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Abstract
In this work we report on four different studies of fluid-crystal 

coexistence involving molecular dynamics simulations. The investigations 

described herein include wetting on structured walls, determination of the 

coexistence density of a fluid crystal system, prefree ring in a coexistence 

system, and spontaneous segregation of a highly ordered fluid into liquid 

and solid phases. Molecular dynamics were used in order to examine 

several systems which would be physically. The simulations using the hard 

sphere are accurate enough to permitted limited applicability. While the 

preliminary results demonstrate intuitive conclusions, many more 

simulations are required before complete characterization of these systems 

can actually been realized.
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JitttttflMctfffin
Phase transitions are a major part of the world around us, and of 

ongoing interest within chemical engineering. The solid-liquid transition has 

been one of the leas studied due to the difficulty of examining the interface 

of the two dense phases. Studies of two coexisting phases naturally lead into 

the question the wetting state in the presence of a substrate. Cahn sparked 

a renewed interest in wetting state studies with his work f 1}. Considering, 

most of these transitions occur on an atomic level and are experimentally 

difficult to study, molecular dynamics appears the easiest way to collect 

preliminary data on the system.

Molecular Dynamics (MD) computer simulation has been a useful tool 

since Alder and Wainwright introduced it in the late 50's [2,3]. Simulations 

have allowed scientist and engineers to probe unique systems at conditions 

that would difficult or impossible to physically reproduce in laboratory.

The procedures and methods of MD simulation are discussed 

thoroughly in Allen and Tildeseley [4]. In the these simulations the 

computer solves the equations of motion for each particle in the system, as a 

function of the potential of the system. The hard sphere potential model is 

one of the simplest models of atomic interactions. It states that the pair 

interaction is infinite when the particles are separated by a distance less 

than o , the atomic diameter, or aero otherwise. By selecting the hard sphere

potential, the system can be solved exactly using classical mechanics. Thus 

assigning a configuration of particles both position and velocity, the 

thermodynamic state of the system has been defined. The equation of state 

for hard spheres appears in figure 1, and is given by
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where:

*l
_  * n a3 

6 V

e * w ? / 6 - f ,

fluid (1 )

•olid (2)

Using MD with hard spheres, each particle is give** * unique position 

and velocity vector. For the hard sphere model no forces act on any particle 

except upon collision, therefore all panicles move in a straight line with 

constant velocity until such time as they come into contact with another 

particle. The collision time for each pair of panicles, i and j, is then 

calculated using equation (3):

At, ^  * <f*i ■ ~ *')

when fy m -  fj, Cij «  0, -  Cy, and 6y * fjy • tfy.

(3)

From all of these times the shonest one is telec'ed and particles are 

advanced for this amount o f time with there current velocities. Now the 

position for each particle is:

f y + 4 l  B  +  di X A t ( 4 )



This brings the colliding particles within a distance o  from each other. At 

this point, new velocity vectors are calculated for both colliding particles 

from equation (S) with both momentum and kinetic energy being conserved.

A f f e & i h i  (5)<rl

This equation implies that the expressions are all evaluated at the point of 

contact between the two particles. Now the process is repeated until the 

desired number of collisions have been completed.

The main disadvantage of the hard sphere potential model is the over 

simplification of the system. In our studies we have explored several 

liquid-solid wetting and coexistence phenomena using the hard sphere 

potential. The choice of hard sphere potential, although eliminating all 

interactions between particles, is still able to capture the essential physics of 

the problem, and is applicable primarily to noble element systems.

A Preliminary Study of Wetting on Structured Hard Walls 

When a multi-phase system is in the presence of a substrate one 

phase or the other may preferentially contact the surface. Complete wetting 

by one phase describes the state where that phase completely covers the 

substrate. Partial wetting is the state where both phases are simultaneously 

in contact with the substrate. The wetting state can be described by the 

contact angle, 6, where 6 is defined below as a function of the surface free 

energies [3]:

4



Yap cos(0) = Ya* - 7p*
5

(6)

where Yap *s the lurface free energy of the crystal and liquid, Ya* is the 

surface free energy of the wall and the crystal, and Yp* ' s the surface free

energy between the fluid and the wall.

The study conducted on the wetting of smooth walls by Courtemanche 

and van Swol (C&vS) |6] has laid the foundation for the current study. They 

demonstrated that a smooth hard wall is completely wet by crystal 

(cos(8)»i). We proceeded to survey various wall configurations in an effort 

to examine the speed of nucleation and attempt to force wetting by fluid 

(cos(6)*0). The unsystematic approach we have used has yielded some 

initial results, which will need more work to thoroughly develop. 

METHODOLOGY

The system used in the simulations contains 2100 hard sphere 

particles enclosed by two hard walls in the t direction and periodic 

boundary conditions (PBC) in both the x and y directions. The dimensions of 

the box were 5.53764c by 9.SS174C by 40.234752c, where o  is the diameter of 

an individual particle. The particles are in a canonical ensemble at liquid 

solid coexistence pressure. The configuration was constructed from a hard 

sphere crystal with the fee (111) plane aligned parallel to the walls of die 

box. A section of the crystal was then stretched by spreading the distance in 

between the crystal planes. This resulted in a lowering of density within the 

system and thus the decomposition of this region of the bulk crystal into 

bulk fluid. The densities referred to are defined by:



where N is the number of particles and V is the volume of the box . For 

hard spheres, crystal phase density, p*e , is equal to 1.0409 and p*f is 0.943.

The simulations were run on various wall configurations with the 

system described above. Those conditions surveyed included 50 particles in 

perfect bulk crystal arrangement on both walls, crystal on one wall and 

smooth surface on the other, 43 particles whose positions are randomly 

displaced in directions across the x-y plane, and a 43 particle configuration 

randomly displaced in ail directions. By observing the density profiles from 

each simulation we can identify the type of wetting occurring.

RESULTS

The first wall configuration to be examined was full crystal on both 

walls. To accommodate the structure on the wall the distance along the z 

axis was increased to 40.9847520, in order to avoid overlaps. The various

simulations showed marked acceleration in the crystal formation. In the 

smooth walled experiments previously done by C&vS nucleation occurred in 

4 x l0 7 collisions with complete crystallization on both walls in 7xl07 

collisions. The current system, however, nucleated on both walls in under 

3.5x10* collisions and became completely symmetric in 19x10* collisions,as 

shown in figure 2. This growth occurred approximately ten times faster 

than the smooth walled system.

Next, the right wall was replaced with a smooth hard wall at the same 

distance used for the structured wall simulation. Although the amount of 

crystal decreased, both walls retained the crystal wetting This was done to
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check that any melting that might occur in the structured wall simulation 

was due to the structure on the wall and not the increase in volume of the 

system. The volume increase by putting a smooth wall at a given position is 

greater than that of placing a structured wall at the same point. As shown 

by the graphs in figure 3, we initially lost all but one of the crystal layers, 

but in the end two more layers had recrystallized on the wall before 

equilibrium was reestablished. Thus the crystal would not completely melt 

due to the change in volume. Required for the introduction of structured 

walls would be necessary.

The second series of experiments tested ;;e ability of a crystal to wet 

various surfaces. Knowing that a smooth wall provided enough order to 

promote nucleation, we examined surfaces that would disorder the hard 

spheres in the wall region to see if wetting by fluid could be induced* The 

first wall tested had 7 particles removed from the SO required for a perfect 

crystal layer and the rest randomly distributed across the surface of the 

wall, while maintaining their original position in the z direction. The starting 

configuration figure 4, of the system was such that the wall was already wet 

by crystal. This configuration was obtained from an equilibrium system 

where both walls had a perfect crystal structure.

The number of layers on the disordered wall was monitored by use of 

the density profile. The density profile in figure 4 showed that the total 

number of layers on the right wall never dropped below five, and thus 

retaining crystal wetting on the right wall. When the configuration was 

rerun with fluid wetting the walls instead ot crystal, nucleation was not 

observed even after 4xl07 collisions. The density profiles are show in
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figure 5. However, it is not clear whether it is impossible for nucleation to 

occur against this wall or if more collisions are necessary to observe 

nucleation. The results are simply inconclusive due to the length of the 

simulation.

A system was also studied where the 43 particles on the right wall 

were also randomized with respect to the z direction. Although the system 

began with crystal wetting on the wall, the randomness of the structure 

forced wetting by fluid after only 4.5x10*, as shown in figure 6. The 

completely random configuration is essentially a snapshot of amorphous 

static fluid and thus can only allow the wetting by fluid that we observe. 

DISCUSSION

The results of the various wall configuration shows a few initial 

conclusions. First, the speed of crystallization is increases with the number 

nucleation sites available. The bulk crystal walls nucleated the fastest 

because they had large numbers of sites available, while the slowest walls 

were the smooth walls which has no sites on the surface.

Secondly, wetting by crystal is a minimum in the surface free energy 

of the system. This is demonstrated by crystal wetting the smooth walls and 

in one case the randomized walls. From our results it appears that order in 

the direction perpendicular to the interface is necessary condition for 

crystallization to occur, but more work is needed to confirm that hypothesis.

The results from the static fluid wall make intuitive sense as it was 

observed that the stabilization in the z direction provided by a smooth wall 

was sufficient to induce nucleation. The second series of structured wall
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simulations also indicated that stabilization in the z direction was the 

dominant factor in crystal wetting.

H

Peiermination of Liquid-Solid Coexistence Density for Hard

S pheres
By examining a plot of the equation of state for hard spheres as a 

function of density, there is a region of the curve where the derivative goes 

to zero. This is the excluded region joining the Mall equation for hard sphere 

solids |7] and Carnahan-Starling equation for hard sphere fluids |8], and is 

referred to as a tie bar. The original work on the location of the transition 

was done by Hoover and Ree (9,10). They located the melting transition for 

hard spheres by simulating a solid crystal at various densities. The 

determination of the transition density was done by using pressure 

measurements which were used to calculate communal entropy. We wish to 

confirm the observations seen previously, by incorporating the simulation of 

a two phase coexistence system in to the study.

MBIHQDOLCX5Y
The hard sphere particles were used in two different NVT systems 

with PBC, both of which were involved in the experimentation. One system 

was a single crystal of 750 particles which were set at the specified densities 

and run to obtain the resulting pressures. Pressures are calculated by the 

relative positions and velocities of the particles colliding, as shown below:

*  -  W >  -  5 1 . • *> ( 8 )
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(9)

where fy is f, -  r ; , t?,,€%3 is iT, -  2tJ is 2, -  2*j (the difference in z location), 0 is the

Heaviside unit step function, p( is the transverse component of the pressure, 

pn is the normal component of the pressure, and v(t) is the number of 

collisions occurring in time t. These equations are described more 

thoroughly in van Swol and Henderson (11). The bulk crystal configuration 

was manufactured by the simulation program for each individual density.

The second system is a 2100 particle, two phase PBC system at 

coexistence. It was created from earlier work by C&vS, and is shown in 

figure 7. It is being run simultaneously with the single phase simulation to 

determine system pressure. When the one phase and two phase pressures 

are the same, within error limits, true coexistence has been achieved. We 

are searching for the density or densities for which this the case.

RESULTS

The first crystal density studied was 1.307 NotyV, which came from 

the PBC coexistence runs done in the wetting study. The pressure history, 

figure 8, for both phases was plotted after 3xl07 collisions to determine the 

mean pressure for both systems. The mean pressure of the one phase 

system, 11.374 P p o 3, was above the equivalent two phase pressure, 11.489 

Ppo3. This indicated that this density was too high for true coexistence, so a 

new density was chosen.

A crystal density of 1.0361 was then selected because it was 

calculated to produce a coexistence system at a normal pressure of 11.30 

p p o 3. However, after running this system for 6.5xl07 collisions, this density
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produces a mean two phase pressure that was still below the 11.50 flpo3.

The one phase system equilibrates at a normal pressure of 11.45 p p o 3 while 

the two phase mean is 11.39 p po3. as shown in the pressure history, figure 

9.

The last density studied was pc* * 1.0348. The resulting mean 

pressures, from figure 10, of 11.48 ppo3 for the one phase and 11.44 p p o 3 

for the two phase demonstrate, within error limits, agreement between the 

two systems. Therefore we believe this density is correct for true 

coexistence of this system.

DISCUSSION

From the three experiments performed (pc* « 1.037, 1.0361, &

1.0348) we have observed that the crystal density of coexistence is equal to 

1.0348. We observed the best correlation between the one and two phase 

pressures at this density. The fluctuations present in two phase pressure 

histories greatly limit the accuracy with which our two systems can be 

compared. Longer simulations would allow a better curve averaging and 

thus produce more consistent data. The study should also be expanded to 

include several more densities to insure thoroughness. It was observed that 

the normal pressure was generally less than the transverse pressures for 

the two phase simulations, while the one phase system demonstrated the 

opposite trend. This is possibly due to the non cubic shape of the box. 

Determination of Prefrcezinp Conditions

There exists a hysteresis loop in the curve of adsorption versus 

pressure (or, alternatively, chemical potential). This states that there is 

region of pressures where one may find wetting by either crystal or fluid,

1 8
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depending upon whether that pressure has been approached from above or 

below.

In our study, we are looking for the point where only one crystal 

layer is left against the smooth hard wall after the rest have been melted 

off. This would be the lowest pressure exhibiting prefreezing. Prefreezing is 

a metastable condition which is difficult to isolate.

MimiODOLOGY

An NPT (isobaric/isothcrmal) ensemble was created by taking a 

configuration of 2100 hard spheres, between hard walls from the NVT 

wetting study with a density of pc* * 1.0409 at a pressure of 11.4 Ppo3 and 

allowing the walls to move under a constant external pressure. The system 

is able to maintain constant pressure by accelerating the wails into the 

system at a constant force. This force applies an equilibrating pressure on 

the system and adjusts the volume and density accordingly.

Various pressures were used to obtain the conditions described above. 

Hie range of pressures were 11.0 to 11.3 PpG3, in order to cover the 

complete range of the hysteresis curve of the crystal phase. The simulations 

were run until equilibrium was obtained or the crystal disintegrated into 

fluid, which ever came first.

RESULTS

The first simulations run were at 11.3 p p o 3. After 4x10* collisions the 

density profile, figure 11, shows at least three layers of crystal on each wall. 

This condition persists through IxlO7 collisions and up to 2xl07 collisions.

At this point it was determined that the system had equilibrated, and

simulation was discontinued.

21
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The next pressure selected was chosen to cause complete melting of 

the crystal in order to determine a range for prefreezing conditions. We 

selected 11.0 Ppo3 for this purpose. The starting configuration of the system 

was the same as that chosen for the previous pressure. After 2.4xl07 

collisions, shown in figure 12, the system was observed to have melted. 

Equilibrium was then reached in 8X106 more collisions and simulation wis 

discontinued.

11.1 Ppo3 was selected as the next pressure. Again, we begin the 

simulation with the starting configuration from the NVT simulation. At this 

pressure the number ô  crystal layers on the right wall drops to one after 

l x l O7 collisions, but a second layer of crystal quickly reformed there 

indicating a pressure fluctuation caused the event. After !.8xl07 collisions 

the right wall completely melts while still retaining crystal wetting on the 

other wall, as shown in figure 13. Once the right wall became wet by fluid, 

the system equilibrated and remained unchanged after 20xl07 more 

collisions. The simulation was then discontinued.

The last pressure used was 11.2 Ppo3. This series of simulation was 

started from two different configurations. The first was the beginning NVT 

system used in the other runs. It ran for 1.8x107 collisions and maintained 

crystal wetting upon both walls, figure 14. The second system was taken 

from the this study at a pressure of 11.3 Ppo3 after 1.4xl07 collisions. 

However, this configuration completely melted after only 4xl06 collisions, 

figure IS. This demonstrates the large effect the starting configuration has 

on the outcome of the simulation, due to the metastable nature of 

prefreezing

2 3
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DISCUSSION
2 8

The results from this study have so far proved inconclusive. We have 

been unable to locate the exau range of prefreezing from the pressures 

selected. In addition, various fluctuations inherent in the system may 

disrupt the stability of the any prefreezing we witness, as demonstrated by 

the results generated from the 11.1 ppo3 trial. More trials near 11.1 ppo3 

are needed before the stability of the system can be determined.

These studies seem to be greatly affected by the starting 

configuration. This is understandable due to the instability of systems 

within the prefreezing region. Single layer melting and freezing events can 

cause fluctuations large enough to destroy coexistence.

Study of Spontaneous Segregation

The hard sphere equations of state demonstrate a range of densities 

for a single melting transition. In practice the system makes sharp 

transitions from liquid to solid, however hysteresis has been observed in 

both melting and freezing transitions, in this study We wish to put a system 

in an unfavorable state by placing it on the tie bar at a density in between 

the two coexistence densities. We have then tracked the progress of the 

system to watch the formation of two defined coexistence phases from the 

ordered fluid.

METHODOLOGY

We again used PBC conditions with a canonical ensemble to simulate 

bulk crystal. The crystal was stretched as in the wetting experiments, 

however the entire crystal was stretched as opposed to just a small region.



This effectively lowered the density from p # « 1.0348 to 0.99500, which is 

within coexistence values. The new density is constant throughout the 

system before the simulation begins.

During the simulation pressure and density profiles were recorded 

and examined for the segregation of this unstable density into to the two 

distinct phases of coexisting crystal and fluid.

RESULTS

The ordered fluid produced in the stretching of the bulk crystal, 

begins the simulation at a constant density pc* = 0.99500. Once the 

simulations started the system begins to experience density fluctuations 

which propagated through the system and began segregating the two 

phases. After 1.3xl07 collisions, the two distinct phases are noticeably 

apparent.

As the simulation continued to run the system reverted back to its 

original configuration. At 35x!07 collisions, the density profile is almost 

identical to the original profile. Currently the system is still under 

investigation but appears to be resegregating into the separate phases . All 

the density profiles from this study are shown in figure 16.

DISCUSSION
The second law of thermodynamics states a system will spontaneously 

move towards maximum entropy. The ordered fluid in our system should 

therefore try to increase entropy by increasing the randomness of the 

system. By segregating into a coexisting crystal and fluid system that 

system trades off the increases in entropy caused by the loss in order of the 

fluid region with the loss of entropy caused by crystalizing the other region.

2 9
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Because this system begins in the excluded region this tradeoff results in a 

net increase of entropy.

The simulations reveal the driving force for the spontaneous change is 

smaller than predicted, allowing the observed metastablity of the stretched 

to fluid to exist. The fluctuation back and forth between one and two phases 

will eventually equilibrate at two, but the number of collisions necessary 

will be much larger than 4 x 1 0 ?  collisions already run. An exact number of 

collisions is very difficult to estimate. Further study will be required to 

confirm the above conclusions

Recommendations

There are several different directions these studies could go. The 

wetting and coexistence density investigations each need lengthier runs to 

confirm the conclusions already drawn. The prefreezing investigation 

should be expanded to examine the entire hysteresis loop about the melting 

transition. The stability of the region can be examined by changing the 

pressure subtly and watch the system adjust to the new conditions. We 

would also like to define the rest of loop by setting the pressure above 11.4 

Ppo3 attempt to compress the system to crystal. Finally the spontaneous 

segregation study should be done at several other densities within the 

excluded region for thoroughness.

New areas that are of interest as a result of these studies. An 

important follow up study is a comparison of box dimensions with the 

disparity between the normal and transverse components of the pressure.

31
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In addition wc would like to investigate the effect of non isotropic crystal 

structure on system pressure.
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7 M U
TO(D*TOlDDT
x-x.vxum
Y.Y.V t((rO T
Z*7.*VZ(D*DT
DBPXfl)-OUPX(l>«VX(l)*Dr 
DISPV(lMOI$mi>*VY(l)*Ori 
DiXPZ<IMXS«(l>«V35(irDT 

CMUMMtYOQNCniONI 
r<X£E.U0O0)X*X.|OO0 

iYYOC.YQY-Y.YC 
ICLCL2QZ-MC  
KXLTOjOOO)X-X*IjOOO 
i^Yi.TAOOO)Y*'. *YC 
■YZi.TOOOO>2*Z*ZC 
XX(D*X 
XY(D*Y

I
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R i \* t .
c  c / i£ u > n .u N K a ii.

IX • w n  RX<t>* XMAI « 10)
IV • IKTl RVO) • VNI/YI) 
a 'i»m R 2(D *Z N i//n  
u> .  ix * nijciv * k u *i/
it iipi4>Rxi»<xm> i4c

V  I AW OLfl MX IIJDIJNM1IJ 
C

ML • Kill 
I • I AML)

121 0 (I.INKOHU IM*OH> Wl 
I • I JNK(I)
GO 10)11

12) IJNK(I) • LIMUli 
IA Ml.) * I.INK(J) 
ti (11(2), I AMI ) 0 

i
c m i i ivm N iu  ijsx n  u
r

i • I All*)
u d A in i  yo) n
IINK(t) • I.IS'X(I)
LINK(i) • I 
KKI) ■ II1 
I All*) > I 

14 L1INTINU
I ctwmMfl

NO. I
OiMYRIKUil-.KlUipiOlO^

CNIWVII/XTIll-NiX IXJUJflM.I'AIH 
X>*X(K) RX(I.)
Y*KY(K)RY(l.)
Z*R/(K>RZ(I.)
B«X GT4LMJQ)X-X IOOO 

IMVCT YO) V-Y Yt 
Q V .G T yC D  3U7,/i 
ll<X LT.-O5D0)X»X. I ol#)

■lYi.T-YC7) V.Y.Y< 
y<Zi.T7i7j /*/../!
I)-VX(XLVX(U
V. VY(KLVV<U
W. VZlK) VJtfl.)

B«X*U*V*V*?*W
RX.X*X*ft/SS
iY«Y*V«/5S
«Z-Z*Z*B/5S
FTXJTM'TOTB
p *r i
PNORMaftNORM BZ
rrxANs^tuANS ix  by 

c  calojutu  bins k *  nu&suKi n n v *
RRK*tNTtR/<R)*(Xlim//n)« I
K K unw izim xiiis 'i/zn)*  t
BUK^BQKKiJGamxn
KMAX«MAXttKKK,KKL)
kmin-minakkk.kxi.)
NBINS-KMAX KMIN.I 
hinsTj-Niiirr/2 

M^NBINSIT NIIISTI) GOTO 70V 
CL»«IOIN»<C,nBiaXIWSO«KSIMlll /.BRMMNV 

N»INS-NHirr*XMIN UMAX*I 
WL-aOAT|HMINSJ)*UI3y 
AB&UABS(Z}
irzctao) cxrro to*.

CKZ|K)LTR/(W------
ZMlN4l/>AT(XKK)*uny */|K)

/MAX. 7 //M M  W|.
GOTO 709

nww/iTJW flj--------
106 zMiN.jMM'nKKiruny R/ii>

ZMAX-ZZMIN W|.
109 DO 707 KK.ICMAX.Mim

n  Arr.unz/Aiisz
OlKKJO KM AX) ZJ A<7./MIN/AHS/
PX X<K K)«PXX(KK) HX Vi A< 'I 
PYY<KK)*PYY(lCK) RY Vi AO 
P/AkKHV/iKK) R/V) A< I 

70) Oil llMJI
(Xi ,01 KKO.KMIN 
/J AO.I1J/2AHS/
RtKAigkMIM/1 Al l ./MAXMlIS/
PI X, KK>-PXX(Kk> RX VI Ad 
»*> mki.rvYiKK> rv v i  a< i 
IW4XM.I,//|KK>M/VJ ao  

h* nivriMfi 
t s r i i t  Hm

ru m  m m m . tiu iLviw.siiiiN mm iv n ssn n  z. moummvv 
All 161 •IIOAllMIINS J)*IX 1/

AIIV.ARV/)
IH/.GI 00)0010 101 

l K/lkUTXAIJ - - ...
/MIN.|LOAl1KKK)*OI)/ P/|X>
/MAX. /  / M I S  161 
GOTO*,

< RAMOR/dJ
X)l /MIN.MOAKKKJ .)•»■ ] /  m ill 

/MAX./ / M IN 161
90 (X)»iKK.KMIN,KMAX

n  a o . ixj/ vaiisz
0<KKiiQ KMINJ/J AC'I ./.Ml VAIL./ 
B<KKliQKMAX)»AO./MAX/AllS/
PXXIKJCW’XXCKK) RX*/J AO 
PYY(KJC)»PYY(KK) BY*/) AO 
P/7iKK).P/7<KK) ft/*/! AO

91 COMINUl 
GOTO 70*

C BOTH PARTKTJ5 IN T1U SAMI MIVKKK 
701 PXX(KKK)*PXX(KKK) H«

PYY)KKK).PYY(KKK) lit 
r/yiKKKHr///KKK) H/

704 CONTINUI 
Y1 ft.BAS 

XOCB 
V.Y*B /./•ft

C CAIAJ»>T!:R|V|>' Al
VXK. VX(K)
VYK.VV(K)
V.’K.V/iK)
VXL. VXIU 
VYUVY(L)
Wl^V/il.)
VX(K)*VX(K) X
VY(R).VY(K) Y
VZlKMV/iK) 7
VX(L>*VX(I.MX
VY<!>VY(L).Y
V72l>V/il.)«7
R|V.VX(K)*VXK
lHWfVl.TOO>XXJ V(KKK).XHI V<KKK>*t 
R|;V.VV(K|*VYK
lAWrVLTOO) YRJ:V(KRK). YRI V(KKX).I 
«V.V/4K)*VZK
B<Ri:V i.T00)ZW V(KKK >./XI V< KKK )♦ I
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Hi V.VX(U*VXL«<W:V J.TOO) XWJV(K»U>XK1-V(KIU.). I 
ftfc’VaVVUJ’VVLOXRFVITAO) YWLv̂ mj.YKJXKIU). I
wrv.v%u*va.
8<RI> l.T0 0 )»J :V jX K »> /k i V<KM >.l
NCUUMXM .1
T .  i.m  
TAlUTAtUOl Nt\KJN1«MU.NAV.NAV.I
l) 0  11 I.I.N
KK«INT(H/(0*|XIIIM  I
U ,  NOCKMJIi4(KK>*IO
I Kuvx<i)*vk(i) ♦ v v d fv v d ). v/o^v/di

IIJiKKUlUiKKHXIm) S<KK>«/IA)MKK) • K/ili m>SXKX)./JA)SXMO . K/dpN/JOii tx>smm»
ixNOuuNrj.TNiMim »uno iv r «*rn.aiKr»ta»AixiMoiAn io 
m u u n iM t * i a 
KXIN.WXWU1

t WNnii(K»KX>N.llMI NX HVR/JHS'1* IHSPY DIM'/, 
i •VX.VY.V/MMtm*Nwxrn .panih 

NIX3KI «MX)M «I
i f  lU M X JtJ N rn  x n i s * * t  iu j v  

i t m p *oo 
PX-00 
PV-00 r/̂ oo 0017 Ut.Ni*i • vxor*2 * vyu(**2 . v/di**?TXOMV.MI*. I Kl 
PX.PX*VX<I>
CY-HV*VV<I)
P/.P/.V74I)ri cxjvnNUTi>fl».n:Mi‘Ax\MoPX-PXJXNPV-PVAINr/*r//KH

cC CAUOJLAll MliAN SQ OKMI. ION 110. ) W«K)NS SIH KATHY 
OOTUOO
o ra n t081KT-00
XNFUOOxwanto
xummOOHM.HiNU&MJtm ANO K£l) LT JU) 001U UxMuxm.*iq»n.om.Ott)*(i)**a.oisrr<ir*2.Dor/<o**2

M «n«niA a<iom w iiG »:cTtj)O O fro»
XfCM«XMCK*lOiJClalWCX*a5W(U*‘2.0ISI»Y<n,*2«DISI*WI),,2

n  HIUYJ)0TJ<»NTI A V D w /m T xis'n joaro  V,
oxwsmcrxitfrs avokmim.t xtKr«>narro %
COTOSi» XN1NT.XNWI.I0HVT.0HWT.DHPX(I)“2«DItPY(«)*»2.0ISIVjI)**2

p  e o s t w uwm*oimAxmfmD»IXH.DircX/XNtK‘SS)

M IN T .(Ml 1N1AXNINT*SS) 
wwmi(2.»?)NaM.xa,T.ii.*4i^x y \  .iv 
W m ‘4*.X»)NC«,K.l,T,11 .MP.PX.PY.P/

20? I-OKMATU.IOII COUJS.ON.II.4X .«N IIITW 1J N ?|1 «x.1»IAl 
n i  Jm'.JX MX.7IIMOM.M1A.VIX.I m.M
AP.IO«HOTJO©*XN,T)
AP.APMX.
Al*N»l O.PNQNMAXN'T)
AH.I O.HHANSAJO’XNni 
HUHAV.I 0 ♦ PAXPXNTAI’)
PSUIIAV.IM)MAVA<H.
ri*.IO.I7 0Al|KlAU)*St>Nril*l)*SAXAli.(XN I 0)*10) 

(IMlVVtN
uK rn4?.?MMMiiiAv.ap. < I '.n im  w h y . dimvi

)1I lOKMAldOII PNI MUNI . .M l *> IX 411 AP.,1 n<,#,|| < OlJ'
.v ;i2  ai
w niiio xiqi) aps. api

KNIJN.SNOS.KlAI 
P-0 0 
1A1I<«0
rm o M

<*IMHX litis  NUN 
«1 <Y)NTINU1

WNrni2.?i*ii,N<oi
}U  lONMATl/ llll I NDOI NUN.1X.2HI .1 VSlXU lsn* ..I*/ 

PIUI.IO«PimAlO*XN‘1)
ppn .h u i /vcx. 
iKumuiWN’rm

210 H)NMAT</.I1II AVI NAOI PNI SM.XI ,)X H u y
ciM o.nm riN oxrxvN ni* i), xx iv x s i opioi

CIMY/VOI,
NIXAO«4 Al*N AI*0*XNA20*ANI A)
vnanis.JiJK T 
«Ym<2.2wu w it  a<;

At»N.APN*XN*MAIMJA»/n
a h . a p p x n » « aiu :a*^>
WKIT142.*)' VMI «f PNOHM ■,«pn
WVfT1i|J,*| unit •( kru*ltgfM**1 l*TWAKS« ,»f*

< •V«»H tftNlMy
wixmfr.xsxxj^vi’*/! »xj .•»  •sa j

WNfllU*) «•«•» *Mrty • .Nlioiol
ni.a j t . i a
WKmi4M 20)NI>IT

ISO KSWMAT(/,Mlt TIMli IN HAND SP II HI UNITS JX JI2  V/>
211 IOHMATW.2YII PH ITS UN I IWOM <XW J ISNJN NA1V.2XI »<»*/> 

x>nMiAjmwi:.T
WNrmUW>NCONI 
WWHittJ3*|ia)N .T1 Ml, XII Ml 
w»rnM2.»oT

201 KMMAYV.tlN POSITIONS ANO Via.’XTIIIT AT T* i l  * A  
DOIIUlO.IW.il

* iNmiwijo«M»x(i>j»Y{o.iu«u.vx(n.vv<ii.vwt>.Nwi).Ta»j
MO PORMATtlU(M,XiX^IW».lX.IS.SX D  
i i  copmNUi
cNUNCMaur un a lo o po iq u m tu n  

WWITBI2.2SD
SSI KJWMATVJWIPUNOH® CX>NIK1UWA TK W /

00 SO Ul, N
WWmilTit)«X(tM»VC»K«/<0.VXm.VV(12.VWI)

* * OUPXUMWPIftlMSIlPWIi
14V KHtMATdX.UFtO I.2X), VI IO 4,2X).SO-12 S.IX»

IMJ (7T 30)00 TO SO t
t wNm*U4WX(i).NY(i).Ny<o.vxm vvm.vTiD
SO tTJNfflNUI

( Wkffl; A<XJUMU>TriWS TOTAHX 
wwm 41,401) NAV.XTIMli

T.JO MX.«

I |M*
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PROGRAM IISNPT l'

T iRtou HfiM  (m wit4 call* m M | iimiwi to nan wiiial 
( matwrUian nlocibri
< ihn» «allt Kav* k tn  itpiktd toy call* iu 'GAUSS*
< )|11iu (K)TOl kav« k in  nplairM toy if Mairmrwi that a«* ^
< variable IUMP m  «toi to |« ir f« l
< no path to ibnuatemcMt iw iu |« i
( ))S»ikt«4 la Mow bit pm man
( 4)lbwblc4 ttor (*uit4) ompvt af kmnwIhmi fU
< 3Rhn hum* ton aaektaied wall* m 4a  NPT MU
( AAtoil IhU W im ' allo«i (hr option of only kl«W| iKr light 

wall (Mm (ipU l<i/IA)2)
I'
( lltbana IG/12/MSi
< nAiii.rAini.TAisv.TAiNioiNisn/Amnn,
< ♦ iAii;i«iMin.TAiS2-<xmtm 

IM1HJCIT REAL*! (AlltO 73
(X>MMON/MjOC/ RX<2lOO).RY(2IOO).R/(2tOO)
< OMMON/VCLOC/V X(2100), V Y< 2 IOO),V/( 2100)7 <7 3 I •»>)

IMMI1NS1QN 0ISPX< 2I00).DISI*Y< 3100). MS 1*7(3100)
DIMENSION NK2IQ0)
DIMENSION |.INK(2IOO).K'(2IOOi l MAXI 110)
DIMENSION |jO(tOO),LI<tOO)

DIMENSION XA(6).YA(t)/A(l>)
DIMENSION W N(YIO>.TI17VIO).l*XX(«IO).PYY(VIO)r/y4VIO» 
DIMENSION P2XX<9IO).P2YY(9HlMl2//4«IO)
DIMENSION ZK)V9I0)J(RI>( I0>.YKI• V<t0).30tirv<10>
DIMENSION NPAtR*n.DUNSQ(2),NK2).NPART(240)
DIMENSION RTl2).N!*RS<?),NT<3), NIR2). XT 1(2). m 2 )
IXMANSION XT 1(2), RT%2). NT*2), 0(2.190)
DIMENSION NPARSX2),OtXSQX2).NIX7).NPARTX2.IO) 
(XMliNSION «TX2).NPXSX2).NTX2).XTIX2)XT2X2)
DIMENSION RTiX2).RT7V2).NT2X2).GX2.l«0)

DATA NIIIJTHOW .NMISTG/ISO/. PL1141392934/
DATA H.I/JIIIN , FE2/27 970?/. CRI/t) 3334/. CV3/2) 1Hv, 
DATA «*U0 O/.vwt/O 0/.N30I/0/.N00/O/.NRWR/C/. IIIMP/I/ 

G*»R'AE LSCAlX
«
i OIS-N(UNrT.Uti^lWU1UAr4TAl\JS-OLU) 
c (XSiN<WrT.2/lJ>'O(fTiJrjSTAT7«.>IIXl0 
c CXS>AUNfT-?mi»'OU).OATjrA‘niS.'Olin 

(NSiNtUNrriMi^Tn-W DAT.STAWS.’NEW)

DATE 27/W19IJ
THIS tt A HARO-WALL VERSION 
INSERTED OOTCTJ SOO.SOI.9t.lt.)?, II 

ICON4 SOMICONnatllUIIONSWRfrreiflOTAIC

HUS IS AGOMALNAftDSMtttfiPMJQItAH USMBYMIMIWUNROLL 
« »«mioaiwitioaRAMCANiBuso)TOfnjOYiujitoWAiA.*mwMaa 
C T IL  WIDTH QF AUNRGDLL SHOULD BE A TLlA ffm iM I.IO  I IMSttMA 
C CALOJUTmOWW^COAOWDm OF PRODURfi TIMOR 
C TIIttVtM IO NTlM fiaCO NnO UM TIO NSTO Tiim iiSVaviW Rflt 
C Ct3LLtt lONI(IWTUTIhlOOCOMIBllK)NO>TOOJ»«ANaXJJI IONmff3) 
C ICON 8  T IB  m m  OFOONPIOUIIATIOID WUPfin rONTAPE 
C NC0NF BTILIIUM M R OFOONItOURATTONS WRITTEN W TIIB  RUN 
C CAKCULADBTICSnBBS ATPOffTOF CONTACT 
C AND W TILOORRflnrOIVWQIURXNOOO WAY 
C rf mmt ifM lt • m  wall* mm; I Miy iRk i m i. 2 toaW walH

C RLA0 INPUT PARAkClWJ FROM TAPBIMNIVT 
R£AQ(t,*)N, LOCALE, NSC AGE 

M AH l.*)UIOitoiwl| iig n n !ja »n  
WiAOt l.*)NTY2T.NrAU^W|im:
MLAlXI/RN.ICON.lAV.ICONT

RJAIX l,*)M X. W.Y.
wtitrlL*) Rmaia«’̂ mati 
•in* 3.*) tal p*cta«re>.jwai 
iffmoveaql) wi«r(2.*) moving walli 
i(<mov««4  I) wtiie<2.*) moving tight nail 
if (move *4  0) wind 2,*) food watU 

WRni32.*)l^<'AlJ 
H<1J( ANYTHIN

wkinu*) v u ix in i .s  s< an n » viry .n v a u  
I NI Ml
WKrn*2.»)l<dNI 
U<KY)VI 10 D77U N

WklTU ,*| VIJ.(K’nn;s ateirpi
WRI'lli?,*) no Irmp Katmg a  tror-mg of mummium*

IMMI
Mk’vrnc.xjijNi.x.Ni.v.Niy

X)/ IORMAKIII .511 NI.Xi.11.511 M Y ,11,Ml M7^.11/)
wumf/ywiN.kHo.iN.Nun.N’lAi .»wrhv, ky)n.»avAN H)RMA1(/.1II Nv.W>,4X.4llKIIOvl * • ,4X.4||RUN*.11.«X SIIN’IOl . 01511ST AU«.l4i.7IMWRfn>,lto,3lll« ’OS N, 511 IAV..R,./)
RlAUI MNAt NTX.NI YMV 

III |ORMAl<4R>)
5AX HU 2.17 UNA<‘. N< *X. N< Y. N< */
XNOUMX 
XM'Y.M'Y 
XNty^My 
NI7MI.M7 I
RIAUI.*AXA|I).YA(J)./A<J).I. I>A< i 
wnmo.niMXAdi.VAfDyAii) i i vao 

111 |I>RMA|(III ,V3X.IV h)l 
Rl Alai.UVf , / l

I RlAJ)kYiN(YlNIXM)RAlX»NS|R<»M IAI1 10 
17311 Ml ̂ 00 
07R13N 100)7X3173 ?lrun.XI IN
TIM) M>0

?* IX) ?4 |M .m.7 
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