXCELL|[NYCELL};

char mass_of_type[4];

char heavy_lite_mod[401], heavy_lite_div[401];

int ler{NM],

int temp_width]4], temp_width_div2[4];

int temp_array[4}{101};
long ini_totmol;

long totmol;

long num_mass{4|,

long

tot_field_mol;

timetype time;

float pi2;

float sq2;

float xm;

float ym;

float chx;

float chy,

float cxs;

float cell_vol;

float vmw;

float fnd;

float vr0;

float ct[4][NXCELL|INYCELL,
float vrm_sq|NXCELL|{NYCELL],

float recentvrmax_sq{NXCELL|(NYCELL},

float rand();
postype ptx{NM}, pty[NM];

veltype ptvx{NM|, ptvy{NM], ptvz(NM],

char type[NM|;

struct
struct
struct
struct
struct
struct

Oct 1

particle *ppt|l);
particle_sent_recv pmesg_sr(9);
meshflt mesh;

meshlong scale;

output out;

input in;
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;¥ This is the main program for the Cube: each node has an identical copy
Fach receives date from a neighboring node and, in turn, starts
running the (Integer) Direct Simulation Monte Carlo calculation. In every
nstep time steps, updated output s sent to Host.
This output sending happens nprint times in each of runmaz runs.

;/‘

#include <cube/cosmich>

#include "2d.h"

unsigned long ttime[20]; /¥ array used to track time spent in each subroutine */
float numbercl, numberc2, numbercl2, jumper;
/* # of collisions (of each type), jumper = # parts. jumping more than ! node */

main() main
{

float tottime, efliciency;

int nrun, np, ns, i, minutes[20];

unsigned int seed;

long seedbits, ran_int_seed,

numbercl = numberc2 = numbercl2 = jumper = tottime = efficiency = 0;
for(i = 0; i < 20; i++}

ttimefif = 0;

minutes(i} = 0;

/* Set these to zero */

setup(); /* Establish cube and my node parameters and receive
*  initial data from Host */

cube_getdat(); /* Calculate some flow and particle parameters */

neighbors();, /* To find who adjacent nodes are */

seed = inseed + 3737 + mynode(),
seedbits = 2762 + in.seed + mynode();
srandom(seed);
set_ranbits(seedbits);, ranbits(300);
ran_int_seed = 1948 + inseed + mynode(), set_ran_int{ran_int_seed);
for{i=1, 1<1000; i++) ran_int_le(10000);
/* Random #s seeds have to be initialized in éach node */

f{VIYPE == 1) {
make_LUT(};
if(node == 0) print("VIYPE = %d, running IDSMC code", VIYPE},
}
else iflnode == 0) print{"VTYPE = %d, running DSMC code”, VTYPE),
for ( nrun = 0; nrun < inrunmax, nrun++) { /* Begin first/next run */
time = 0,
initia{); /* Creates initial particles tn each cell */
If(VIYPE == 1) {scramble(), it_heavy_lite();}

/* To be sure it 1s freshly mized */

reset_local(); /* puts global and local ID on all particles */
step_type = 0, /* (re)—nitialsze step_type for new run */

send_ok(}; /* sends signalfready to receive particles) to
neighbor nodes. Signal from the neighbor
nodes will be received at the Ist recv_ok()
in the following loop. */

sample(); /* calculates macro properties for each cell */
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167

L.mamn
send out(); /* sends output(macro properties) to the Haost */
zero(); /¥ reinitialize macro sample() matriz#/
/* Now begin to loop over the time steps and
*  the times date {5 sent out to
* the Host */
for ( np = 0; np < innprint; np++ ) { /* date sent out once ecach nprint */
for ( ns = 0; ns < in.nstep; ns++ ) { /* increment one time step*/
if{(locx == 0) && (ns == 0)) {
tottime = effliciency = 0;

for(i=0; <20, i++) tottime += ttimefi];
if(tottime > 0.) efficiency = 1. — (float)(ttime[12]+ttime(4]
+ttime[14]+ttime[8]+ttime[9] +ttime[11]+ttime[16]) / tottime;
print("nprint=%d npart= %ld numl= %4.0f, num2= 9%4.0f, numi2= %40f, jump= %20f, ef=%22f",
np, totmol, numbercl, numberc2, numbercl2, jumper,efficiency});

}
/* Send out some interesting date
* from first column of nodes */
time = ( np * innstep + ns + 1 ) * indtm,
/* Actual time of calculation */
step_type = np * in.nstep + ns + I;
move_pt{}; /* moves all particles in indtm */
recv_ok(}, /¥ receive signalfready to receive
particles) from neighbor nodes */
send _pt(}; /* sends particles to neighbors */
recv_pt{); /¥ recetves particles from neighbor
nodes until receives end—signal */
send_ok(); /* sends signal(ready to recerve pts)
to nesghbors. This signal will be recvd
at recv_ok() in the next step(ns)
' tn this loop */
reset_local(); /* puts global and local ID on all parts. */
coll(); /* perform the collisions in each cell */
if{ns % in.cremesh==0 || ns==innstep—1) remesh(nsnp};

/* Every cremesh time steps the cube should remesh.
* [n addition, on the time step just before the data
* 4s to be sent out to the Host the Host ts given
*  (in send_out_scale) a chance to create the mesh ¥/

sample(); /* Same as before */
send_out();

2erol ),
1

step_type += 1,
recv_ok();
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/* This subroutine ts only called once. [t establishes the cube dimensions,
*  where each node is and how many neighbors each node has.
*  This routine is much like host_set.c for the host.

*/

#include < cube/cosmic.h>
#include "2d.h"

short chdim, cwdim;

setup() setup
{

int 1, j;

short dim;

short size;

MSGDESC in_d;

sdesc(&in_d,0,0,0,&in sizeof(in});

node = mynode(); /* My specific node number, 0 —> 127 */

dim = cubedim(); /* Cube dimension, 6 or 7, say */

size = 1 << dim;

recvb(&in_d); /* Receive data from node above me or Host if I'm 0 */

if((in_d.node = node + 1) I= size) sendb(&in_d);
/* Send date on to node below me if I'm not last node */

chsize = NDYMAX, /* The number of nodes in X direction */
cwsize = NDXMAX; /* The number of nodes in Y direction */
] = chsize;
for(i=0; (j&1), 1++, i>>=1){}
chdim = i; /¥ The dimension of the cube in X, ie, = & for 8 nodes */
] = cwsize;
for(i=0; (j&1); =+, i>>=1){}
cwdim = i, /* The dimension of the cube in Y */

/* Each node already knows its node# as its ID. We have to give the

. * location coordinate to each node such that its adjacent node# is one
*  bitwsze different. The following two equations calculate those locations
¥ for given node whose # is given by mynode() above.

*/
locx = grey_bin(node & (cwsize — 1 )}, /* =0 for leftmost node */
locy = grey bin{(node >> cwdim)), * =0 for top node */

/* Calclate number of message routings for send & recv, that is, the number of
*  nodes ymmediately adjacent to me.

* For a closed loop system where particles never leave the flow field

*  only the top and bottom nodes have a different # of neighbors.

*/

msg 1t = §,

if ((locy == 0} |} (locy == (chsize — 1))) msg_rt = 5, /* Node on top or bottom?*/
if ((locy == 0) && (locy === (chsize — 1))) msg_rt = 2, /* Only ! row of nodes */
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/* These two subroutines, the same in both the host and the cube, are
* ysed to find s node number from its r,y location, or visa versa.

¥/

#include <cube/cosmich>

grey_bin(n) /* calculate binary code from grey code */
short n;

{ .
int 1,
for(i = n; n >>= 1, 1 "=n);
return(i);

who(x,y) /* calculate node# =who(z,y) from node location */
short x;
short y,;

{

extern short cwdim;

x=(x " (x >> 1) + ({y " {y >> 1)) << cwdim )
return(x);
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/* Here are calculated several cell or particle parameters. This routine
¥ s very similer to host_dat.c

*/

#include < cube/cosmich>
#include "2d.h"

cube_getdat() cube_getdat
int I
float PI;
float dia_ratio, mass_rat, num rat, k;
Pl = 3.14159;
pi2 = 2 * Pl
sq2 = sqrt(2.);

xm = (inxm_glob—inx_left) / cwsize;

/* node width for average field node */
ym = (in.ym _glob-in.y_bot) / chsize;

/* node height for average field node*/

chx = xm / in.ncx; /* cell width for average cell ¥/
chy = ym / in.ncy; /* cell height for average cell */
cell_ vol = chx * chy;

/* Here the cell volume must be the same in every
* node so that the particle cross sections are
* the same. */

fnd = m.mc / cell_voi; /¥ particle density */

exs = 1. / {sq2 * fnd * inlamda_zero);

/* The X-section if identical particles */
iflinmass_h > 1 && inperc_h > 0) {

[* If particles have differ. masses */

if(node == 0)
print{"Single mass particle cross section is %f" cxs);
dia_ratio = in.diameter ratio;
mass_rat = 1./in.mass_h;
num_rat = in.perc_h/{1.-n.perc_h);
k = (1. + 2 *dia_ratio + dia_ratio*dia_ratio)/4.,
cxs = (l./fnd/in.lamda_zero)*

(1./(sq2 + num_rat*k *sqrt{1+mass_rat)} +
1./(sq2 + (1./num_rat)*k *sqrt(1+(1. /mass_rat))) );
if(node ==
print{"Multi_species particle cross section is %f" cxs);

}

ini_totmol = in.mc¢ * in.ncx * in.ncy,
/* Imitial total num of molecules per node */

/* Set mesh to that sent down by the Host */
for(i=0; i<==cwsize; i++) mesh.xmark|i] = in.nodewidthji;
for(i=0; i<=chsize; i++) mesh.ymark{i] = in nodeheight(il;

chx = (mesh xmark{locx+1}-mesh xmark{locx}) /in.nex;

chy (mesh.ymark|chsize-locy|-mesh.ymark|chsizeHocy-1]) /in ney;
/* These are now the actual dimensions
* of a cell whereas above, chr and chy were
* . dimensions just used to calculate
* the particle size which must
* be common to every node. N
*
for(i=0, 1<in.ncx; i++) outcellx[i] = chx * (05+1) +
mesh xmarklocx;
for(i=0; i<in.ncy; i++) outcellyll = chy * (05+i) +
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...cube_getdat
mesh.ymark(chsize<ocy -],
/* Locate centers of the cells for output */

vmw = sqrt{in.Tw);, /* for wall temperature */

for(i=0, 1<8; i++) pmesg_sril.num sr = 0;
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1

/* This routine finds “~my’ neighboring nodes, eight if "I'm’ in the middle
*and 5 ff "['m’ on the top or bottom. They are stored in array

* neighbars/msg_rt/.
* Neighbors 1s only ezecuted once.

¥/

#include <cube /cosmich>
#include "2d.h"

neighbors()
int 1 = 0

if ((locy + 1) < chsize){ /* If I have a node above me... */
neighborfi++] = who(locx,(locy + 1));

if ({loex + 1) < cwsize) /* If there's 1 to my right...

neighbor{i++] = who((loex + 1),(lecy + 1));
else neighbor{i++] = who(0(locy + 1)),
if (locx > 0) /* If there's I to my left, and so on...
neighbor[i++] = who((loex — 1)(lecy + 1));
else neighborli++| = who{(cwsize — 1)(locy + 1));

if ((loex + 1) < cwsize)
neighbor{i++| = whof(locx + 1)locy);
else neighbor(i++| = who(0,locy);
if (locx > 0)
neighbor{i++] = who{(locx —1) locy);
else neighbor|i++| = who({cwsize — 1)locy);
if (locy > 0}
neighbor(i++] = who(locx,(locy — 1));
if {(locx + 1) < cwsize)
neighbor{i+~+] = who{(loex + 1){locy - 1)),
else neighborfi++] = who(0,(locy — 1));

if (locx > 0)
neighborli++] = who((locx — 1),(locy — 1));
else neighborfi++] = who{(cwsize — 1),(locy — 1)};
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/* This routine intticlizes the positions and velocities of all of the

* particles in the node. Provision has been made to run cases with

* different initial mean kinetic temperatures and ¢ different mean density in
* some cells. This is the subroutine to be altered if a different initial

* condition is sought. FEach particle created s placed

* randomly within each cell (at ¢ lattice sttej

* and is given a femperature drawn from an Integer

* Gaussian distribution. */

#include <cube/cosmich>
#include "2d.h"

extern unsigned long ttime(|;
float RTemp, RTmix;

initia()
{

int i

int nx, ny, i, J, k, m, numpart, howmany_per_cell, extra_per_row;

int num_per _cell, num_sofar;

int num_sites_in_x, num_sites_in_y;

int a, b;

unsigned int timo0;

float beta, inverse beta, num_per_row/NYCELL|;
float particle_mass, vel

float const,

float xh, xl, yh, yl, x_low site, y_low_site;
float cv, m_avg, ml, m2, dl, d2, dx, n0, nl, n2, brack, lam;
float nu_12, nu_21, nu_l1, nu_22;

float cbar=0;

tim0 = clock();

RTemp = 0.5%0.25%3.141593)*
(in.Jamda_zero*n.ts_ratio /in lattice_space /in.lattice_jump)
Hinlamda_zero*n.ts_ratio /in lattice_space /in.lattice_jump);
/* That ts, for a lattice gas, the temp is initially set as
* RTo.
¥
inverse_beta = sqrt(2. * RTemp), /* That is, 1/beta */
vi0 = 3. * sqrt{2./3.14159) * inverse_beta;
/* vr0 should be > highest inttial relative velocity */

if{node === 0) print("IN INITIA, RTemp(of mass 1s) = %f",RTemp);
if(inperc h > 0 && inmass_h = 1) {
m_avg = 1. + in.perc_h¥inmass h — 1.}
/* The average particle mass. */
ml = 1, /* Mass of light species */
m2 = inmass_h * ml; /* Mass of heavy species */
cv = (inxm_glob-in.x_left)¥in.ym glob—in.y_bot)

/in.nex /in.ney /NDYMAX /NDXMAX;

/¥ Average initial cell volume */

n2 = in.perc_h*nme/cv, /* Number density of heavies */

nl = inmec¥l. — n.perc_h)/cv, /* Number density of lights */
n0 = in.mec /cv; /* Number density */

dl = sqrt{cxs/3.141593), /¥ Diameter of light species */

d2 = in.diameter_ratio * dI, /* Diameter of heavy species */
dx = 05 * (dl + d2); /* Average of two diameters */

brack = (2./n0)%2 *d1*d1*nl*nl*qrt{2 /ml) +
nl*n24d1+d2){d1+d2)*%qrt{(m1+m2)/ml/m2} +
2.#12*d2 *n2*n2 *sqrt(2. /m2} },

RTmix == (in.ts_ratio#in.ts_ratio /in dtm /in dtm)*
2./3.141593 /m_avg /brack /brack:
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.initia
/* R*T of the gas mizture */
lam = (1./3.14159 /(nl+n2))Anl /(sqrt{2.) ™1 *d1 xd1 +
n2 ¥{d1+d2){d1+d2)/4.) %sqrt(l.+ml /m2} )} +
n2 /(sqrt{2.)*n2#d2 *d2 + ni¥(d1+d2)(d1+d2)/4.)*
sqrt{1. +m2/m1) ) );
/* Mean [ree path in the mizture */
RTemp = RTmix*m_avg/ml;, /* R*T of light species */
wverse_beta = sqrt(2. * RTemp), /¥ That is, 1/bela */
vr0 = 3. ¥ sqry(2./3.14159) * inverse_beta,
/* vr0 should be > highest initial relative velocity */

nu_12
nu_21
nu_il
nu_22

- %sqrt(3.142) *dx *dx *n2 %qrt(2. RTemp {m1+m2)/m1 /m2);
. %sqry(3.142) *dx *dx *nl %qrt(2. RTemp {m1+m2)/ml/m2);
*sqri{3.142) *d1 *d1 *nl %sqrt(2. RTemp{ml+ml)/ml /ml);
. *sqrt(3.142) %42 4d2 *n2 %sqrt(2. RTemp {m2+m2) /m2 /m?2)
/* 4 different collision freqs */

[ T

=R I N N

)

if{node == 0) print{"IN INITIA, RTmix=%I, 1lam0=%f, cell_vol=%2.4f, RTemp=%(",
RTmix,lam, cv,RTemp);
if(node == 0) print{"m1=%231, m2=%2.31, d1=%2.3f, d2=%2.3f, n1=%2.3f, n2=%23f, m_avg=%23{, brfs
m1,m2,d1,d2,n1,n2,m_avg, brack);
if{fnode == 0} print{"nu_12 = %f, nu_21=%I, nu_11=%I, nu_22=%I",
nu_12, nu_ 21, nu_ll, nu_22);

}

mass_of_typeo] = 1;
mass_of_type[l] = inmassh;
mass of_type(2| = 1,
mass_of_type(3| = L
/* Consider only a binary gas. */
/* We now may create the different distribution functions. [f
* the gas contatns 2 species only 2 distributions are

* needed, ! for each species. If, however, the gas
* 13 of one species but the flow boundaries ore diffuse
¥ 4 are needed, £ are full Gaussians and 2 are the
* nomal VDF, a Gaussian multiplied by the normal component.
¥ Multi—species and diffuse walls can’t be done at
* the same time tin this version.
¥ So, for multi—species:
* m = 0 —> Gausstan for mass = 1 particles
* m = 1 ~> Gaeussian for mass = in.mass_h pariicles
* And, for diffuse boundaries:
* m = 0 ~> Gausstan for wall at temp = 1
* m = [ —> Gaussian for wall at temp = I[*n Tw
¥ m = 2 -> v*Gaussian for wall at temp = 1
* m o= 8 -> v*Gausstan for wall gt temp = (*n.Tw
*/
for{m=0, m<=1, m++) { /¥ Use for(m=0;, m< =8 m++) for diffuse bndrys */

ilm == 0) particle_mass = 1, else particle_mass = in.mass_h;

beta = 1. / sqrt{2.*RTemp / (float)mass_of typelml),

iffm == 1 || m == 3) beta = 1 / sqrt{2 ‘RTemp*n.Tw), /* for heat transfer */

ifm < 2)or{i=0; 1<=100; i++) {
/* For DF in free space place the value (0 —> 8191) (to save space) into
* the array appropriate for that spectes */

vel = i — 50;
if((~beta) ®betatvel *vel < -60.) temp_array;mij)] = 0
else temp_arrayimilij] = {int)(0.5 + 8191 * exp{(-beta)*beta*vel*vel));

else { /* For the DF for the normal velocity component */
const = beta ¥ sqrt(2.0) * exp(05),
for(i=0; 1<=100; i++) {
vel = | — 350,
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temp_array{m|[ij = (int)(0.5 + 8191 *const*abs(vel)*exp((-beta) *heta *vel #vel));

}

i}f’( temp_array|m][0] > 0)

print{"WARNING, temp _array is too narrow, temp_array[%dj[0]=%d\n" m,temp_array|mij[0]);

for(i=0; I<=100; i++) {j = § if{temp_arraym|fij > 0) break; }
temp_width_div2{m] = (50 - j);

temp_widthm] = 2450 — j);

if{node == O)print{"temp_width(%d] = %d , beta = %f, mass=%B\n",

m, temp_width{m], beta, mass_oi _type{m}),
/* The width and half width of the DFs will be used
*  when drawing velocities from the DF. */

numpart = 0, /* Number of particles counted so far */
totmol = ini_totmol; /* (Initial)Total num of molecules */

/* Update node boundaries with host mesh */

for(i=0; i<=cwsize; i++) mesh.xmark|i] = in.nodewidthi];
for(i=0; i<=chsize; i++) mesh.ymark{i] = innodeheight{i};
chx = (mesh.xmark(locx+1]-mesh.xmark(locx|) /in.ncx;

chy = (mesh.ymark|chsize—Hocy]-mesh.ymark{chsizeHocy—}) /in.ncy;

/* Calculate center of cell locations */
for(i=0, i<in.ncx; i++) out.cellx[ij =
chx * (0.5+i) + mesh.xmark|locx|;
for(i==0, i<in.ncy; i++) out.cellyfi] =
chy * (0.5+i) + mesh.ymark|chsizedocy-1];

for { ny = 0, ny < inncy, ny++ ) {
num_per_row(ny] = in.mec * in.ncx;
/* This is the # of particles
* per row of cells within my node. */

for ( ny = 0; ny < in.ncy; ny++ ) {
. num_sofar = 0; /* # placed so far */
yh = (int){out.cellyny} + 0.5 * chy)/indtm) * in.dtm,
yl = (int){(out.celly{ny] — 0.5 # chy)/in.dtm) * in.dtm;
for ( nx = 0; nx < inncx; nx++ ) {
/¥ From here...... */
/* particles only on latice sites. */
xh = (int){(out.cellxlnx] + 05 # chx)/indtm) * in.dtm;

xl = (int)({out.cellx[nx] — 0.5 * chx)/in.dtm) * indtm,
num_sites_in_x = {int){(xh—xl)/in.dtm);
num sites_m_y = {int)}{(yh-yl)/in.dtm);
if{num_sites_in_x*num _sites_in_y == 0) goto no_particles_here;
if{xl == out.cellx[nx] ~ 05 * chx) x_low _site = xl

else x_low site = xI + I,
iflyl == out.cellylny}] — 0.5 * chy) y_low_ site = yl,

else y low site = yl + I,
num_per_cell = num_per_row[ny| / in.ncx;

/* The lowest (int) number per cell */

extra_per row = num_per_row(ny|—

(float)(in.ncx *num_per cell) + 0.5
/* # needed more than the lowest for
¥ oa full row. ¥/
howmany_per_cell = num_per_cell;
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/* Actual # which will be created in
¥ this current cell. */
const = (float)(nx+1)¥float)extra_per row /(float)in.ncx;
if{const > num sofar) { /* put I more pt in this cell */

howmany _per cell++;
num_sofar+-+;

/* ..to here is a way to even oul the
*  initial pt distribution if each

* row doesn’t get an evenly divis—
*  ible # of particles. */

for(ii=0; ii<4, i++) ct{i]lnx]lny] = rand() * 2. * chx * chy /
( howmany per cell * howmany_per cell # cxs * vi0 );
/* Set cell time randomly for each spec. */
vrm_sqfnxjlny] = 2.%10;
/¥ Set maz relative pt velocity to
¥ twice the mean value. */
recentvrmax_sqnxjlny] = 0, /* Intialize */
vrmaxcount|nx|{ny] = 0;
for (] = 0; | < howmany _per cell; j++ ) {
/* Now, create particles. */
k = numpart; /* To save space... */
numpart++;

/* Place them at sites. */
ran_int_le(num_sites_in_x—1);
ran_int_le(num_sites_in_y—i);

txk] = x_low_site + a#n.dtm;
tylk] = y_low site + b¥n.dtm;

/¥ Assign o mass to them. */
m = 0; if{lrand() < inperch) m = i,
typelk] = m,

/* Assign a velocity component. */

for{i = ran_int_le(temp_width{m|});
ranbits(13) >= temp_array[m|[i-temp width_div2{m|+50],
i = ran_int_le(temp_width(m]) );

ptvxk] = i~temp_width_div2{m],
for(i = ran_int_le{temp_width{m]);
ranbits{13) >= temp_array[m][i-temp_width_div2{m|+50],

i = ran_int_le(temp_widthim]) };

ptvylk}] = i-temp_width_div2[m];

for(i = ran_int_le{temp_width|m]);
ranbits(13) >= temp_array[m|{i~temp_width_div2{m|+50],
I = ran_int_le(temp _width{m|) );

ptvzlk] = i-temp_width_div2(m];

if(VELDIM == 2) ptvz[k] = 0;

cbar += {ptvx{kj*ptvxfk] + ptvy{k]*ptvylk] + ptvzlk]+ptvzki},

}
no_particles_here:
! _
totmol = ini_totmol == numpart,
tot_field_mol numpart;
if(node === 0)print{"N times particle speed squared = %f" cbar);

teime(1] +==(unsigned int)({unsigned int)clock()-tim0});

Oct 1 17:58 1989
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/* This routine resets some of the global variables like npart,
* lcr and npsum.

*/

#include < cube/cosmic.h>
#include "2d.h"

reset_local()
{
int nx, ny, nmol;
int m;
int number;
float invchx, invchy,;

invchx
invchy

0.9999 / chx;

0.9998 / chy;

/* These .9999s were used to prevent the

*  possibility of o DSMC particle landing

*  ezactly on the far edge/boundary of a node
*

if(LATICE = 0) { invehx = 1. / chx; invchy = 1. / chy;}

for ( nx = 0; nx < innex; nx++ ) {
for { ny = 0, ny < inncy, ny++ ) {
npart{nx{[ny] = 0;

} /* Set npartf]f] to zero. */

for { nmol = ©0; nmol < totmol ; nmol++ ) {

nx = (ptx[nmol] — mesh.xmark{locx]) * invchx;

ny = (pty[nmol] — mesh.ymark|chsize — locy — I}) * invchy;
npart{ny|lny] +=

} /* Compute correct number of particles per cell */

for { mx = 0, nx < inacx; nx++ ) {
for { ny = 0; ny < inmncy, ny++ ) {
npsum|nx|[ny] = m;
m += npart[nx|{ny];
npart(nxj{ny] = 0,

} /* Calculate correct indez of Ist particle in each cell */

for ( nmol = 0; nmol < totmol, nmol++ ) {
px = (ptx{nmol] — mesh.xmark{locx]) * invchx;
ny = (pty[nmol] — mesh.ymark{chsize — locy — 1}) * invchy;
npart[nx|[ny] += 1;
/* Re—compute npart */
number = npsumnxjny] + npart/nx][ny] -1
lerinumber] = nmol; /* Find ler|/ indez */
/* Index of first particle in cell [nz/[ny] is
npsum/nz/[ny/.
Indez of last particle in cell [nzf[ay] is
npsumfnz//ny/ + npartfaz/fay] ~ 1 .*/

Mar 81 21:08 1989
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/* This routine sends a signal to all of the neighboring nodes that it is ok to
* send "me" messages contatning the particles.

¥/

/

#include < cube/cosmic.h>
#include "2d.h"

extern unsigned long ttimel];

?end_ok() send_ok
int i
unsigned int timo;
MSGDESC sd_ok;

tim0 = clock();

sdesc (&sd_ok, 0, 0, 0, 0, 0);

sd_ok type = step_type + 1

for(i=0; i < msg_rt; i++){
sd_ok.node = neighborlij;
sendb(&sd_ok);

)

ttime[12] +==(unsigned int)((unsigned int)clock()—im0);
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/* This routine samples the individual particle data to create the macroscopic date which it
*  places tn array oul... to be sent out to the host.

*/

#include < cube/cosmic.h>
#include "2d.h"

extern unsigned long ttimel|;
sample() sample
int nx, ny;
int 1, nmol;
unsigned int timQ;
veltype xvel, yvel, zvel;

tim0 = clock();

for ( nx = 0; nx < innex; nx++ ) {
for ( ny = 0; ny < inncy, ny++ ) {

out.npart[nx|[ny] = npartinx}{ny}|;

for { | = 0, 1 < npart|nx){ny}, I++ ) {
nmol = lcr{npsum|nxj{ny} + 1];
xvel = ptvx{nmol],
yvel = puvyinmolf,
zvel = ptvz[nmol},

out vx{nx|fny] += xvel,
out.vylnx||ny] += yvel;
out.kinen|nx|iny| +==
(xvel *vel+yvel fyvel+zvel #zvel);
out kinenx{nxj{ny] += xvel %vel,
out. kinenynxjlny] += yvel¥yvel;
out kinenz{nx|iny| += zvel*zvel,
if(type[nmol] 1= 0) out.npart_hinxjlny] += 1,

* This first portion of sample() 1s adequate if the particles
* all have the same mass. If not, a separate subroutine
* 13 used $0 as not to confuse the normally simple

* . sampling algorithm. In such a case, the meaning of

*  kinen, kinenz and kineny are shightly different.

*

iflinmass h > 1 && in.perc_h > 0) multi_species_temp();

ttime[3] +=(unsigned int)((unsigned intjclock({)-timo);

multi_species_temp() multi_species_temp

int nx, ny;

int |, m, nmol;

veltype xvel, yvel, zvel,

float meanvx{2], meanvy[2], meanvz{2|, num mass{2], esum|2};
float density, mass avg vel x, mass_avg vel v mass avg vel z;
float co_sq, temp[2], temp_wrtcmvi|2],
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..multi_species_temp

for { nx = 0; nx < innex ax++ ) {
for { ny = 0, ny < .ncy; ny++ ) {

for(m=0;, m<2, m++)
num_mass|m)=esum|mj==meanvxim|=meanvy/m|=meanvz{m|=0;
/* Energy sum and mean velocities, tnittally */
density==mass_avg_vel_x=mass_avg vel_y=mass_avg_vel _2=0;
for (1 = 0; I < npartfnx){ny);, l++ ) {
/* Calculate cell density, number density, mean kinetic energy

* and mean velocity of each species
*

nmol = ler{npsum{nx[ny] + 1;

density += mass_of_type[typelnmol]|;, /* density */
m = type[nmoll,

num_mass{mj++; /* number density */

xvel = ptvx{nmoll;

yvel = ptvy[nmol|,

zvel = ptvz{nmolf;

esum{m| +=

(xvel %vel+yvel *yvel+zvel *zvel) *mass_of _type[type/nmoll];
/* mean KE *)
+= xvel, /* mean velocity */
meanvy{m| += yvel,
meanvzim| += zvel,

meanvxim

}
for(m=0;, m<?2, m++) { /* mean velocity for species m */
if(num_mass{m| > 0){
meanvx{m] /

meanvy|m} /

meanvzim| /

(float)num_mass{m};
(float)num_mass|m|;
(Aoat)num_mass[m|;

TN

}

for(m=0;, m<2, m++) { /* for the mass averaged velocily */
if(num_massim| > 0) {
mass_avg_vel X += meanvx|m]*num_mass[m]*mass_of_type[m)];
mass_avg_vel y -+= meanvy/m]*num_mass/m]*mass_of type[m];
mass_avg vel z += meanvz{m|*num_mass|m|*mass_of type[m];

}

)

if(density > 0){
mass_avg vel x /= (float)density;
mass_avg vel y /= (float)density;
mass_avg_vel z /= (float)density;

)

for(m=0; m<2, m++) {
if(num_massim| > 0} {
temp{m| == mass_of_type[m] {esum|m]/
(Roat)num_mass{m| *mass_of_type|m])
— meanvx{m| *meanvx/m|—meanvy|{m|*meanvy(m|
-meanvz{m| *meanvz[m|)/ 3,

/* The temperature of species m ¥/
co_sq == mass_avg_vel x*mass_avg vel x+
mass_avg_vel_y*mass_avg vel_y+
mass_avg vel z*mass_avg vel z;

/* The square of c_o */
temp_wrtcmvim| = mass_of_type/m]¥esum|m)
/(float)(num_mass{m|*mass_of_typelm|) +
co_sq — 2.%mass_avg_vel_x *meanvx[m|+
mass_avg_vel_y *meanvy[m|+
mass_avg_vel_z*meanvz[m|)}/3,;
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...multi_species_temp
/* The species m temp. WRT the mass avg vel */

out kinen|nxj[ny] = (num_mass[0| ®temp_wrtcmv{0]
+ num_mass{l} ®emp_wrtemv(1]},
/* The total gas temperature */

out.kinenx{nx|{ny] = num_mass[0] #temp_wrtemv(0];
/* Now, kinenz contains the temp of species 0 */
out.kineny|nx]{ny] = num_mass[1] ®temp_wrtemv(1];

/* and kineny conteins the temp of species 1 */
/* Thus, the meaning on kinenz and kineny

*  have changed. This saves creating, storing

* and sending a lot of extra data for the

*  multi-species applications chosen. */
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/* This routine sends the output data directly to the host. */

#include <cube/cosmich>

#include "2d.h"
extern unsigned long ttime(];
send_out() send_out
{
unsigned int tim0;
MSGDESC out_sd;
MSGDESC pls_rd;
tim0 = clock();
/* set up message descriptor to send output to host */
sdesc (&out_sd, HOST, 0, 0, &out, sizeof(struct output));
sdesc {&pls_rd, 0, 0, 100, 0, 0);
led(1); /* Turn on LED light */
recvb(&pls_rd); /* Wait until host asks for data */
out_sd.type = node + 20000;
sendb(&out_sd); /* Send the host the data */
led(0}; /* Turn off LED light +/
ttime[4] +=(unsigned int)}{(unsigned int)clock()-tim0);
J
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zero.c

/% Set the matriz used to send data to the Host back to zero and

*  reset the cell locations */
#include < cube/cosmich>
#include "2d.h"
extern unsigned long ttime{];
zero() ZETO0
{

int nx, ny;
unsigned int timo;

tim0 = clock();

for { nx = 0; nx < innex; nx++ ) {
for ( ny = 0, ny < inncy;, ny++ ) {
out.npart{nx}ny] = 0,
out.vx([nx|[ny] = 0;
out.vy[nx|ny] = 0,
out.kinen|nx|ny} = 0;
out.kinenx[nx|{ny]
out.kineny [nx|[ny]
out.kinenz|nx|{ny]
out.npart_hnx|fny] = 0

o
o

Wi
coco

}
} .
for { nx = 0, nx < in.ncx; nx++ )
out.cellx[nx] = ( nx + 05 ) * chx + mesh.xmark|locx];
for ( ny = 0, ny < inncy; ny++ )}
out.cellyny] = (ny + 0.5)*hy + meshymark|chsizedocy—};

ttime[14] +=(unsigned int)((unsigned int)clock()-timo);
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/* This routine moves each particle to its nezt location by an amount

*  appropriate to the time step.

The time till first impact esther on the top or bottom s calculated,

the impact ts calculated (perhaps it is diffusive)

and the particle is moved from the wall. [f there is time remaining, the
time til the nezt impact 1s found and the process repeats uniil the time
step 1s used up. At the end are calculated the side wall collisions.

L T I S SR Y

#include <cube/cosmic.h>
#include "2d.h”

extern unsigned long ttimel];
move_pY() move_pt
{

int 1, nmol, collided_with_wall;

unsigned int timo;

float tt, a, b;

float dtm_diff, x_diff, y_diff, vx_diff, vy_diff, vz_diffi RTx2;
float piston_pos, obst_pos; -
extern float RTemp;

veltype piston_speed;

postype oldx, oldy, two;

timetype dtml;

tim0 = clock();

two = 2
RTx2 = RTemp*2;
collided_with_wall = 0;
/* to move o piston from the left */
piston_pos = in.x_left + time * in.u_enter;
piston_speed = in.u_enter,
if(piston_pos > in.pstop) {
piston_pos = in.pstop;
piston_speed = O;

}
/* for the obstacle */

obst_pos == in.obs_a;

for { nmol = 0; nmol < totmol, nmol++ ) { /* for all particles/node */
dtml = in.dtm; /* the time step */
oldx = ptx{nmoll;
oldy = pty|nmolj; /* Starting particle positions */

if{in.diff <== 0.) goto simple_step, /* If non—diffusive walls */
dtm_diff = in.dtm; :
x_diff = ptx[nmol|;
vx_diff = ptvx(nmol];
y_diff = pty[nmolj,
vy _diffl = ptvy[nmoll;
vz_diff = ptvz[nmoll; /* Initial velocities */
collided_with_wall = 0;
for ( tt = 0 0.<=dtm_diff; dtm_diff —== tt ) {
. /* tt is the time until the particle
*  hasits first/next impact with
* ¢ horizontal wall. */
if (vy_diff == 0) tt = le+8;, [* It never gets there */
else if (vy_diff > 0) { /* pt moving up */
tt = (inym_glob—y diff ) / vy_diff;
}
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..move_pt
else { /* pt moving down, wall hit bot lst */
tt = — (y_difidny bot) / vy_difi; i
/* time till impact on bottom */
)

if ((tt > dtm diff ) break; /* If min time till impact > then

time step then don’t worry

*  about impacts for this pt */

collided_with_wall = I,

y_diff += tt * 09999 * vy_diff;

x_diff += tt * 0.9999 * vx_diff,
/* place particle almost at
* impact point with impact
*  wvelocity */

ifly_diffl < iny _bot) y diff —= 2 {y_diff — in.y_bot),
ifly_diff > inym_glob) y_diff —= 2.%y_diff — in.ym_glob);
/* This is just in case pt
*  ezceeded bdrys, it never should */

it (vy_dif > 0) { /* On the wall at y = inym_glob */
/* For diffusive wall, assign
*  new velocity components based
* on top bdry temperature & vel */
if(VIYPE != 0) { /* integer velocities */
for(i = ran_int_le{temp_width[1]};
ra.nbits(lS) = bemp_array{l}[i—temp_width_dw?[l}+50],
i = ran_int_le(temp_width(1]) J;
vx_diff == i~temp_width dw?{l] — in.uw;
for(i = ran_int_le(temp_width|1]);
ranbits(13) >= temp array{l][1—temp_width_d1v2[l]+50}.
i = ran_mt_le(temp_width{l]) );
vz_difil = i-temp_width_div2{1];
next_1: for(i = ran_int_le(temp wxdth[ajf
ranbits(13) >= temp_array[3|[/i-temp width div2[3|+50].
i = ran_int_le(temp_width[3]) );
vy_diff = i-temp_width_div2[3[;
if(vy_diff >= 0) goto mext_i;

}
else { /* DSMC wvelocities */
vmw = sqrt{in. Tw*RTx2);
a = vmw * sqrt{-log(rand()));
/* Speed of reflected part. */

b = pi2 * rand();
vx_diff = a ¥ sin(b) — in.uw;
vz_diff = -a * cos(b);
vy diff = — vmw * sqrt{-og( rand()));
}
continue;
else { /* If not, pt. must be on wall ot y=in.y bot

*  gssign new velocity components based
* on bottom bdry temperature & vel *
if(VTYPE != 0) { /* IDSMC wvelocities */
for(i = ran_int_le(temp_width[0})
ranbits(13) >= temp_array| Ohl-‘temp width_div2{0]+50],
i = ran_int_le{temp wxdth[O])
vx_diff = i~temp_width_div2[{0] + in uw;
for(i = ran_int_le(temp 3 width|0 o),
ranblts(lS) >= temp_array[0|[i-temp_width_div2{0]+30
i = ran_int_le{temp_width[0]) },
vz_diff = i—temp_width_div2[0];
next_2: for(y = ran_int_le(temp width|2]);
ranbits(13) >= temp__array[?][1—temp_width_div2{2_}f304

Apr 6 17:10 1989 Page 2 of move_pt.c



move_pt.c 187 move_pt.c

...move_pt
i = ran_int_le(temp_width{2]) );
vy diff = i-temp_width _div2{2];
if(vy_diff <= 0) goto next_2;

}
else { /* DSMC velocities... */
vmw = sqrt(l. *RTx2),
a = vmw * sqrt(-og(rand()));
b = pi2 * rand(),
vx_diff = a * sin(b) + in.uw;
vz diff = a * cos(b),
vy _diff = vmw * sqrt(-og( rand() )),
}
continue;

}

/* Particle has now finished its last collision with
* top or bottom walls ss dllowed by the size of
* the time step and may now collide with other
*  things in the flow. */

/* First the position is updated */
simple_step: if{in.dif <= 0 || collided_with_wall == 0) {

/* If walls are specular or particle never touched wall */

pty[nmol] += dtml * ptvy{nmoll;

ptx|nmol] += dtml * ptvxjnmoll;

if(pty[nmol] < iny bot) {
pty[nmol] —= (two*pty[nmol]-2. %in.y_bot);
ptvy/nmol] = —ptvy[nmol|,

else if(pty[nmol] > inym_glob) {
pty[nmol] —= (two*pty[nmol]-2. %in.ym_glob);
ptvy{nmol] = -ptvy[nmol|;

ilse { /* particle has been diffusely reflected from a wall */
f(LATICE != 0){ /* Now give them floating point positions */

x_diff += dtm_diff * (float)ptvx(nmol|,

y_diff += dtm_diff * (float)ptvy/nmol|,

/* Round particles to nearest lattice site */
if(x_diff >= 0.) ptx[nmol] = (int}(x_diff + 0.5);
else ptxinmol] = (int)(x_diff — 0.5),
if{y_diff >= 0.) ptylamol] = (int)y_diffi + 0.5);
else pty|nmol] = (int)y diff — 0.5);
if(ptyjnmol] < in.y bot |[ pty[nmol] > inym_glob)

print{"particle is out of field, y = %d",
pty[nmol]);

else { /* particles are Bird particles */

ptvx[nmol] = vx_diff;
ptvy|nmol] = vy _diff;
ptvz[nmol] = vz_diff;

x_diff += dtm_diff * ptvx[nmol|;
y_diff += dtm_diff * ptvy|nmol];

nmol
nmol

ptx

= x_diff; /* floating point position */
pty =

y_diff; /* floating point position */

if{pty[nmol] < in.y_bot || pty[nmolf > in.ym_glob)
print("particle is out of field, y = %d",
pty[nmol]);
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. rﬁove_pt

/* Now to create specularly reflective sidewalls, if needed */
if(ptx[nmol] < piston_pos) {
ptx[nmol] += twoXpiston_pos — pixinmol}),
ptvx[nmol] = -ptvx{nmol] +two*piston_speed;
/* For specular reflection off piston
¥ particle gains 2 z pistonspeed */

}

if{ptx{nmol] > in.xm_glob) {
ptx{nmol] —= (two*ptx[nmol]-2. %n.xm_glob);
ptvx[nmol] = —ptvx(nmol};

/* To create an obstruction in the flow */
if(oldx > obst_pos && ptx{nmoi] < obst_pos)
if{{obst_pos-oldx){pty[nmol|-oldy) /

(ptx{nmol]-oldx} + oldy < in.obs_height) {
/* If, in fact particle would have
*  passed through obstacle... */

ptx[nmol] += two¥obst pos — ptx[nmol]);

ptvx[nmol] = -ptvx|nmol};

if{oldx < obst_pos && ptx[nmol] > obst_pos)
if{{obst_pos—oldx) ¥ pty[nmolj-oldy)/
(ptx|nmolj-oldx) + oldy < inobs_height) {
/* If, in [act particle would have
*  passed through obstacie... */
ptx[nmol] += two¥obst_pos — ptx[nmol});
ptvx{nmol] = —ptvx{nmoll,

ttime[6] +=(unsigned int)({unsigned int)clock(}-tim0},
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/* This routine waits till 1t receives aen "OK to send particles
* to me" signal from all neighbors */

#include < cube/cosmic.h>
#include "2d.h"

extern unsigned long ttimef];

recv_ok() re C‘U__O/C
{

int count_ok;

unsigned int timO;

MSGDESC rd_ok;

tim0 = clock();
sdesc {&rd ok, 0, 0, 0, 0, O);

rd_ok.type = step_type,
count_ok = 0;
while ( count_ok < msg_rt )
{ /* That 15, recerve messages until one is received from
* every neighbor */
recvb(&rd_ok);
count_ok += 1;

}

ttime(8] +=(unsigned int)((unsigned int)clock(}-tim0);
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/* This key routine scans through the list of totmol particles and sends

*  those which have to be moved away out to enother node. If the particle
* 45 to be sent to a netghboring node it is packaged with other particles.
* [f it is to be sent to a distani node it is sent individually.

*

/
/

#include < cube /cosmic.h>
#include "2d.h"

extern unsigned long ttimef};
send_pt() send_pt
{

int nmol, nx, ny, node_send, send_to, num_stored, i;
extern float jumper;

unsigned int timo,

MSGDESC sd;

tim0 = clock();
sdesc {&sd, 0, 0, 10000, 0, sizeof{struct particle_sent_recv));

for ( nmol = 0; nmol < totmol, nmol++ ) { /* Consider particles 1 at a time */

/* nz and ny are the location where the particle */
nx = locx; /* is to go. Particles will generally remain within */
ny = locy; /* this mode if it covers emough area.*/
if(ptx[nmol] > mesh xmarklloex + 1] || ptx{nmol] < mesh xmark(locx]) {

/* That is, if particle should be to the right or left of this node.. */
if{ptx[nmol| > mesh.xmark[cwsize]) {
/* Particle is to pass through RHS boundary.
* This should not heppen for a closed flow field For a free channel
* with no side walls particles passing the right side of the
*  field are sent to the left..... */
ptx[nmol] ——= (float)in xm_glob;

else if(ptx[nmol] < mesh.xmark[0]) {
/* While particles passing out through the LHS reenter through the RHS */
ptx{nmol] += (float)in.xm_glob;

}

for(i=1, i<NDXMAX, i++) { /* To find out to what node it should be sent... */
if(loex+1+1 <= cwsize) /* ff such a node ezists to the right and */
if{ptx{nmol] > mesh.xmark[loex+1| && ptx{nmol]
< mesh.xmark{locx+1+i])
/* if particle falls within that node... */
{nx = locx + i, break;} /* send particle there. */
if(locx<4 >= 0) /* if such a node ezists to the left and */
if(ptx[nmol] < mesh.xmark[locx] && ptx{nmol]
> mesh.xmark/[locx—|)
/* of particle falls within that node... */
{nx = locx — 1, break;} /* send particle there. */

/* Now do the same type of thing in-the Y direction. */

if{pty[nmol] > mesh.ymark|chsize-ocy] ||
pty[nmol} < mesh.ymark|chsizéedocy—]) {

/* That is, if particle should be above or below this node.. */

for(i=1, i<NDYMAX; i++) { /* To find out to what node it should be sent... */
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...send_pt

if(chsize-locy+i <= chsize) /* if node ts below the top and */
if{pty(nmol] > mesh.ymark[chsize-ocy| &&
pty[nmol] < mesh ymark[chsizedocy+ij)
/¥ if particle falls within that node... */
{ny = locy - i; break:} /* send particle there. */
if(chsize-locy-d1- >= 0) /# if node is above the bottom and */
if{pty{nmol| < mesh.ymark{chsizedocy—] &&
pty[nmol] > mesh.ymark|chsize-locy—-])
/* if particle falls within thet node... */
{ny = locy + i, break;} /* send particle there. */

}

if {(node_send = who(nx,ny)) '= node) {
/* If node where particle belongs is not "“me ... */
for (i==0; i<msg_rt; i++) {/* find neighbor indez */
if(node_send == neighborfi]) {send_to=i; break;}
else if(i == msg_rt—1){/* It was not a neighboring node but a
¥ distant one. Send particle individually.
*. This should be very rare. */

pmesg_sr|8].pt_sr[0].x = ptx[nmol|;
pmesg_sr(8|.pt_sr{0l.y = pty[nmol|;
pmesg_sr|8).pt_sr{0].vk = ptvx[nmol];
pmesg_sr|8).pt_sr[0l.vy = ptvy/nmol};
pmesg_sr|8].pt_sr[0].vz = ptvz[nmoll;
pmesg_st|8].pt_sr|0f.type = typelnmol|;

/* Copy particle into particle message
sending structure #8. */

totmol —= 1I; /* Decrement for departure. */
ptx[nmol] = ptx[totmolf;

pty[nmol] = pty{totmol];

ptvx{nmol] = ptvx{totmol],

ptvy[nmol] = ptvy|totmol|;

ptvzinmol| = ptvz{totmoll;

type|nmol{ = type|totmol|;

/* Copy last particle
* into departing particle’s place. */
nmol —= 1,
pmesg_sr(8].num_sr = -2;
/* This is the flag attached saying that the
*  particle came from afar. ¥/

sd.node = node_send,

sd.buf = (char *&pmesg_sr{8};

sendb(&sd);

jumper += 1.; /* Increment # of jumpers sent */

goto next_particle;

/* Normally, the particle is packeged in an array
*  which is sent to a neighbor. */

num_stored = pmesg_sr[send_to]. num_sr;

/* # pts already stored in structure. */
pmesg_sr{send_to|.pt_sr{num_stored].x = ptx{nmol|;
pmesg_sr|send_to| pt_sr|num_stored|.y = pty[nmoll;
pmesg_sr|send_to].pt_sr{num_stored}.vx = ptvx|nmol];
pmesg_sr{send_to].pt_srjnum_stored|.vy = ptvy|nmoll;
pmesg_sr(send_to|.pt_sr[num _storedj.vz = ptvz{nmolj;
pmesg_sr|send_to|.pt_srinum _storedj type = type[nmol];

/* Copy particle into particle message
sending structure. */
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totmol —= 1; /* Switch in last particle and decrement for departure. */

ptxjnmol] = ptx|totmol];
pty{nmol] = pty|totmol|;
ptvx[nmol] = ptvx|totmoll;
ptvy|nmol] = ptvy|totmoll;
ptvz[nmol] = ptvz{totmol];
type[nmol| = typejtotmolf;

/* Copy last particle
* into departing particle’s place. */

nmol ~= 1;
pmesg_sr[send _to| num _sr += 1,

if (pmesg_srsend_to|.num_sr == PTSENT) {

/* If pt message s full send package. */

pmesg_sr{send_to].num_sr = —;

send_pt.c

...send_pt

/* # Packaged in array is now one greater. */

/* Flag means this isnt last pt mesg from me */

sd.node = node_send;
sd.buf = (char ¥&pmesg sr[send_to];
sendb(&sd);
pmesg_sr(send_toj.num_sr = 0,
/* No pts left in pt messsage. */

next_particle:
1=0;

}
}

/* Finally, send out particle arrays to all neighbors with whatever
* particles are in them. The .num_sr flag is 0 or >0 indicating
*  that this will be the last message sent. */

for (i=0; i<msg_rt; i++) {

sd.node = neighborfi];

sd.buf = (char #&pmesg_srli];
sendb(&sd);

pmesg_srfi|.num sr = 0;

}

ttime{9) += (unsigned int)((unsigned intjclock()—tim0);
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/* This routine receives particle messages from other, generally
*  nearby, nodes until 1t has recetved a concluding message [from each of its

*  nearest neighbors.
*/

#include < cube/cosmic.h>
#include "2d.h"

extern unsigned long ttime{];

recv_pt() T€C1}_pt
{
int count end, I;
unsigned int timo;
MSGDESC rd;
tim0 = clock();
sdesc (&rd,0,0,10000, &pmesg sr{0], sizeof(struct particle_sent_recv));
/* Receive particle messege into pmesg_sr[0] which
*  for the present is unused. */
count_end = 0,
while ( count end < msg 1t ) /* While I have not recefved messages
*  from all my nearest neighbors.... */
{ recvb(&rd); /* Receive first/next message */
if (pmesg_sr[0.num_sr < 0) {/* Either this message 1s not
*  the last from that neighbor
¥ or it 15 from a distant
* node */
if (pmesg_sr[0} num sr == -)
pmesg_sr{0j.num _sr = PTSENT,
/* It was from a neighbor but was not the
*  last and contained the full # of particles
*  permitted, PTSENT */
else {pmesg_sr[0].num st = I,
/* Message from distant node had I pt. */
if(pmesg_sr0].pt_sr{0].x < mesh.xmark[locx] |f
pmesg_sr(0] pt_sr[0].x > mesh xmark[locx+1} {f
pmesg_sr|0}.pt_sr|0].y < mesh ymark[locy] ||
pmesg_sr[0] pt_sr[0].y > mesh.ymark[locy+1]) {
print("recvng jmp pt outside node, it was discarded");
pmesg_sr0].num _sr = 0;
if{locy < 2) print{"recvng jmp pt");
}
else count_end += I; /* This was the last message from a neighbor */
/* Now read particles from message into internal
* particle list and increment totmol */
for {i=0; i<pmesg sr[0j.num sr; i++) {
ptx[totmol] = pmesg_sr(0}.pt_srfi].x;
pty(totmol] = pmesg_sr|0] pt_sr}'l}.y;
ptvx[totmol] = pmesg_sr[0].pt_sr{i].vx;
ptvy|totmol] .= pmesg_sr{0].pt_sr|i].vy;
ptvz[totmol] = pmesg_sr{0| pt_sri].vz;
typeftotmol] = pmesg_sr[0].pt_srli] type;
totmol += 1;
if{totmol == NM) {print{"totmol > NM\n"), goto too_many;}
}
}
too_many:
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..recu_pt

pmesg_sr{0.num _sr = 0,
ttime{11] +=(unsigned int)(unsigned int)clock()~tim0);
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/* This is the key routine which calculates collisions between particles.
*  Particles are chosen at random from within the cell based on their

the collisions based on the $D integer method and assumes
that the velocities have been defined as integers.
It also permits multi—mass particle colltsions. */

* % N *

#include < cube/cubedefh>
#include "2d.h"

extern unsigned long ttime];
int npart_cell, npsum_cell;

coll()
{ o
int 1, ), ny, nx;
int 1, m, b, ¢, checksame, checkobst, check_even, sum_check;
int sum_u, sum_V, sum_Ww,
int ult, .umt, vit, vmt, wit, wmt;
int coll_type, nlite, nheav;
int num, octant, vx, vy, vz, vt;
int vrx, vry, vrg,
int vr_sq;
int par, shift, Enum_over 3;
unsigned int timoO;
float vr;
float act_sites_per_cell, nom_sites_per_cell, nomceilvol;
float nom_vol_per_site, xh, x|, yh, yl;
float a;
float collfac;
float compensat;
extern float numbercl, numberc2, numbercl?2;
extern int sphere_radius_sg;

tim0 = clock{};

if{node == 0) H(VELDIM != 3 || VIYPE I= 1)
print{"USING WRONG VERSION OF COLL");

nomcellvol = (in.xm_glob—in.x_left)¥in.ym_glob-in.y_bot)

probability of collision. This particular version, coll.8d_IDSMC _multispec,

coll.c

does

coll

/((float)NDYMAX (float)NDXMAX ¥ float)in ncy {foat)in ncx);

/* ....Nominal cell volume */
nom _sites_per_cell = (in.xm_glob~in.x_left)¥in.ym_glob—-in.y_bot})

/((float)NDYMAX {float)NDXMAX ¥ float)in.ncy {float)in.ncx) /in.dtm;

for { nx = 0; nx < innex; nx++ ) { /* For all cells in X direction */

for (ny = 0, ny < inncy; ny++ ) { /* For all cells in Y direction */

for(coll_type==0; coll_type<4, coll_type++) {

/¥ for the 4 types of multi—spec colls

* type 0 —> lite/lite

* type | > lite /heavy

* type £ —=> heavy/lite

* type 8§ > heavy/heavy */
if ( ctfcoll_typej[nx][ny] > time ) continue;

if(coll_type > 0 && npart_hinx|{ny] < 2) { /* Must be > 2 heavies */

ct[coll_type|[nx|[ny] +== in.dtm;
continue;

} .
else if ( npart|nx|ny} < 2 ) { /* Must be > 2 lights */

ct[coll_type|[nx][ry] += in.dtm;
continue;
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do {
checksame =
try_new_pair:
do {
checksame
sum_check

switch(col
case O

case [:

case 2:

case 3:

}
}

vrx =
vry =
VIZ =

S Jaen 9 11:58 1990
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/* We first must determine the volume represenied by this cell. */

/

coll.c

...coll

if(LATICE = 0) {/* particles on latice sites decides the cell volume. */

xh = (int)(out.cellxjnx] + 05 # chx)/indtm) * indtm,
(int){(out.cellx[nxj — 0.5 * chx}/indtm) *# in.dtm,
yh = (int){{out.cellylny] + 05 # chy)/indtm) * in dtm,

x| =

yl = (int){(out.celly[ny] — 05 * chy)/in.dtm) * indtm,
/* these are the positions of the left. right, top and
* and bottom rows and columns of lattice sites */

act_sites_per_cell = {int)({xh—x!)/in.dtm)%int){((yh—y1)/in dtm};

/* = the actual number of sites in the cell */

cell_vol = act_sites_per_cell * nomcellvol / nom sites_per cell;
else cell_vol = chx * chy;, /* Possible to have integer particles

*  without spatial lattice */

colifac = 20 * cell vol / cxs; /* operations combined it save time */
npart_cell = npart{nx|[ny];, /* so no need to use an array repeatedly */
npsum_cell = npsum(nx|[ny|; /* so no need to use an array repeatedly */

/* Repeat sample coll’s till ctfnz/fny/ > time */
0; /* So can only try for collision 100 times */
++; /* Choose 2 particles from cell [nz/iny] */

/* Cadlculate rel velocity & collision time */
= 1;
I_type){

{ /* litedite collision */
for { ; ;) {

| = pick_lite();
m = pick_lite(};
it (m != 1) break;

}
break;

{ /* Ute—heavy collision */
I = pick_lite();

m = pick_heavy();

break;

{ /* heavyite collision */
| = pick_heavy();

m = pick_lite();

break;

{/* heavy—hesvy collision */

for (; ;) {
1 = pick_heavy(),
m = pick_heavy();
if (m != 1) break;

break;

ptvx(m] — ptvx{l|;
ptvy{m| — ptvyll};
ptvz|m] — ptva[l];

J* ovrr, y, 2z =

/* two different particles */

components of collision pair relative vel */
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...coll

vr sq = VIX®WIX + vIy®ry -« vrz*vrz, /* relative speed squared*/
vrmaxcount{nx}{ny|++;
if(vr_sq > recentvrmax_sq{nx|{nyj) recentvrmax sq[nx|lny] = vr_sq;
if{vrmaxcount|nx|{ny] > 20) { /* Update every 20 times */

vrm_sqnx|[ny] = (recentvrmax_sqjnxjlny|+vrm_sq{nx|iny|) * 05,

/* = avrg of most recent maz vel and old such value */
recentvrmax_sq|nx|[ny}] = 0, /¥ reset */
vrmaxcount{nxjny] = 0, /* reset */

/* above was to update the maz relative velocity as the temperature drops
while this nezt statement updates as the temperature rises */
if { vrsq > vrm_sqinx|{ny| ) vrm_sqnxilny] = vr_sq; /* Maz value of cell rel vel*/

if(pty{m] < in.obs_height && pty(l] < in.obs_height)
if((ptx{m] < inobs_a && ptx[l] > in.obs_a} ||
(ptx[m] > in.obs_a && ptxll] < in.obs_a)) sum_check = 0;
/* sum_check is set = 0 if particles are in the same cell but
* are on opposite sides of the obstacle, if present */

if{sum_check = 0) {
sum_check = 0;
a = rand();
if(vr_sq /vrm_sq[nx|[ny] > a*a) sum _check = 1,

}
if(checksame >= 100} sum_check = 1;

} while (sum_check === 0);

if(checksame >= 100){
ctleoll_typel|nxj[ny] += in.dtm,
print{"Exceeded 100, vr=%d, vrm=%f\n",vr_sq,vrm_sq(nx|(ny]);
goto checked_over_onehundred;

} /* this should almost never happen */

vr = sqrt{(fAoat)vr sq), /* The relative speed */

nlite = npart{nx|[ny] — npart_h{nx}|ny];

nheav == npart_h{nx|[ny|;

if{coll_type==0) ct[0]{nx|{ny] += collfac ; ((foat)nhite * (Aoat)nlite * vr);

else if{coll_type==1) ct[l]{nx|[ny] += collfac / ((float)nlite * (float)nheav * vr);
else if{coil_type==2} ct[2]|nx|[ny] += collfac / ((float)nlite * (float)nheav * vr);
else if(coll_type==3) ct{3||nx|[ny] += collfac / ({float)nheav * (float)nheav * vr);

/* updated cell time */

if{vr_sq > sphere radius sq || Enum|vr_sq] == 0) {
/* table is too small */
print{"vr_sq=%d,vel=(%d %d %d)%d (%d %d- %d)%d: rejected this collision”,
vr_sq,ptvx[m},ptvy[m] ptvz{m] mass_of type[type{m]],
ptvx{l},ptvy[l],ptvz(l], mass_of type|typell}]);
goto checked_over_onehundred,

}

if{mass_of _typejtype{l]] != mass_of_typeitype[mj}) {
/* particles have a different mass */
numbercl2 += 1; /* the number of inter—species collistons */
“ diff_species_collision(l,m,vr_sq);
goto skip same_species;

else {
if(mass_of_typeltypell]] == 1 || mass_of typeltypem|] == 1) numbercl += I,
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..coll
else numberc2 += 1, /* the number of heavy/heavy collisions */
}
sum_u = ptvx[m| + ptvx[ll; /* twice the mean u velocity */
sum_y = ptvyim + ptvy(ll; /* twice the mean v velocity */
sum_w = ptvz[m| + pwvzll], /* twice the mean w velocity */
pick_num:
par = pa.rlty(sum_u,sum_v,sum_w), /* determine collision parity */
if{par 1= 3){ )
Enum over 3 = Enum{vr_sq] / 3, /* 1/8 of number of points */
shift = par * Enum_over_3;
num = shift + 1 + (int}{Enum_over_3*rand());
/* num is from correct third of the table */
}
else num = ran_int_le(Enumfvr_sq]), /* any portion is valid */
iffnum == 0) goto pick_num; /* 0 s not valid */

octant==ranbits(3);

switch(octant) { /* reflect point across UVW = 0 planes randomly */

case 0. {vx==pE{vr_sq|{num|Ex; vy=pE[vr_sq|[num|Ey; vz=pE[vr sq|[num]Ez; break;}

case 1. {vx= -pE[vr_sqlinum]Ex; vy=pE|vr_sq|[num|Ey; va=pE[vr_sq|[num| Ez, break;}
case 2. {vx= —pElvr_sq||num|Ex; vy= -pE[vr_sq|jnum|.Ey; vz=pE{vr_sqjjnum|Ez;, break;}
case 3. {vx= —pElvr sq||num|Ex; vy= -pE{vr_sq }num Ey, vz= —E|vr_sqjlnum|Ez; break,}
case 4. {vx= —pE[vr_sqj[num}|Ex;, vy=pE[vr_sq|lnum|.Ey; vi= -pE[vr_sq][num|Ez, break;)
case 5. {vx=pE|vr_sq}{num| Ex; vv= —pE‘vr_sq num| Ey; vz=pE|vr_sqj{num| Ez; break;}
case 6. {vx=pE{vr_sq num] Ex; vy= -pE|vr_sq num]vEy; ve= —pE[vr_sq|[num|Ez, break,}
case 7. {vx=pE|vr sq||num|Ex, vy=pE[vr_sq|lnum|Ey; vz= —pE[vr_sq|{num|Ez; break;}

default: break;

= sum_u + vx; /* twice the final u wvelocity of particle | */
umt = sum_u — VX,

vit sum_v + vy;
vt sum_v — vy,
wlt = sum_w + vz
. Wwmt = sum_w - Vg
ptvx(l] = ult>>1; /* >> is faster than /2 or *0.5 */
ptvxjm| = umt>>1;
ptvyll] = vit>>1;
ptvylm| = vmt>>1;
ptvzl] = wit>>1,
ptvzim] = wmt>>1;

skip_same_species:
checked_over_onehundred:
vry = b;

} while (ctfcoll_typej[nx]iny] < time ),
} /* For 4 coll types */
Y /* over all y cells */
} /* over all z cells */
ttime[13] +=(unsigned int)({unsigned int)clock()—tim0);
1
) .
int sphere_radius, sphere_radius_sq;

make LUTY() make_LUT
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int 1, ), k, I, e, num, num_max, e_num_max,
int half_sphere_radius_sq,

int par, shift,

long tot_num_pts;

sphere_radius = LUTRAD;

iflnode == 0)

print("Start to make velocity matrix, assume max rel vel will be %d\n", sphere radius);
sphere_radius_ sq = sphere_radius*phere_radius; /* square of sphere radius */
half_sphere_radius_sq = sphere radius sq / 2., /* half of that */
num_max = tot_num_pts = 0; /* set counters to 0 */

for(i=0; 1<=sphere_radius_sg; i++) Enum[] = 0;

for(i= 0, i< =sphere radius; i++) {
for(j= 0, j<==sphere_radius; j++) {
for(k= 0; k<=sphere_radius; k++) {
e = i + |4 + k*;
/* square of sphere radius */
ifle <= sphere_radius_sq) {
/* only those spheres less tham maz */
Enumle] += 1;
/* number of points */
tot_num_pts += 1;
/* total number of points */
iflEnumfe] > num_max) {
num_max = Enumle],
e_num_max = e,

/* To malloc one circle at a time so no block s > 64kbytes */
/* use zmalloc on s2010 */
for(i=0; i<=sphere radius_sq; i++)

if(/(pEli] = (struet Epoint *malloc(Enum|if fsizeof{struct Epoint))))
{print{"malloc failed for i = %d",i); break;}
else pElij— /* Want to access the Ist element using indez 1 */

/* place points onto newly malloc’ ed circles */
for(i= 0; i<=sphere_radius; i++) {
for(j= 0, j<=sphere radius, j++) {
for(k= 0; k< =sphere_radius; k++) {
e = i\ + 4 + k¥
if(e <= sphere_radius_sq) {
par = panty(i,jk); .
/* shift over in table based on potnt’s parity *.
if{par == 3) par = 0;
shift = par * Enum|e] / 3,
number_in_grouple|[par] += I;
num = shift + number_in_group(e} par|;
pEfe|{num| Ex = i
pEle]lnum] Ey = j;
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...make_LUT
pElejlnum|.Ez = k;
}
}
}

}

num = I,

scramble(); /* scramble the LUT to avoid bias */
if(node == 0)print("Finish making vel matrix, num_max=%d, for e=%d, tot_num_pts=%Iid\n",

num_max, e, tot_num_pts);

}
parity(u,v,w) parity
/* find the parity of the given point */
int uvw;
{

iff((u © w)&l) == 0 && ((u "~ v)&1) == 0) return(3);, /* ail the same parity */

else if( ((u = v)&l) == 0 ) return(0), /* v and v the seme but w different */

else if( ((w ~ v)&l) == 0 ) return(2); /* w and v the seme but u different */

else return(l); /* u and w the same but v different */
H
scramble() scramble
/* scramble the LUT to avoid bias */
{

int 1, §, k, |, e num, num_max, e num max;
int numl, num?2, hold_x, hold_y, hold_z, par,
long tot_num_pts;

extern int sphere radius, sphere_radius_sq,

/* Now to scramble the E matriz to aid tn getting really random numbers */
/* pick 2 random poinis of the same parity and interchange them. Do this
* 8 times, on average, for each point. That should be pretty random. */

iflnode == 0) print{"l will now scramble the LUT");
for(e=0; e< ==sphere radius_sq;, e++) {
if(Enumfe] > 3) for(i=1, i<3*Enumle], i++) {
choose_first_num numl = ran_int_le(Enum{e]);
iflnuml == 0) goto choose_first_num;

hold_x = pElejlnum!] Ex, hold_y = pEle|{numl].Ey; hold_z = pEle][numl] Ez;
/* hold the first number in a temporary space */
par = panty(hold x hold_y hold z);

choose_second_num num2 = ran_int_le(Enumfe}),
ilnum2 == 0 || num2 == numl) goto choose_second num,

if(parity(pEle]inum?2; Ex pEle/[num2].Ey,pEle|[num2) Ez) '= par)
goto choose_second _num;

pE[e/[num1].Ex = pEle|/[num?2|.Ex, pElej/numl}Ey = bE[e]{num2|.Ey; pEle][numt}Ez = pEle/lnum?2] Ez;
/* put 2nd pownt in place of first */

pE[e][num2] Ex = hold_x, pEle/[num2] Ey = hold_y, pElejjnum?2] Ez = hold z
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...scramble
/* put 1st point in place of 2nd */

diff_species_collision(l,m,vr_sq) diff_specres_collision
int [, m, vr_sq
{ /* to perform a multi species collision */

char vx, vy, vz, octant;

int num;

int lite, heavy;

int rel_x_plus_400, rel_y plus_400, rel_z_plus_400;
int i

/* I will assume for now that the gas is a binery mizture and one
component is the light gas of mass = 1 */

if{mass_of _typeltype[l]] < mass_of_typeltype[m]]) {lite = }, heavy = m;}
else {lite = m; heavy = |;}

rel_x_plus_400 = ptvxfheavy] — ptvx[lite] + 400;
rel_y plus_400 = ptvyjheavy] — ptvyllite] + 400;
rel z_plus_400 = ptvzfheavy] — ptvzflite] + 400;
/* 6 400 offset is used to avoid —ve values in [ls */

pick_num2:
num = ran_int_le(Enum|vr_sq|); /* pick any point on sphere, no parity */
iffnum == 0) goto pick_num2,

octant==ranbits(3);, /* to reflect randomly throuwgh UVW = 0 */

if{octant & 1) vx=pE|vr_sq||num|Ex; else vx= -pE[vr_sq|[num].Ex;
/* to reflect randomly through U = 0 */
if{ heavy_lite_mod[rel_x_plus 400 — vx| '= 0) {
/* use a look up to avoid repeating modulus operation */
VX = —vx; /* reflect through U = 0 */
if( heavy_lite_modfrel_x_plus 400 — vx| != 0) goto pick_num2;
/* if still not good, pick ¢ new point */

ifloctant & 2) vy=pE[vr_sqj[num|Ey, else vy== —pE[vr_sqj{num|Ey;
/* to reflect randomly through V = 0 */

if{ heavy_lite_modjrel_y _plus 400 — vy| = 0} {
vy = -y, [* reflect through V = 0 */
if{ heavy_lite_mod{rel_y_plus_400 — vy|] != 0) goto pick_num?2;

if(octant & 4) vz=pE[vr_sq|{num]Ez, else vi= —pE[vr_sqj[num]Ez;
/¥ to reflect randomly through W = 0 +/

if( heavy_lite_mod(rel_z_plus 400 — vzj = 0) {
vz = vz, [* reflect through W = 0 */
if( heavy_lite_mod|rel_z_plus_400 — vz] != 0) goto pick_num2;
}
ptvx([lite] = pt¥x|heavy] —-heavy_lite_dlv[rel_x_plus_400 + vx*mass_of_typeftypejheavy]j};
ptvy|lite] = ptvy|heavy| — heavy lite_div[rel y plus 400 + vy*mass_of_typeltype|heavy]}],

ptvzilite] = ptvzlheavy| — heavy lite_div(rel_z_plus_400 + vz*mass_of type[typelheavyl]};
ptvx|heavy] —= heavy_lite_divjrel_x_plus_400 — vx|;
ptvy|heavy| —= heavy_lite_divirel_y plus 400 — vyj;
ptvz/heavy] —= heavy lte_divirel z_plus_400 — vzJ;

Jan 9 11:58 1990 Page 7 of coll ¢



coll.c : coll.c

202

. diff_species_collision

/* add new relative to mean wvelocities */

}
init_heavy lite() mat_heavy_lite
{ /* To initialize the vectors used later. It is only called once */
int i
iflnode === 0 && (mass_of_type[0] + mass_of typell]) > 10)
: print("WARNING, there may be a problem with heavy lite arrays being too smali"),
for{i= —400; i<=400; i++) heavy_lite_mod[i+400] = 1%(mass_of_type[0] + mass_of_typell]);
/* For the modulus operation */
for(i= —00; i<=400; i++) heavy_lite_div[i+400] = i/(mass_of_type[0] + mass_of type[l}]);
/* For the long division */
}
pick_lite() pick_lite

/* Pick a random light particle */
extern int npart_cell, npsum_cell;

int k;
pick_lite:  k = ler[ran_int_le(npart_cell) + npsum_cell};
if{mass_of typejtypelk]] != 1) goto pick _lite;
else return(k);
}
pick_heavy() pz'ck_heavy

{ /* Pick o random heavy particle */
extern int npart_cell, npsum_cell;

int k;

pick_heavy: k = lcrjran_int_le(npart cell) + npsum_cell];
if(mass_of _type{typelk|] != in.mass_h) goto pick_heavy;
else return(k);

1
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/* This is the key routine which calculates collisions between particles.
*  Particles are chosen at random from within the cell based on their
*  probabslity of collision. This particular version, coil.8d Bird,

*  performs the normal Bird type of 8D collisions and assumes that
¥ the velocities have been defined as floats. */

#include < cube/cubedef h>
#include "2d.h"

extern unsigned long ttime|];
int npart_cell, npsum_ceil;

coli()
{ .

mnt ny, nx,

int |, m, checksame, sum_check;

int coll_type, nlite, nheav;

unsigned int timO;

float vr, vr_sq, a, bimp;

float vrx, vry, vrz, mx, my, mz;

float eps;

float colifac;

extern float pslipf, dtmp;

extern float numbercl, numberc2, numberci2;

tim0 = clock();

iflnode == 0) f{VELDIM = 3 || VTYPE ‘= 0)

print("USING WRONG VERSION OF COLL");

for ( nx = 0; nx < innex; nx++ ) { /* For all cells in X direction */

for ( ny = 0; ny < inncy, ny++ ) { /¥ For all cells in Y direction */
for{coll type=0; coll type<4; coll type++) {
/* Jor the 4 types of multi—spec colls
*  type 0 > lite/lite
*  type 1 —> lite /heavy
¥ iype 2 —> heavy/lite
* type § ~> heavy/heavy */
. if{ ct{coll_type|[nxj[ny] > time ) continue;
if(coll_type > 0 && npart_hinx|ny] < 2) { /* Must be > 2 heavies */
ctlcoll_type|{nx{[ny] += indtm;
continue;

}
else if( npart|nx](ny] < 2 ) { /¥ Must be > 2 lights */
cticoll_typel[nx]jny] += in.dtm,
continue,
}
cell vol = chx * chy; /* Volume of the cell */
collfac = 2.0 * cell vol / cxs; /* operations combined it save time */
npart_cell = npart{nx][ny]; /* so no need to use an array repeatedly */
npsum_cell = npsum[nx|[ny|; /* so no need to use an array repeatedly */

do { /* Repeat sample coll’s till ctfcoll_type/[nz|fny/|>time */
checksame = 0; /#* So can only try for collision 100 times */
do {
checksame++; /* Choose 2 particles from cell [nzifny] */
/* Calculate rel velocity & collision time */
sum_check = 1;

switch(coll_type){
case 0: { /* liteite collision */
for ( ;) {
= pick_lite();

!
m pick _hte(),
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if { m !'= 1) break; /* two different particles +/
!
break;
}
case 1: { /* lite—heavy collision */
! = pick_lite();
m = pick_heavy();
break;
}
case 2. { /* heavy-ite collision */
| = pick_heavy();
m = pick_lite(};
break;
)
case 3: {/* heavy—heavy collision */
for ( ; ;) {
| = pick_heavy();
m = pick_heavy();
if ( m = 1) break,
!
break,
}
}
vex = ptvx[m| — ptvxil];
vry = ptvylm| — ptvy{l];
vz = ptvz[m] — ptvell];
/* wrz, y, z = components of collision pair relative vel */
VI sq = VIX®WIX + viy*ry + vrz*vrz, /* relative speed */
vrmaxcount[nx}{ny|++;
if{vr_sq > recentvrmax_sqnx}|ny|) recentvrmax_sq[nx|{ny] = vr_sq;
if{vrmaxcount|nx|jny] > 20) { /* Update every 20 times */
vrm_sq[nx][ny] = (recentvrmax_sq|nx|(ny|+vrm_sq{nx|[ny]} * 0.5;
* = ayrg of most recent maz vel and old such value */
recentvrmax_sqjnxj[ny] = 0; /* reset */
vrmaxcount|nx|[ny] = 0; /* reset */
/* above was to update the maz relative velocity as the temperature drops
while this nert statement updates as the temperature rises */
if ( vr_sq > vrm_sq[nx|[ny] ) vrm_sq[nx|{ny] vr sq, /* Maz value of cell rel vel*/
if{pty[m] < in.obs_height && ptyli] < in.obs_height)
if((ptx(m] < in.obs_a && ptx{l] > n.obs a) ||
(ptx{m] > in.obs_a && ptx[l] < inobs_a)) sum_check = 0,
/* sum_check is set = 0 if particles are in the same cell but
* are on opposite sides of the obstacle, if present */
if{sum_check = 0} {
sum_check = 0,
a = rand();
if(vr_sq/vrm_sq|nx|[ny] > a*a) sum_check = 1I;
if{checksame >= 100) sum_check = 1I;
} while (sum_check == 0);
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if(checksame >= 100){
ctfcoti_typejnxliny] += in.dtm;
print("Exceeded 100, vr_sq=%f, nx=%d, ny=%d, vrm _sq}{|=%f\n",
vr_sq,nx,ny,vrm_sqfnx|[nyj});
goto checked_over_onehundred;

} /* this should almost never happen */

vr = sqrt{vr_sq); /* The relative speed */

nlite = npart{nx}iny! — npart_h{nx|[ny]; /¥ # of lights */
nheav = npart_hnxj[ny],

if{coll_type==0) ct|0]inx]iny] += collfac / ((float)nlite * (foat)nlite * vr);

else if{coll_type==1) ct{l|[nx|[ny] += collfac / {(float)nlite * (float)nheav * vr);

else if{coll_type==2) ct|2|Inx|[ny] += collfac / ((float)niite * (float)nheav ¥ vr);
else if{coll_type==3) ct{3||nx|[ny] += colifac / ((float)nheav * (float)nheav * vr);

/* updated cell time

if{mass|l] '= massim]) {

numbercl2 += 1; /* Type 1 or 2, heav/lit or lit/heav */

difi_species_collision(l,m,vr};
goto skip_same _species;

else if{mass|l] == 1 || massim] == 1) numbercl += 1, /* type 0 */
else numberc?2 += 1, /* type 3 */

bimp = 1. — 2 *rand(); /* impact parameter, >0, <1 */

eps = pi2 * rand{); /* The azimuth angle, 0 to 2py */

a = sqrt{1. — bimp*bimpj;

vrx = 0.5 * bimp * vr;

vry = 0.5 #* a*cos{eps)*r;

vrz = 0.5 * a*sin{eps)*vr;

/* Reset post collision velocity */

mx = 05 * (ptvx{m| + ptvx{l]);
my = 05 * (ptvylm| + ptvy[l]),
mz = 05 * (ptvz[m] + ptvzl[l]),
ptvx[m] = (mx + vrx);

ptvx{l] = (mx — vrx);

ptvyjm] = (my + vry);

ptvyll] = (my - vry);

ptvzjm| = (mz + vrz);

ptvz[l] = (mz — vrz);

skip_same_species:
checked_over_onehundred:
vry = a;

} while (ct[coll_type|[nx|[ny] < time ),
} /* For 4 coll types */
} /¥ over all y cells */
}o/* over all z cells */
ttime{13] +=(unsigned int){(unsigned int)clock()~im0);

make LUTY)

Jan 10 18:02 1990

make_LUT

Page 3 of coll.c



coll.c

206

/¥ not used for DSMC */
print("ERROR, need to use IDSMC version of coll"),
}

scramble()
{ /* not used for DSMC */
}

mit_heavy lite()
{ /* not used for DSMC */
)

diff _species_collision(i,j,vr_t)
int 1,
float vr_t;

{

float sum_of mass, rel_mass_i, rel mass j;
float mx, my, mz;
float vrx, vry, vrz
float a, bimp, eps;

sum_of_mass == mass|i] + massj;
rel_mass_i = massli] /sum_of_mass;
rel_mass_) = mass(j]/sum_of_mass;
mx = ptvx{i]*el_mass_i + ptvx[)]*rel_mass_J,
my = ptvy|i}*rel_ mass_1 + ptvy|]|*rel mass j,
mz = ptvz|i] *rel_mass_i + ptvz{)}*rel_mass_j,

bimp = 1. — 2.*and(); /* impact parameter, >0, <1 */
eps = pi2 * rand(), /* The azimuth angle, 0 to 2pi */

a = sqr{1. — bimp %imp);
= bimp * vr_t
vry = a*cos(eps)*r_t;

vIz a*sin(eps)*vr_t,

ptvx[i] = mx + “vrx*el_mass_j;
ptvx|j] = mx — vrx*el_mass i,
ptvy[l] = my + vry*rel_mass J,
ptvy[)] = my — vry *el_mass_i,
ptve[] = mz + vrz#rel_mass_j;
ptvzll] = mz — vrz*el_mass_i,

}

coll.c

make_LUT

scramble

init_heavy_lite

diff_species_collision

pick_lite(}) /* Pick a light particle from the list of particles */ pz'c/c__lz'te
extern int npart_cell, npsum_cell;
int k;

for(k = lerfran_int_le(npart_cell) + npsum_cell],

. k '= 1, k = lerfran_nt_le{npart_cell) + npsum_celtl]);

return(k),
}
pick_heavy() /* Pick a heavy particle from the list of particles .*/ pz’c/c_heavy
{
extern int npart_cell, npsum_cell;
int k;

for(k = lerfran_int_le(npart_cell) + npsum_cell],

k i= in.mass_h; k = lcrfran_int_le(npart cell) + npsum_celi]},
return(k);
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/* This routine sends/recetves data, creates the new mesh and then sends
* the new mesh from node zero into the other nodes.

* It then resorts the particles to fit into the new

* mesh ¥/

#include <cube/cosmich>
#include "2d.h"

extern unsigned long ttime[|;
remesh(ns,np)
int ns,np;

{
int i;
unsigned int timoO;
MSGDESC new_mesh;
sdesc (&new_mesh, 0, 0, 12345, &mesh, sizeof(struct meshfit));

send_out_scale(ns,np); /* Send scale vectors up the columns
* and across the rows to node

cube_remesh.c

remesh

* zero. From send_out scale call cube_mkmesh

* if node is node zero */
tim0 = clock();

if{node != 0) recvb{&new_mesh), /* Recieve new mesh from node zero
¢/
chx (mesh.xmark[locx+1]-mesh xmark{locx|) /in ncx;

chy = (mesh ymark|chsize-Jocy|-mesh.ymark|chsize-ocy—i])/in.ncy;

for(i=0, i<in.ncx; i++) out.cellx|] = chx®0 5+1)+mesh.xmark{locx];

for(i=0; i<inncy, i++) outcellylii = chy{05+1) + mesh.ymark{chsize-docy—1];

/* Update cell sizes and positions with new mesh data */

ttime{15] +=(unsigned int)(unsigned int)clock(}—tim0);

/* The following portion which sorts the particles back onto

* the new mesh closely reflects the particle send/receive
*  section of cube_main()
*/

step_type += 1;

recv_ok(); /* Recieve signal that ready to receive particles

from neighbor nodes */
step_type —= I,

send_pt{); /* Send appropriate particles to neighbors */
recv_pt(); /* Receive particles from neighbors */
send_ok(); /* Send signal of ready to receive particles

* to neighbors. This signal will be

* recvd in recv_ok() at next time step

* 1n cube_main().

*/
reset_local(); /* Here. sort newly received particles

* anto the new cells.

*/

Mar 81 22:15 1989
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/* This routine sends the profile data up each column to the node above and
* then passes them across to node 0. If [ am node 0 I'll accumulate

* the date and create o new mesh. Every node adds in its profile

* info to the zscale and yscale vectors before passing them on.

*/

#include <cube/cosmich>
#include "2d h"

long myxscalefNDXMAX*NXCELL + 1], myyscale]NDYMAX*NYCELL + 1};
extern unsigned long ttime|];

send_out_scale(ns,np) send_out_scale
int ns, np;
{

int 1, nx, ny;
unsigned int timo0,
MSGDESC out_scale_sd;
MSGDESC out _scale_rd,
MSGDESC new_mesh;

tim0 = clock(),

sdesec (&out_scale_sd, 0, 0, 1717, &scale, sizeof{struct meshlong));
sdesc (&out scale_rd, 0, 0, 1717, &scale, sizeof(struct meshiong));
sdesc (&new_mesh, 0, 0, 12345, &mesh, sizeof(struct meshfit));
/* Set up message descriptor to send
*  output to node above me */

for(i=0; i<NDXMAX*n.ncx; i++) scalexscale[ij = myxscalefi]
for(i=0, I<NDYMAX*n.ncy; i++) scaleyscale[] = myyscaleli|
/* Set both vectors to zero before the sumations begin */

i
=

for{nx = 0; nx < innex; nx++)
for(ny = 0; ny < inncy, ny++) {
myxscale(nx + inncx*ocx] += npart|nx||ny|;
myyscale{ny + inncy *chsizeocy-)] += npart{nx|[ny]:

/* Sum up number of particles tn each row
* and column of cells within my node */

if (locy == -NDYMAX -1 && locy = 0) {
/* if I am the bottom node in column but not also the top
* | must be the first to send out my wvectors. [ first
* add my scale vectors to the field scale vectors */
for(i=0; i< NDXMAX*n ncx, 1++) scale xscale|i] += myxscaleli;
for(i=0; i< NDYMAX*nncy, 1++) scaleyscale|ij +== myyscalefi];
out_scale_sd.node = who(locx locy-1),
sendb(&out_scale sd), /* send field vectors up the column of nodes*/

‘else { /* a general node (one not in the bottom row) must cwast the field
vectors from the next lowest node in the column */
if(NDYMAX == 1) goto there_is only_one row;
recvb(&out _scale rd);, /* add my scale vectors to the field scale vectors */
for{i=0; i< NDXMAX*n ncx, 1++) scale xscale|l] += myxscalel};
for(i=0; 1< NDYMAX*n ncy, 1++) scale yscale)j += myyscale|)];
iflocy t= 0) { /* I am not a top row node. */
out_scale_sd.node = who(locx locy—); .
sendb(&out_scale sd), /* send field vectors up column *#/
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else { /* [ am a top row node. */

there_is_only_one_row:
if(node == who(NDXMAX-1, 0)) { /* [ am top right node. */
out_scale_sd.node = who(locx~1,0);
out_scale_sd.type = 1718;

sendb{&out_scale_sd); /* send vectors to left */

else { /* T am a top row node but not the ome on lhe right. */

for(i=0; iI<NDXMAX*#nncx; i++) myxscale[ij = scale xscale]l],
for(i=0;, I<NDYMAX #n.ncy; i++) myyscalelij = scale yscaleli];

/* Store field vectors in local vectors. */
out_scale_rd.type = 1718;
recvb(&out_scale_rd); /* Recvb from node to my right */
for(i=0, i< NDXMAX*n ncx; i++) scale.xscale[ij += myxscale|i];
for(i=0, 1<NDYMAX #in.ncy; i++) scaleyscale|ij += myyscalei;

/* add my scale vectors to the field scale wvectors */
if(node != 0) {

out_scale_sd.node = who(locx—1,0);

out_scale_sd.type = 1718;

sendb(&out_scale_sd); /* send wvectors to left*/

)
else { /* 1 AM NODE 0 and
* now the field scale vectors are complete and should
* represent the number of particles in each row and column

* of cells in the whole flow field */

iflns == innstep—1) { /* i cube is to send out date for
¥ accumulation on the nezt time step, node 0
* now sends out field scale vectors and the
* most recent mesh (node boundaries) to the
* host */
out_scale_sd node = HOST;
sendb(&out_scale_sd);
new_mesh.node = HOST;
sendb(&new _mesh),
recvb(&new_mesh), /* The host will generate this mesh
* (or recall an old one) and send

¥ it back down to node 0. */

else cube_mkmesh(ns,np);
/* In this case, node zero generates

*  the new mesh */

for(i=1, i<NNODES; i++) {
new_mesh.node = i;

sendb(&new_mesh),
/* Wherever this new mesh came from it is

* sent on to all nodes. */

,

}
ttime[16] +={(unsigned int)(unsigned int)clock()—tim0);
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/* This routine creates a new mesh based on the particle distribution
* it receives in the form of two field vectors, zscale and yscale.

* It is called from send_out_scale.c from node 0 and

* {s nearly the same as host_mkmesh.c
*/

#include <cube/cosmtch>

#include "2d.h"

float local_xmark[NDXMAX+1], local_ymark[NDYMAX+1];
/* Local node bdrys, used only in mkmesh */
float dif_local xmark[NDXMAX+1],
/* Local node widths */
float temp xmark|NDXMAX+1];
/* Temporary node boundaries */

cube_mkmesh(ns,np) cub e_m/cmesh
int ns, np;
{

int i, }, k, i_begin, k_begin, dum;

long numpercolmn, numperrow, sum, act_field_mol,
float cellwidth, cetlheight, stuf;

float pistonpos;

pistonpos = In.x_left + time ¥ in.u_enter;
if(pistonpos > in.pstop) pistonpos = in.pstop,
/* To establish where the piston is: */

act_field_mol = 0, /* The actual # of molecules in flow field */
for{i=0; i< NDXMAX#in.ncx; i++) act_field_mol += scale xscale|i],
numpercolmn = (longjact field mol) / NDXMAX + 05;
numperrow = (long)(act_field_mol) / NDYMAX + 0.5;

/* These are the balanced number of particles in

* each colmn/row of nodes. */

/* The scale.(z.y)scalef] vectors contain the total number of partics.

* in each (column,row) of cells throughout the whole flow field.

* e, scale.zscale[0f is the number of particles in the far left

*  column of cells and should start off being about (NDYMAX*in.ncy+*
* in.mc) or so. Scale.yscale/0] is the # of part. in bottom—most

* row of cells and should start off as (NDXMAX*n.ncz*in.mc.

*/

for(i=0; i1<=cwsize; i++) { /* zscale 1s searched for its first
* non—ero member */
for(k=0, k<in.nex; k++) {
if(scale xscalelk + t*nncx{ > 0} {

I|_begin == 1 k _begin = ¥k
/* These contain the location
* of the first nonzero column
*/

goto found x_begin,

]

}

found_x_begin:

local_xmark{0] = pistonpos,
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_.cube_mkmesh

/* The LHS boundary vs always placed at the present
*  piston location */
sum = 0, /* As [ scan from left to right along scale.zscale sum will
*  contain the total number of particles seen since the
*  first/last node boundary (local zmark/]) was placed

*

] = 1 /* j s just the index of the current node whose right boundary
* [ am looking for
*/

for(i=1_begin, i<cwsize; i++) { /* now begin counting particles and

setttng down a node boundary when sum
> = numpercolumn */
cellwidth = (mesh xmark[i+1] — mesh xmark|i])/in.ncx;
/* the width of the current mesh cell */
for(k=k _begin; k<in.ncx; k++) {
k_begin = 0,
if(scale xscalelk + 1#in.nex| == 0) {
/* This is just for safety since except for
* possibly some of the leftmost columns of
* cells, none of the rest should be empty */
local_xmark]j] = mesh.xmarkfi]+
k *cellwidth;
/* This will probably cause an error later
* but ['ll try it anyway */
goto done_with x;

if(numpercolmn >= sum + scalexscalek + t#nncx]) {

/* That 1s, tf [ haove not yet counted up
*  enough particles to lay down the right
*  edge of this node...

*

sum += scale xscalelk + i*nnex|;

/* Sum gets incremented by the number of
*  particles in this column of cells.
£

if(l===cwsized && k==in.ncx~) {

/* If something 1s not quite right and [ ve
*  reached the far side of the fleld without
*  having counted up enough particles, place
* the node boundary now anyway.

*
/
stuf = scale xscale(k + i*n.ncx] /
(Aoat)numpercolmn / in.nex),
if{stuf < 1) stuf = 1,
/* So [ don’t place the boundary
*  short of the end wall
.
local_xmarkl)} = mesh.xmarkli]+
(in.nex~4 +stuf) *cellwidth,
}

else {- /* That 1s, [ have counted enough particles
* to lay down g new boundary...
r'e
stuf = {float){numpercolmn-sum)/(fioat)
(numpercolmn / in.nex);
/* stuf 1s the linear interpol.
to the locat. of the node end */
local_xmarki)] = mesh xmark(]+
((Roat)k+stuf) *celiwidth,
'* Lay down the new node boundary.
¥/
iffk == k begn)
if(i 1= 0) local_xmark[j] =
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...cube_mkmesh

mesh.xmarkli} + stuf
#mesh.xmark{i|-mesh xmark|i-1]) /in.ncx;
else local_xmark|j]] =
mesh.xmark[i] + stuf
#mesh xmark[i+1]|-mesh.xmark[i]) /in.nex;
/* If this happened to be inside the first
¥ column of cells, lay down the boundary at
* the right edge of this first column.
*
sum = scalexscale[k+i#n.nex| —
(numpercolmn-sumy);
/* sum s reduced by the # of
parts. taken by the last node */
] += 1
/* now go on to the next (j] node
¥

/

}

done_with _x:

local_xmark[cwsize] = in.xm_glob;
/* Set the most rightward node boundary
*  equal to the right edge of the flow
*  fleld */

for(i=0; 1<cwsize; i++) dif_local_xmark[i] == local_xmark[i+1] — local_xmark[ij;
/* Now smooth this mesh in X by averaging the width
% of each node with that of its neighbors. */

for(j==0; j<in hremesh; j++) { /* Smooth hremesh times */
for(i=1; i<cwsize-, i++) temp xmark{]] =
0.33334dif_local_xmark{i—i]-+dif_local_xmark{i]+ dif local_xmark|i+1]);
/* For nodes not on LHS or RHS */

dif_local_xmark[0] = (dif_local xmark[0] + dif_local_xmark(1l]) * 0.5;
/* For node on LHS */
dif_local_xmark{cwsize<d] = (dif_local_xmark{cwsize-1] +

dif local_xmark[cwsize-2]) * 0.5,
/* For node on RHS */
for(i=1, 1<cwsize~l; i++) dif_local xmark[i] = temp_xmarkii];

for(i=1; i<cwsize; i++) local_xmark[i] =
tocal_xmark{i-] + dif_local_xmark{i1];

/* Now I have finished laying down node boundaries in the X direction and will
¥ go on to do ezactly the same thing in the Y direction except that the

*# Y direction i3 not smoothed. Thus, the Y direction

*  proceedure which follows has few if any comments.

*/

i_begin = k_begin = 0;

sum = 0;
=1
for(i=i_begin; i<chsize; 1++) {
celtheight = (mesh.ymarkli+1]|-mesh.ymark[i]) /in.ncy;
for(k=k_begin, k<inncy, k++) {
k_begin = 0;
if{scale yscalelk + i#n.ncy] == 0) {
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...cube_mkmesh
local_ymark(j] = mesh ymarkfi]+
k *celtheight;
print("yscale = 0 early, k=%d, k_begin=%d 1=%d, 1_begin= %d",
k,k_begin,i,i_begin),
goto done_with_y;
}
iflnumperrow >= sum + scale.yscalelk + 1*n.ncy|) {
sum += scale.yscalek + i*n.ncyl;
if(i==chsize && k==in.ncy) {
stuf = scale.yscale(k + i#n.ncy] /
(Aloat)(numperrow / in.ncy);
ifstuf < 1) stuf = 1;
local_ymark[j}] = mesh.ymarkli|+
(in.ncy—1.+stuf) *cellheight;

}
}
else {
stuf = (float)(numperrow-sum) /(float)
(numperrow / in.ncy);
local_ymarkl|j] = mesh.ymark{i]+
((Roat)k+stuf)*celtheight;
iflk == k_begin)
if(i '= 0) local_ymark{j] =
mesh ymark[)] + stuf
#mesh ymark|i]-mesh ymark[i-1]) /in.ncy;
else local_ymark(j] =
. mesh.ymarkli] + stuf
4mesh ymark|i+ 1]-mesh ymark{i]) /in.ncy;
) += L
sum = scale.yscale[k+i*n.ncy| —
(numperrow — sum);
}
}
}
done_with_y:
local_ymark|chsize] = in.ym_glob;
. /* Now, in case a lattice ts used, we
* don’t want particles’ sites to
*

land ezactly on a node boundsry so
*  we will shift the boundary slightly */
(LATICE == 1) {
for(i=0; 1< =cwsize; i++)
if(local_xmarkfi] == (int)local_xmark{i])
local_xmark(i] += 0.01;
for(i=0; 1< =chsize; i++)
if(local_ymark[i] == {int}local_ymark|i])
local_ymark[i] += 0.01;

/* Here update the actual mesh boundaries from the temporary
* wyariables used in this subroutine and reset the scale.

* (z,y)scale variables to zero.

¥

for{i=0; 1<=cwsize; 1++) {

mesh xmark[i] = local_xmark]i],
if(il < cwsize) for(k=0; k<inncx; k++)
scale xscale[k+i*n.ncx] = 0

for{(i=0, 1<=chsize; i++) {
mesh ymark(ij = local_ymark]i],
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..cube_mkmesh

if(i < chsize) for(k=0; k<inncy, k++)

scale yscale[k+1*n.ney] = 0,
} /* Reset the mesh and scale arrays */
iflns % (int)(incremesh*s) == 0) { /* print out the mesh for reference. */
print{"ns = %d, np = %d",ns,np);
dum == chsize, if{cwsize > dum) dum = cwsize;
for(i=0; i< ==dum; i++) {
ifi <= cwsize && | <= chsize)
print("CUBE1 = %d, xmark = %f, ymark = %f",
i, mesh xmark|i], mesh ymark]i]);
else if(i > cwsize)print("CUBE: = %d, xmark = ..., ymark = %{"
i,mesh.ymark[i]);
else print{"CUBE:i = %d, xmark = %f, ymark = .. ",

i, mesh.xmarkli]);
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#ifndef lint

static char sccsid]] = "@#)random.c 4.2 (Berkeley) 83/01/02";
#endif
#include < cube /cosmic.h>
#include "2d h"
/*
* random.c:

An improved random number generation package. [In addition to the standard
rand()/srand() like interface, this packege also has a special state info
interface.  The initstate() routine ¢s called with a seed, an array of

bytes, and a count of how many bytes are being passed in; this array is then
inttialized to contain information for random number generation with that
much state information. Good sizes for the amount of state information are
92, 64, 128, and 256 bytes. The state can be switched by calling the
setstate() routine with the same array as was sniticllized with initstate().
By default, the package rums with 128 bytes of state information and
generates far better random numbers than a lineer congruential generator.
If the amount of state information ts less than 82 bytes, a stmple linear
congruential R.N.G. is used.

Internally, the state tnformation is treated as an array of longs; the
zeroeth element of the array is the type of R.N.G. being used (small
tnteger); the remainder of the array is the state information for the
R.N.G. Thus, 82 bytes of state information will give 7 longs worth of
state information, which will ellow a degree seven polynomial. (Note: the
zeroeth word of state information also has some other information stored
in it — see setstate() for details).

The random number generation technique is a linear feedback shift register
approach, employing trinomials (since there are fewer terms to sum up that
way). In this approach, the least significant bit of all the numbers in

the state table will act as a linear feedback shift register, and will have
period 2°deg — I (where deg is the degree of the polynomial being used,
assuming that the polynomial is irreducible and primitive) The higher
order bits will have longer periods, since their values are also influenced
by pseudo—random carries out of the lower bits. The total period of the
generator is approzimately deg*(2**deg — 1); thus doubling the amount of
state information has a vast influence on the period of the generator.
Note: the deg*(2**deg — 1) ts an approzimation only good for large deg,
when the pertod of the shift register is the dominant factor. With deg
equal to sevem, the period is actually much longer than the 7#2+*7 — 1)
predicted by this formula.

\%%“%%‘tﬂ-%%‘Fﬁ-%i‘ﬁﬁ\*ﬂ*%ﬁﬁ***%%ﬁ““*%%

/*

* For each of the currently supported random number generators, we have a

* break value on the amount of state information (you need at least this

* many bytes of state info to support this random number generator) a degree
* for the polynomial (actually a trinomial) that the RN.G. is based on, and

¥ the separation between the two lower order coefficients of the trinomial.

*
#define TYPE O 0 /* linear congruential */
#define BREAK 0 8
#define | DEG 0 0
#define SEP 0 0
#define TYPE_1 1 /* T¥*T 4 ¥ 4+ 1 */
#define BREAK 1 32
#define DEG 1 7
#define SEP_1 3
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#define TYPE 2 2 ¥ TS + oz o+ 1 ¥/
#define BREAK 2 64
#define DEG 2 15
#define SEP 2 1
#define TYPE 3 3 [* r*e81 + Y8+ 1 ¥/
#define BREAK 3 128
#define DEG 3 31
#define SEP 3 3
#define TYPE 4 4 [* z**68 + z + 1 */
#define BREAK 4 256
#define DEG _4 63
#define SEP 4 1

*

* Array verstons of the above information to make code run faster — relies

* on fact that TYPE i == i

%

/
#define MAX_TYPES 5 /* maz number of types above */
static long degrees] MAX TYPES | = { DEG_0, DEG_i, DEG_2,

DEG 3, DEG 4 },

static long seps| MAX_TYPES | { SEP_0, SEP_1, SEP 2,

SEP 3, SEP 4 },

Instially, everything 1s set up as if from :
initstate( 1, randtbl, 128 );

Note that this initiclization takes advantage of the fact that srandom()
advances the front and rear pointers 10*rand_deg times, and hence the
rear potnter which starts at 0 will also end up at zero; thus the zeroeth
element of the state information, which contains info about the current
position of the rear pointer s just

MAX _TYPES*(rptr — state) + TYPE § == TYPE 3.

LR R

*
~

static long randtbl] DEG 3 + 1 | = { TYPE_ 3,
0x9a319039, 0x32d9c024, 0x9b663182, 0x5dalf342,
Oxde3b81e0, Oxdf0abfb5, 0xf103bc02, 0x48{340fb,
0x7449e56b, Oxbebldbb0, Oxab5c¢5918, 0x946554fd,
0x8c2e680f, 0xeb3d799f, OxblleeOb7, 0x2d436b&6,
0xda672e2a, Ox1588ca88, 0xe369735d, 0x904{35{7,
0xd7158{d6, 0x6fabf051, Ox616e6b96, OxacS4efdc,
0x36413f93, O0xc622¢298, Ox{5a42ab8, 0x8a88d77b,
0xf5ad9d0e, 0x8999220b, 0x27fb47b9 },;

fotr and rptr are two pointers into the state info, o front end a rear

posnter. These two pointers are always rand _sep places aparts, as they cycle

cyclically through the state snformation. (Yes, this does mean we could get

awey with just one pointer, but the code for random() is more efficient this

way). The pointers are left positioned as they would be from the call
initstate( 1, randthl, 128 )

(The position of the rear pointer, rptr, is really 0 (es ezplained above

tn the initiclization of randtbl) because the state table posnter is set

to point to randtblf1] (as ezplained below).

L T T N I T R TR TR Y
~

Mar 81 22:15 1989 Page 2 of random «



random.c 218 random.c

static long ) *ptr = &randtbll SEP 3
static long *ptr = &randtbl] 1 J;
/*

* The following things are the pointer to the state information table,

the type of the current genmerator, the degree of the current polynomial
betng used, and the separation between the two pointers.

Note that for efficiency of random(), we remember the first location of
the state information, not the zeroeth. Hence it is wvalid to access
state/—1], which is used to store the type of the R.N.G.

Also, we remember the last location, since this is more efficient than
indezing every time to find the address of the last element to see if
the front and rear pointers have wrapped.

*

L R

¥/

static long *state = &randtbl| -1 |,

static long rand_type = TYPE 3;

static long rand_deg = DEG_3;

static long rand_sep = SEP_3;

static long *end_ptr = &randtbl| DEG 3 + 1 |;

/*

* srandom.

* [nitialize the random number generator based on the given seed. [f the
¥ type is the trivial no-state—nformation type, just remember the seed.

* Otherwise, initializes statef] based on the given "seed" via a linear

* congruential generator. Then, the pointers are set to known locations
* that are ezactly rand_sep places apart. Lastly, it cycles the state

* information a given number of times to get rid of any instial dependencies
* introduced by the L.C.R.N.G.

* Note that the initialization of randtblf] for default usage relies on

*

values produced by this routine.

*
~

srandom{ x ) srandom
unsigned RN X;
long [

if{  rand_type =
state[ 0 | = x;
}

else {
=1
state] 0 | = x;
for( 1 = 1; i < rand_deg; 1++ )

state[ij = 1103515245 *tate[i — 1] + 12345,
}

fptr = &state[ rand_sep |,

rptr = &state| 0 |;
for( i = 0; i < 10%*and deg; 1++ ) rand();
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/'*

* initstate:

* [nitialize the state information tn the given array of n bytes for

* future random number generation. Based on the number of bytes we
* are given, and the break values for the different R.N.G."s, we choose
* the best (largest) ome we can and set things up for it.  srandom() is
* then called to initialize the state information.

* Note that on return from srandom(), we set statej—If to be the type
* multiplezed with the current value of the rear posnter; this is so

* successive calls to inststate() won’t lose this information and will

* be able to restart with setstate().

* Note: the first thing we do s save the current state, if any, just like
* setstate() so that it doesn’t matter when initstate is called.

* Returns o potnter to the old state.

*/
char #

initstate( seed, arg state, n )

unsigned seed;
char *arg state;
int n,
{
char *fostate = (char *){ &state] -4 | );
i rand_type == TYPE O ) state] 4 | = rand_type;
else state] -1 | = MAX_TYPES#rptr — state) + rand_type;

il n < BREAK 1 ) {
il ' n < BREAK 0 ) return;

rand_type = TYPE_0;

rand_deg = DEG _0;

rand_sep = SEP_0,
else {

il _ n. < BREAK 2 )} {
rand_type = TYPE 1,
rand_deg = DEG _1;
rand sep = SEP_1;

else {

ifl n < BREAK3 ) {
rand_type = TYPE 2;
rand_deg = DEG_2;
rand_sep = SEP_2;

else {
ifl n < BREAK 4 ) {
rand_type = TYPE 3,
rand_deg = DEG_3;
rand_sep = SEP_3;

}

else
rand_type = TYPE 4,
rand_deg = DEG 4
rand_sep = SEP_4;

state = &( ( (long *arg_state ){l] ),
end_ptr = &state[ rand_deg |,

srandom( seed ),

ifl rand type == TYPE O ) state] - | = rand_type;
else state] 4 ] = MAX_TYPES#rptr — state) + rand_type;

Mar 81 22:15 1989
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/* seed for R. N. G. */
/* pointer to state array */
/* # bytes of state info */

/* first location */
/* must set end_ptr before srandom */
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...anitstate
return{ ostate ),
}
/*
* setstate:
* Restore the state from the given state array.
* Note: it ts importent that we also remember the locations of the pointers
* in the current state information, and restore the locations of the pointers
* from the old state information. This s done by multiplezing the pointer
¥ Jocation into the zeroeth word of the state information.
¥ Note that due to the order in which things are done, it is OK to call
* setstate() with the same state as the current state.
* Returns a pointer to the old state information.
¢/
char *
setstate( arg_state ) setstate
char *arg_state;

long *new state = {long *)arg_state;

long type = new_state{0]%MAX_TYPES;

long rear = new_state[0] /MAX_TYPES;

char *ostate = (char #) &state] - | );
iff rand_type == TYPE O ) state] 4 | = rand_type,

else state| - |
switch( type ) {

MAX _TYPESHrptr — state) + rand_type;

case TYPE 0
case TYPE_1:
case TYPE 2
case TYPE 3:
case TYPE 4:

rand_type = type;
rand_deg = degrees| type |
rand sep = seps| type |
break;

default:
print ( "error” );

}

state = &new_state[ 1 |;
ifl rand_type != TYPEO ) {
rptr = &state| rear |;

fptr = &state| (rear -+ rand_sep)%rand_deg |;

}
end ptr = &state| rand_deg |, /* set end_ptr too */
return( ostate );

/*

* random.

* If we are using the trivial TYPE 0 R.N.G., just do the old linear

* congruential bit.  Otherwise, we do our fancy trinomial stuff, which is the
* same in all ther other cases due to all the global variables that have been
* set up. The basic operation is to add the number at the rear pointer into
* the one af the front pointer. Then both pointers are advanced to the nezxt
* location cyclically in the table. The value returned is the sum generated,

* reduced to 81 bits by throwing away the "least random” low bit.

* Note: the code takes advantage of the fact that both the front and
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rear pointers can’t wrap on the same call by notl testing the rear
pointer if the front one has wrapped.
Returns o 8105t random number.

*/
float
rand()
{
long IR
float IR

ifl  rand_type = TYPE 0

i = state[0] = ( state[0]*1103515245 + 12345 )&OxTffAL,

else {
#ptr = Hptr + *rptr;
1= (Mptr >> 1)&Ox7fff;
iffl. ++fptr >= end ptr ) {

fptr = state;

++Tptr;
}
else

if(  ++rptr >= end ptr ) rptr = state,
H

}
| = (float)i / Ox7fififff;

random.c

rand

/* chucking least random bit’ */

/* TO GET A FLOATING POINT NUMBER 0<j<1 */

return( | ),

Oct 1 17:46 1989
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/8*8tl#t*#*tt*##t**t#*48ttttt*:t**tt*tt*tt#*x*$¥:¥ttr#t#&*t&*#ltt**?*t##t*t*

* The function ranbits(b) return a rendom long integer in which the lower b
* bits 1s significant. The function set _ranbits set the seed of the random

* number generator.
FEREEF R FRFE IR RIS F R R R LRI R R F R R F S F AR AL E LSRR PR TR AT R RPN F X TR R EF ¥

static long seed;

long ranbits(b)
int b,
{

register long tt, vy,
register int bb;
forfvv = 0, bb = b, tt = seed; bb— )
fitt < 0) {tt "= 9t <<= 1w <<= 1 w |= 1}
else {tt <<= 1; vv <<= 1}

seed = tt; returnfvv);
}

set_ranbits(newseed) long newseed, { seed = newseed; }
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/* This program returns o random integer between 0 and
the number specified. The number ts generated by the
method of ranbits.c written by Wen—king Su. [t s
essentiol that seed be a big rendom number (ltke 2845)
or it will take a long time before the sequences

become good and random. [t is faster than random.c */

static long seed;

long ran_int_le(num)

int num;
{
register long tt, vv;
unsigned long temp;
try_again:
for(temp = {(num<<1), vv = 0, tt = seed; temp >>= 1, )
it < 0) {tt "= 9 tt <<= 1, vv <<= 1, v |= I, }
else { tt <<= 1, vv <<= I }
seed = tt;
iflvv. > num) goto try_again;
return(vv);
}
set_ran_int{newseed) long newseed; { seed = newseed; } set_r(m_z'nt
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# Teach make about .086 files.

CFLAGS= -0 —Hswitch
CC = cch

HFILS = host_main.c host_set.c host_getdat.c host_dat.c host_mkchain.c acum.c\
host_mkmesh.c grey.c pr_safety.c

HOBJ = host_main.o host_set.o host_getdat.o host_dat.o host_mkchain.o acum.o\
host_mkmesh.o grey.o pr_safety.o

GHOBJ = host_main.o host_set.o host_getdat.o host_dat.o host_mkchain.o acum.o\
host_mkmesh.o grey.o pr_safety.o cosmicl.o cosmic2.0 cosmic8.0

CFILS = 2dcube.c cube_main.c setup.c grey.c cube_getdat.c neighbors.c initia.c\
reset_local.c\
send_ok.c sample.c send_out.c zero.c\
move_pt.c recv_ok.c send_pt.c\
recy_pt.c\
coll.c send_out_scale.c cube_mkmesh.c cube_remesh.c\
random.c ran_gnt_le.c ranbits.c

COBJ = cube_main. 086 setup. O86 grey.086 cube_getdat. 086 neighbors. 086\
snitia. 086 reset_local. O86\
send_ok. O86 sample. 086 send_out.O86 zero.O86\
move_pt. 086 recv_ok.086 send_pt. O86\
recu_pt. O86\
coll.O86 cube_remesh. 086 send_out_scale. O86\
cube_mkmesh. 086 random.086 ran_int_le. 086 2dcube 086

GIOBJ = cube_main8(00) setup$(00) g¢rey$(00) cube_getdats(O0) \
neighbors$(OO\
initie3(00) reset_local§(OON\
send_ok8(00) sample8(00) send_outd(00) zero(OO\
move_pt§(00) recy ok8(00) send pt§/OO\
recy_pt§(OO\ T
coll§(00) cube_remesh$(00) send_out_scaleS(OO\
cube_mkmesh$(00) random$({00) 2dcube$(OON
ranbits$(00) ran_snt_1e§(00) cosmic1$§(OO\
cosmic28(00) cosmicS8(00)

IOBJ = cube_main.0886 setup.0286 grey.0286 cube getdat.0286 neighbors.0286\
tnitie. 0286 reset_local. 0286\
send_ok.0286 sample.0286 send_out 0286 zero.o286\
move_pt.0286 recv_ok.0286 send_pt 0286\
recv_pt. 0286\
coll. 0286 cube_remesh.0286 send_out_scale. 0286\
cube_mkmesh.0286 random.o286 ran_int le 0286 2dcube.0286

I0BJ?2

cube_main. 0886 setup.o886 grey.0886 cube_getdat.0886 neighbors. 0386\
instia. 0986 reset _local. 0986\

send_ok.0886 sample 0386 send_out. 0886 zero.o886\

move_pt.0886 recv_ok.0886 send_pt.0886\

recv_pt. 0886\

coll.o886 cube_remesh.0886 send_out_scale 0886\

cube_mkmesh.0886 random. 0886 ran_int le.0986 2dcube.0886

GOBJ cube_main.gh.o setup.gh.o grey.gh.o cube_getdat.gh.o neighbors.gh.o\
tnitfa.gh.o reset_local.gh.o\

send_ok.gh.o semple.gh.o send_out.gh.o zero.gh.o\

move_pt.gh.o recv_ok.gh.o send_pt.gh.o\

i
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recv_pt.gh.o\
coll.gh.o cube_remesh.gh.o send_out_scale. gh.o\

cube_mkmesh.gh.o random.gh.o ran_int_le.gh.o Z2dcube.gh.o
all: cubemain hostmain

contour. contour.o graphic2.o

makefile

cc —o contour ${ CFLAGS} contour.o graphic2o —suntool —sunwindow —ipizrect —m

contour_safe: contour_safe.o graphic2.0 host_getdat.c host_dat.o grey.o
cch —o contour_safe ${CFLAGS} contour_safe.o graphic2.o\
host_getdat.o host_dat.o grey.o —Isuntool —sunwindow —pizrect —m

hprofile_safe: hprofile_safe.o host_getdat.o host_dat.o grey.o
cch —o hprofile _safe ${CFLAGS} “hprofile _safe.o\
host_getdat.o host_dat.o grey.o ~im ~lcosmic

vprofile_safe: vprofile_safe.o host_getdat.o host_dat.o grey.o
cch —o vprofile_safe ${CFLAGS} vprofile_safe.o\
host_getdat.o host_dat.o grey.o —im —cosmic

pv_plot_safe: pu_plot_safe.o host_getdat.o host_dat.o grey.o
cch o pv_plot_safe ${CFLAGS) pv_plot_safe.o\
host_getdat.o host_dat.o grey.o —~im —cosmic

draw_safe_field: draw _safe_fleld.o host_getdat.o host_dat.o grey.o
cch —o draw_safe_field ${CFLAGS} draw_safe_field o\
host_getdat.o host_dat.o grey.o —m —cosmic

readsafe; readsafe.o host_getdat.o host_dat.o pr_acum.o grey.o smooth_acum.o
cch ~o readsafe ${CFLAGS} readsafe.o host_getdat.o host_dat.o\
pr_acum.o grey.o smooth_acum.o —m —{cosmic

dcontour: dcontour.o contour_pp.o
cc — dcontour ${ CFLAGS} dcontour.o contour_op.o —m

dcontour_safe: dcontour_safe.o contour_op.o host_getdat.o host_dat.o grey.o
cch —o dcontour_safe ${CFLAGS} dcontour_safe.o\
contour_op.o host_getdat.o host_dat.o grey.o —im —lcosmic

tcol: tcol.o
cch —o tcol —fswitch tcol.c ran_int_le.c <m —cosmic

cubemain: $(COBJ)
cccos —o cubemain ${COBJ} ~imnode —cosmic -m
fiz86 -s 41000 cubemain

cubemasn.ipsc: $(I0OBJ)
ccipse —o cubemain ${IOBJ} -Hcosmic -im —mnode

cubemain.spsc2: $(IOBJ)
ceipsc? —o cubemain ${JOBJZ} —Hcosmic —m —mnode

cubemain.s2010: $(GIOBJ)
ccs2010 — cosmicS.c ~Dcosmic_timeout=
ccs2010 —o cubemain ${GIOBJ} —cube —m

cubemain.gh: $(GOBJ)
ccgh -m68020 —68881 —o cubemain ${GOBJ} —m —cosmic

$(COBJ) $(IOBJ): 2d.h

hostmain: $(HOBJ)
cch ~fswitch —o hostmain ${HOBJ} —m —cosmic
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ginhostmain: $(GHOBIJ)

cch —fswitch —o ginhostmain ${ GHOBJ} —m —cube

$(HOBJ):  host_2d.h

2d.h host_2d.h: 2d.def

laser:

listd:

listh:

lintc.

linth:

wece!

host_2d.h 2d.def $(HFILS) 2d.h $(CFILS) makefile
igrind —Pmaser $7 &
touch laser

host_2d.h 2d.def S(HFILS) 2d.h $(CFILS) makefile
print $7 &
touch listd

host_2d.h 2d.def $(HFILS) 2d.h ${(CFILS) makefile

print $7 &
touch listh

linth  $(CFILS)
linth  $(HFILS)

we host_2d.h 2d.def $(HFILS) 2d.h S(CFILS) makefile
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