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A Study on the Equilibrium State of Nano-Scale System

with Molecular Dynamics
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Abstract

Recently, we noticed the studies on the temperature boundary
layer at a liquid-vapor interface, which reported that there exists the
temperature difference over a liquid-vapor interface even though the
system is at equilibrium state when the size of a system reduces to
a micro-scale. The conclusion of those studies leaves a highly
attractive question on whether the definition of equilibrium state
should be changed in the case that the size of a system reduces to a
nano-scale dimension. From the viewpoint of classical thermo
-dynamics, if a system is at equilibrium state, the properties of
interest should be measured as the same value within an instrument
error. As example, the temperatures of a liquid and a vapor region
are actually measured to be identical if they are in a saturated state.

Although there are many molecular dynamics (MD) studies to
survey the features of a liquid-vapor interface, a solid-liquid interface,
or a solid-solid interface, there is no reported study that ascertains
the temperature difference over a liquid-vapor interface at equilibrium
state.

In regard with the temperature discontinuity over an interface,
which is the main focus of the present study, Maruyama et al

firstly observed the temperature jump at the solid-liquid interface



that is called Kapitza resistance through the MD simulation when
evaporation and condensation occur. In their study, they estimated
the quantitative temperature jump at solid-liquid interface and
calculated the equivalent liquid heat conduction thickness
corresponding to an interface thermal resistance. Therefore, it is
needed to confirm the temperature discontinuity over a liquid-vapor
interface in an equilibrium two phase state. At present study, I
clarified through the molecular dynamics method that the conclusions
of the previous studies might be resulted from the misleading
method to calculate the temperature profile.

Molecular dynamics simulations compute the motions of
individual molecules in models of solids, liquids, and gases. The key
idea is motion which describes how positions, velocities, and
orientations change with time.

From this study, T suggest that there is no temperature
discontinuity over a liquid-vapor interface independent of a system
size if the system is in equilibrium state. Even though this research
is contrary to other recent MD studies, the definition of an
equilibrium state from classical thermodynamics can be still

applicable to a nano-scale system if the approach is adopted.
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Table 21 Condition of equation method

Item Description

System temperature 120 K
Molecule’s number 864 ea
Length of simulation box 98.39 A
Time interval for iterative

) 0.01 ps
calculation
Potential Lennard-Jones(12-6) potential

Cut-off length

450 (0=3405 A)

Velocity interval for

probability calculation

1.0 m/ sec

Equation of motion

Eular method, Verlet method
Leapfrog method
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Fig. 22 The energy profiles of Eular method
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Fig. 23 The energy profiles of Verlet method
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Fig. 212 Unit cell of FCC lattice of a solid state of Argon

Fig. 213 Argon molecular face centered cubic lattices
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Fig. 214 Repeated the unit cell in the X, Y, Z direction

_53_



N

Fig. 215 Arrangement of 27 molecules

!

: Increase j (+3)

Increase k (+9)

Increase i (+1 ).h

Fig. 216 Numbering system in FCC lattice
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Table 31 Parameter of a simulation

[77]

Item Description
Mass of Argon, mar (kg) 6.634x10™°
Diameter of Argon molecule, 04z (A) 3.4
Depth of potential well, carz (]) 1.67x10™
Time interval, At (5= 10'15sec.) 5.0
Cut-off length, Re (0ar) 3.5

Initial arrangement of molecules

(x, y, z Directions)

10x10x10 (1,000 ea)
20x20%20 (8,000 ea)

Temperature, 7' (K)

100, 110

Quality, x

0.05
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Fig. 31 Comparison of the potential energy in initial simulation
between the values obtained by using the neighbor list

and not used
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Table. 32 The result of calculated CPU time of the variation of

molecules and iteration

(Unit : sec.
Iteration
10,000 20,000 30,000
Molecules

8’ 493 986 1,479
10° 1,847 3,692 5,535
12° 5,472 10,940 27,447
14° 13,725 27,447 41,178
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Table 3.3 Properties of Argon[79]

Item Description
Mass of Argon (m) 6.634x107° kg
Diameter of Argon molecule (o) 3.4x10™ m
Depth of potential well (¢) 1.67x107% ]
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| =
LA

SOURCE PROGRAM

(1) COMM.FOR

COMM.FOR

C
C
C

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

PARAMETER (NX=10) ! Number of molecules in X direction
PARAMETER (NY=10) ! Number of molecules in Y direction
PARAMETER (NZ=10) ! Number of molecules in Z direction
PARAMETER (NT=NX*NY*NZ) ! Total number of molecules
PARAMETER (NL=150*NT) ! Memory for neighboring list

COMMONY/ Conditions / DENSL,DENSV,DR,DT,RCUT,ROUT2,TDES,QUAL
COMMONY/ Control /IDAT,IREPT,IUP,NTC

COMMONY/ Constant  / ANG,AVO,BK,BK3,FEM,FNT,PI,P12,PICO
COMMONY/ Energy / ACCIN,ACCOUT,ACCTOT,PE, TOTE,VKE
COMMONY/ Force / FX(NT),FY(NT),EZ(NT)

COMMONY/ Neighboring/ XE(NT),YE(NT),ZE(NT),NPOINT(NT),LIST(NL)
COMMON/ Parameters / CF1,CF2,CE3,EP4,EP48,SIG6,NP

COMMONY/ Position  /X(NT),Y(NT),Z(NT),ZP(NT)

COMMONY/ Properties / DIST,EPSI,SIG,FMASS

COMMONY/ System_Size/ BXI,BYI,BZI,XBOX,YBOX,ZBOX,VOL
COMMON/ Temperature/ TEMP

COMMONY/ Velocity / VX(NT),VY(NT),VZ(NT)
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(2) INITIAL.FOR

@)
It
It
It
It
It

PROGRAM LIQUID_INI

1. MD Program for the phenomenon of the liquid-vapor Interface.

2. This is the initial program to set the temperature of a system to the
desired one by the velocity scaling.

3. Integration method of the motion of a equation is the Euler Method.

4. By Choi Hyun Kue, 2004

INCLUDE "COMM.FOR’

OPEN FILE

OPEN(50,FILE="POS_INI.DAT")
OPEN(60,FILE="VEL_INLDAT’)
OPEN(70,FILE="ENR_INIL.DAT’)
OPEN(80,FILE="POS_NEX0.DAT’)
OPEN(90,FILE="VEL_NEX0.DAT’)

PREPATATION OF CALCULATION

[eNeNe!

CALL GLOBAL_CONSTANT | Constant for a simulation

CALL MOLECULAR_PROPERTY ! [DATA INPUT BY USER]

CALL CALCULATION_CONDITION | [DATA INPUT BY USER]

CALL INTERMOLECULAR_LENGTH

CALL CALCULATION_PARAMETER

CALL INITIAL_POSITION | Simple cubic structure

CALL INITIAL_VELOCITY

CALL CHECK_SYSTEM

CALL EXPLAIN_SYSTEM

CALL WRITE_DATA ! Record the data for the next calculation

C *#** MAIN PROGRAM START ***** MAIN PROGRAM START ***** MAIN PROGRAM START **

PVT=DT*DFLOAT(IDAT)*PICO ! Elapsed time during a simulation
C
WRITE(50,*) 1,NT,IREPT/ IDAT,XBOX*ANG,YBOX*ANG,ZBOX*ANG,0.0d0,PVT
WRITE(50,500) (X(J)*ANG,Y())*ANG,Z(J)*ANG,J=1,NT)
C
C INITIALIZATION OF THE SUMMING MEMORIES
C

SUMTE=0.0d0 ! Summing memory for total energy
SUMPE=0.0d0 ! Summing memory for potential energy
SUMKE=0.0d0 ! Summing memory for kinetic energy
SUMTT=0.0d0 ! Summing memory for system temperature
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NUMB =0 ! Counting of iteration calculation

START OF A MAIN LOOP

DO K=1,IREPT
NUMB=NUMB+1
TIME=DFLOAT(NUMB)*DT
CALL FORCE_CALCULATION
CALL ADVANCED_STATE
IF (MOD(K,IDAT).EQ.0) THEN
PRINT*, ‘ITERATION NO.=',NUMB
TOE =PE+VKE
DIV =DFLOAT(NUMB/IDAT)
SUMTE=SUMTE+TOE
SUMPE=SUMPE+PE
SUMKE=SUMKE+VKE
SUMTT=SUMTT+TEMP
AVTOE=SUMTE/ DIV
AVPOE=SUMPE/ DIV
AVKIE=SUMKE/ DIV
AVTEM=SUMTT/ DIV
WRITE(50,500) (X()*ANG,Y(J)*ANG,Z(])*ANG,J=1,NT)
WRITE(60,600) (VX(J),VY(J),VZ(]),J=1,NT)
WRITE(70,700) K,TIME,PE,VKE, TOE, TEMP,AVPOE,AVKIE,AVTOE,AVTEM
END IF
IF (MOD(K,NTC).EQ.0) CALL VELOCITY_SCALING
CALL CHECK_UPDATE
END DO

END OF A MAIN LOOP

WRITE DATA FOR THE NEXT SIMULATION

I
I

I
I

Il
I

Il
I

WRITE(80,800) ( X(I), Y(I), Z(J),J=1,NT)
WRITE(90,900) (VX()),VY(J),VZ(])J=1,NT)

500 FORMAT (3(E20.10,2X))
600 FORMAT(3(E20.10,2X))
700 FORMAT(I7,2X,4(E13.6,2X),F8.3,2X,3(E13.6,2X),F8 3)
800 FORMAT (3(E20.10,2X))
900 FORMAT(3(E20.10,2X))

[eNeNe!

CLOSE FILE

CLOSE(50)
CLOSE(60)
CLOSE(70)
CLOSE(80)
CLOSE(90)
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C

PRINT*, 'PROGRAM IS FINISHED IN NORMAL.

C ##x MAIN PROGRAM END ****** MAIN PROGRAM END ****** MAIN PROGRAM END ****

END PROGRAM LIQUID_INI

Il
I
I

SUBROUTINE PARTS

SUBROUTINE GLOBAL_CONSTANT

INCLUDE "COMM.FOR’

AVO =6.02214d+23
ANG =1.0d+10
FEM =1.0d+15
PICO=1.0d+12

BK =1.38066d-23
FNT =DFLOAT(NT)

Avogadro number (1/ mole)

Inverse of angstrom (10**-10)

Inverse of femto (10**-15)

Inverse of pico (10**-12)

Boltzmann Constant (J/ K)

Making total number of the molecules as a
real number

BK3 =3.0d0*BK
Pl =4.0d0*ATAN(L.0d0)
PI2 =2.0d0*PI

RETURN
END

SUBROUTINE MOLECULAR_PROPERTY

INCLUDE "COMM.FOR’

AMASS=39.95d-3
FMASS=AMASS/ AVO
EPSI =1.67d-21

SIG =3.405d-10

Mass of one mole (kg/mole)
Mass of one molecule (kg/ ea)
Depth of L-] potential well (J)
Diameter of molecule (m)

RETURN
END

SUBROUTINE CALCULATION_CONDITION
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INCLUDE "COMM.FOR’

DT =5.0d0/ FEM

RCUT =3.5d0*SIG

ROUT =RCUT+1.0d0*SIG
IREPT=100000

Time interval for the calculation
Cut-off length of the interaction
Cut-off length for the neighboring list
Total iteation number of a simulation

IDAT =50 Interval to output the calculation data
IUP =1 Flag number for the neighboring list
NTC =100 Interval for the velocity scaling

TDES =100.0d0
DENSL=1311.2d0
DENSV=16.87d0
QUAL =0.05

Saturation temperature of a system
Density of saturated liquid
Density of saturated vapor

Quality of a liquid-vapor mixture

ROUT2=ROUT**2
DR =ROUT-RCUT

RETURN
END

SUBROUTINE INTERMOLECULAR_LENGTH

[ele)

INCLUDE '"COMM.FOR’

[eNeNeNe!

CALCULATION OF AN INTERMOLECULAR LENGTH BY THE EXPERIMENTAL DATA

FNLIQ=DENSL/ FMASS
FNVAP=DENSV/ FMASS
FLIQ1=1.0d0/ FNLIQ
FVAP1=1.0d0/ FNVAP
VOLIQ=FLIQI*FNT*(1.0-QUAL)
VOVAP=FVAPT*FNT*QUAL
VOL =VOLIQ+VOVAP
DIST =FLIQ1**(1.0d0/ 3.0d0)
XBOX =DIST*DFLOAT(NX)
YBOX =DIST*DFLOAT(NY)
ZBOX =VOL/ (XBOX*YBOX)

Molecule’s number per 1 m**3 of liquid
Molecule’s number per 1 m**3 of vapor
Volume per one liquid state molecule
Volume per one vapor state molecule
Volume of a liquid fraction

Volume of a vapor fraction

Total volume of a system
Intermolecular length among liquid molecules
X directional length of a system (m)

Y directional length of a system (m)

Z directional length of a system (m)

BX1=1.0d0/ XBOX
BYI=1.0d0/ YBOX
BZ1=1.0d0/ ZBOX

Inverse of XBOX
Inverse of YBOX
Inverse of ZBOX

RETURN
END
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SUBROUTINE CALCULATION_PARAMETER

INCLUDE "COMM.FOR’

CF1 =DT/FMASS ! FMASS is the mass of one molecule
CF2 =FMASS/ BK3

CF3 =0.5d0*FMASS

SIG3=SIG*SIG*SIG

SIG6=SIG3*SIG3

EP4 =4.0d0*EPSI

EP48=48.0d0*EPSI

NP=584267 ! Parameter for a random number

RETURN
END

SUBROUTINE INITIAL_POSITION

[eNe)]

[eNeNe! [eNeNeoNoNeNe!

[eNeNe!

INCLUDE "COMM.FOR’

THIS

IS A SUBROUTINE OF AN ARRANGEMENT FOR A SIMPLE CUBIC STRUCTURE

DETERMINATION OF FIRST MOLECULE’S POSITION

X(1)=DIST/ 2.0d0
Y(1)=DIST/ 2.0d0
Z(1)=DIST/ 2.0d0

X-DIRECTIONAL ARRANGEMENT

DO

J=1,NX-1
X(J+1)=X(J)+DIST
Y(+1)=Y(1)
Z(J+1)=Z(1)

END DO

Y-DIRECTIONAL ARRANGEMENT

DO K=1,NY-1
DO L=1,NX
X(K*NX+L)=X(L)
Y (K*NX+L)=Y(L)+DIST*DFLOAT(K)
Z(K*NX+L)=Z(L)
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END DO

END DO
C
C Z-DIRECTIONAL ARRANGEMENT
C
DO K=1,NZ-1
DO L=1,NX*NY
X(K*NX*NY+L)=X(L)
Y (K*NX*NY+L)=Y(L)
Z(K*NX*NY+L)=Z(L)+DIST*DFLOAT(K)
END DO
END DO
C
C VERTICAL MOVEMENT OF THE MOLECULES TO THE MEDIUM OF A SIMULATION BOX
C
DO K=1,NT
Z(K)=Z(K)+(ZBOX-DIST*DFLOAT(NZ))/ 2.0
END DO
C
C RECORD OF THE INITIAL MOLECULE’'S POSITION IN A FILE
C
OPEN(10,FILE="POS_START.DAT’)
C
WRITE(10,*) 1,NT,1,XBOX*ANG,YBOX*ANG,ZBOX*ANG,0.0,0
WRITE(10,100) (X(J)*ANG,Y())*ANG,Z(J)*ANG,J=1,NT)
C
100 FORMAT(3(E30.10,2X))
C
CLOSE(10)
C
RETURN
END
C
C
SUBROUTINE INITIAL_VELOCITY
C
C
INCLUDE "COMM.FOR’
C
C
C INITIAL VELOCITY CORRESPONDING TO THE INITIAL TEMPERATURE
C
VEL=DSQRT(TDES/ CF2)
C
SUMVX=0.0d0
SUMVY=0.0d0
SUMVZ=0.0d0
C
C ASSIGN THE MOLECULES'S VELOCITIES AS THE RANDOM DIRECTIONS
C
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DO J=1,NT
RA=RANFOR()
RB=RANFOR()
RA=RA*PI
RB=RB*PI2
VX(J)=VEL*DSIN (RA)*DCOS(RB)
VY (J)=VEL*DSIN (RA)*DSIN (RB)
VZ(J)=VEL*DCOS(RA)
SUMVX=SUMVX+VX(J)
SUMVY=SUMVY+VY(])
SUMVZ=SUMVZ+VZ(J)

END DO
C
C REMOVEMENT OF THE COLLECTIVE MOVEMENT OF A SYSTEM
C
SUMVX=SUMVX/ FNT
SUMVY=SUMVY/FNT
SUMVZ=SUMVZ/FNT
C
DO J=1,NT
VX(J)=VX(J)-SUMVX
VY())=VY(J)-SUMVY
VZ())=VZ(J)-SUMVZ
END DO
C
C RECORD OF THE INITIAL VELOCITY OF THE MOLECULES IN A FILE
e
OPEN(20,FILE="VEL_START.DAT’)
C
WRITE(20,200) (VX(J),VY(J),VZ(]),J=1,NT)
C
200 FORMAT(3(E30.10,2X))
C
CLOSE(20)
C
RETURN
END
C
C== ===
DOUBLE PRECISION FUNCTION RANFOR()
C== ===
C
INCLUDE 'COMM.FOR’
C
PARAMETER (IA=16807,IM=2147483647,1Q=127773)
PARAMETER (IR=2836)
C
C

AM  =1.0d0/ DFLOAT(IM)
KNUM=NP/IQ
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NP =IA*(NP-KNUM*IQ)-IR*KNUM

IF(NP.LT.0) NP=NP+IM
RANFOR=AM*DFLOAT(NP)

RETURN
END

SUBROUTINE CHECK_SYSTEM

[eNe)]

[eNeNeNe!

INCLUDE "COMM.FOR’

CHECK IF THE CUT-OFF LENGTH IS MORE THAN HALF LENGTH OF A SIMULATION BOX

SIZEX=0.5d0*XBOX
SIZEY=0.5d0*YBOX
SIZEZ=0.5d0*ZBOX

IF (SIZEX.LE.RCUT) THEN
PRINT*,/ =
PRINT*, Increase the size of a system (X direction) or
PRINT?*,” drecease the cut-off length. ’
PRINT*, Cut-off length exceeds the half of the XBOX. !
PRINT*’ XBOX is the Y-directional length of a simulation box.’
PRINT*,/ =
STOP

END IF

IF (SIZEY.LE.RCUT) THEN
PRINT*,/ =
PRINT*, Increase the size of a system (Y direction) or
PRINT*, drecease the cut-off length. ’
PRINT*, Cut-off length exceeds the half of the YBOX. !
PRINT*,” YBOX is the Y-directional length of a simulation box.’
PRINT*,/ =
STOP

END IF

IF (SIZEZ.LERCUT) THEN
PRINT*,/ =
PRINT*, Increase the size of a system (Z direction) or
PRINT*,” drecease the cut-off length. !
PRINT*,” Cut-off length exceeds the half of the ZBOX. !
PRINT*,” ZBOX is the Z-directional length of a simulation box.’
PRINT*,/ =
STOP

END IF
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RETURN
END
C
C
SUBROUTINE EXPLAIN_SYSTEM
C
C
INCLUDE "COMM.FOR’
C
C
C OUTPUT FILE OF CALCULATION CONDITIONS
C
OPEN(30,FILE="EXPLAIN-SYS.DAT’)
C
WRITE(30,300) NT
WRITE(30,305) TDES
WRITE(30,310) DENSL
WRITE(30,315) DENSV
WRITE(30,320) DIST
WRITE(30,325) QUAL
WRITE(30,330) XBOX*ANG
WRITE(30,335) YBOX*ANG
WRITE(30,340) ZBOX*ANG
WRITE(30,345) VOL*ANG**3
C
300 FORMAT('Total Number of Molecules’,T30,:'120,T55,’EA")
305 FORMAT('System Temperature’, T30,:",E20.10,T55,’K")
310 FORMAT('Density of Liquid’, T30,:"E20.10,T55,'kg/ m**3")
315 FORMAT('Density of Vapor’,T30,":"E20.10,T55,'kg/ m**3’)
320 FORMAT('Distance between Molecules’, T30,:'E20.10,T55,'m")
325 FORMAT('Quality of Mixture’, T30,"",E20.10,T55,'non-dimension’)
330 FORMAT('X directional length’,T30,":’,F20.10,T55,’ Angstrom”)
335 FORMAT('Y directional length’,T30,:",F20.10,T55,’ Angstrom”)
340 FORMAT('Z directional length’,T30,:",F20.10,T55,’Angstrom’)
345 FORMAT('System Volume’,T30,”:’,F20.10,T55,’ Angstrom**3")
C
CLOSE(30)
C
RETURN
END
C
C
SUBROUTINE WRITE_DATA
C
C
INCLUDE "COMM.FOR’
C
C

OPEN(40,FILE="PARAMETER.DAT’)
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WRITE(40,%) XBOX,YBOX,ZBOX
WRITE(40,%) BXI,BYLBZI
WRITE(40,%) ANG,FEM,PICO
WRITE(40,%) RCUT,ROUT2,DR
WRITE(40,*) TDES,DT,FNT
WRITE(40,%) TUP,IDAT,NTC
WRITE(40,%) CF1,CF2,CF3
WRITE(40,*) SIG6
WRITE(40,%) EP4,EP48

O O N ONUl R WN R

CLOSE(40)

RETURN
END

SUBROUTINE FORCE_CALCULATION

INCLUDE "COMM.FOR’

PE=0.0d0 ! Summing memory for

potential energy

DO J=1,NT
FX(J)=0.0d0
FY(J)=0.0d0
FZ(J)=0.0d0

END DO

IF (IUP.EQ.1) THEN
CALL SAVE_LIST
NLIST=0
DO I=1,NT-1
NPOINT(I)=NLIST+1
DO J=I+1,NT
RXII=X(I)-X(J)
RYII=Y(I)-Y(J)
RZI=Z(1)-Z(])
RXIJ=RXIJ-DNINT(RXIJ*BXI)*XBOX
RYIJ=RYI-DNINT(RYIJ*BYI)*YBOX
RZIJ=RZI-DNINT(RZIJ*BZI)*ZBOX
RSQ =RXIJ*RXIJ+RYIJ*RYIJ+RZIJ*RZI]
IF (RSQ.LT.ROUT2) THEN
NLIST=NLIST+1
LIST(NLIST)=]
IF (NLIST.EQ.NL) THEN

PRINT*/
PRINT*,” Number of neighbor list array is small. ’
PRINT*, Increase the number of array elements.
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PRINT*,
STOP
END IF
RADI =DSQRT(RSQ)
RADI6=RSQ*RSQ*RSQ
SR6 =SIG6/ RADI6
COEF =0.5d0+DSIGN(0.5d0,RCUT-RADI)
ENR =EP4*SR6*(SR6-1.0d0)*COEF
VIRI =EP48*SR6*(SR6-0.5d0)*COEF
FORCE=VIRI/ RADI
FORX =FORCE*RXIJ/ RADI
FORY =FORCE*RYIJ/ RADI
FORZ =FORCE*RZI]/ RADI
FX(I)=FX(I)+FORX
FY(I)=FY(I)+FORY
FZ(I)=FZ(I)+FORZ
FX(J)=FX(J)-FORX
FY(J)=FY(J)-FORY
FZ(J)=FZ(J)-FORZ
PE =PE+ENR
END IF
END DO
END DO
NPOINT(NT)=NLIST+1
ELSE
DO 1=1,NT-1
NB=NPOINT(I)
NE=NPOINT(I+1)-1
IF (NB.LT.NE) THEN
DO K=NB,NE
] =LIST(K)
RXIJ =X(D)-X(J)
RYIJ =Y(1)-Y())
RZI] =Z(1)-Z())
RXIJ =RXIJ-DNINT(RXIJ*BXI)*XBOX
RYI] =RYI-DNINT(RYIJ*BYI)*YBOX
RZI] =RZIJ-DNINT(RZIJ*BZI)*ZBOX
RSQ =RXIJ*RXIJ+RYIJ*RYIJ+RZIJ*RZI]
RADI =DSQRT(RSQ)
RADI6=RSQ*RSQ*RSQ
SR6 =SIG6/ RADI6
COEF =0.5d0+DSIGN(0.5d0,RCUT-RADI)
ENR =EP4*SR6*(SR6-1.0d0)*COEF
VIRI =EP48*SR6*(SR6-0.5d0)*COEF
FORCE=VIRI/ RADI
FORX =FORCE*RXIJ/ RADI
FORY =FORCE*RYIJ/ RADI
FORZ =FORCE*RZIJ/ RADI
FX(I)=FX(I)+FORX
FY(I)=FY (I)+FORY
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PE
EN

FZ(I)=FZ(1)+FORZ

FX(J)=FX(J)-FORX

FY(J)=FY(J)-FORY

FZ(J)=FZ(J)-FORZ
=PE+ENR

D DO

END IF

END DO
END IF

RETURN
END

SUBROUTINE ADVANCED_STATE

[eNe)

INCLUDE "COMM.FOR’

[eNeNeNe!

[eNeNe!

CALCULATION OF THE SOLID MOLECULE’S VELOCITIES

VSQ=0.0d0
VKE=0.0d0

DO J=1,NT
VX(J)=VX
VY(J)=VY
VZ(J)=VZ

()+CF1*EX(])
(N+CFIFY())
()+CF1FZ())

V2 =VX()#2+VY()#2+VZ(J)*2

VsQ =V
VKE =V
END DO

SQ+V2
KE+CF3*V2

AVSQ=VSQ/

FNT

TEMP=CF2*AVSQ

CALCULATION OF THE SOLID MOLECULE’S POSITIONS

DO J=1,NT
X(J
Y(J
Z(J

X

Y()

)

)=X()+VX()*DT
)=Y()+VY(J)*DT
)=Z()*+VZ(J)*DT
)=X(J)-DNINT (X(J)*BXI-0.5d0)*X BOX
Y(J)-DNINT(Y (J)*BYI-0.5d0)*YBOX

Z(J)=Z(J)-DNINT(Z(J)*BZ1-0.5d0)*ZBOX

EN

o

DO

RETURN
END
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SUBROUTINE SAVE_LIST

INCLUDE "COMM.FOR’

DO J=1,NT
XE()=X()
YE()=Y()
ZE()=Z()

END DO

RETURN
END

SUBROUTINE CHECK_UPDATE

INCLUDE "COMM.FOR’

DISTMAX=0.0d0

DO J=1,NT
DISTMAX=MAX(ABS(X(J)-XE(J)),DISTMAX)
DISTMAX=MAX(ABS(Y())-YE(J)),DISTMAX)
DISTMAX=MAX(ABS(Z(J)-ZE(J)), DISTMAX)

END DO

DISTMAX=2.0d0*DSQRT(3.0d0*DISTMAX*DISTMAX)

IF (DISTMAX.GT.DR) THEN
IUP=1

ELSE
1UP=0

END IF

RETURN
END

SUBROUTINE VELOCITY_SCALING

INCLUDE "COMM.FOR’
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SCALE=DSQRT(TDES/ TEMP)

SUMVX=0.0d0
SUMVY=0.0d0
SUMVZ=0.0d0

DO J=1,NT
VX(J)=SCALE*VX(])
VY (J)=SCALE*VY(J)
VZ(J)=SCALE*VZ())
SUMVX=SUMVX+VX(J)
SUMVY=SUMVY+VY(J)
SUMVZ=SUMVZ+VZ(])

END DO

SUMVX=SUMVX/ENT
SUMVY=SUMVY/ENT
SUMVZ=SUMVZ/ENT

DO J=1,NT
VX(J)=VX(J)-SUMVX
VY())=VY(J)-SUMVY
VZ(J)=VZ(])-SUMVZ

END DO

RETURN
END
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(3) CONTINUE.FOR

@)
It
It
It
It
It

PROGRAM LIQUID_EQUI

C
C 1. MD Program for the phenomenon of the liquid-vapor Interface.

C 2. This is the initial program to set the temperature of a system to the
C desired one by the velocity scaling.

C 3. Integration method of the motion of a equation is the Euler Method.
C 4. By Choi Hyun Kue, 2004

C

C

INCLUDE "COMM.FOR’

ITERATION NUMBER FOR THIS CONTINUOUS SIMULATION

[eNeNeNe

IREPT=100000

OPEN FILE

[eNeNe!

OPEN(10,FILE="PARAMETER.DAT’)
OPEN(20,FILE="POS_NEX1.DAT’)
OPEN(30,FILE="VEL_NEX1.DAT’)
OPEN(40,FILE="POS_2.DAT")
OPEN(50,FILE="VEL_2.DAT’)
OPEN(60,FILE="ENR_2.DAT’)
OPEN(70,FILE="POS_NEX2.DAT’)
OPEN(80,FILE="VEL_NEX2.DAT’)

READ DATA FOR CALCULATION

[eNeNe!

READ(10,*) XBOX,YBOX,ZBOX
READ(10,%) BXI,BYLBZI
READ(10,*) ANG,FEM,PICO
READ(10,*) RCUT,ROUT2,DR
READ(10,*) TDES,DT,ENT
READ(10,*) TUP,IDAT,NTC
READ(10,*) CF1,CF2,CF3
READ(10,%) SIG6

(

READ(10,*) EP4,EP48

O @ N ONU B WN =

READ(20,200) (X(1),Y(J),Z(J).J=1,NT)
READ(30,300) (VX(J),VY(J),VZ(J)J=1,NT)
C
C *** MAIN PROGRAM START ***** MAIN PROGRAM START **** MAIN PROGRAM START **
C

PVT=DT*DFLOAT(IDAT)*PICO ! Elapsed time during a simulation
C
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WRITE(40,*) 1,NT,IREPT/ IDAT,XBOX*ANG,YBOX*ANG,ZBOX*ANG,0.0d0,PVT
WRITE(40,400) (X()*ANG,Y(J)*ANG,Z(])*ANG,J=1,NT)

[eNeNe!

INITIALIZATION OF THE SUMMING MEMORIES

SUMTE=0.0d0
SUMPE=0.0d0
SUMKE=0.0d0
SUMTT=0.0d0
NUMB =0

Summing memory for total energy

Summing memory for potential energy
Summing memory for kinetic energy

Summing memory for system temperature

Numbering of iteration calculation

START OF A MAIN LOOP

DO K=1,IREPT
NUMB=NUMB+1
TIME=DFLOAT(NUMB)*DT
CALL FORCE_CALCULATION
CALL ADVANCED_STATE
IF (MOD(K,IDAT).EQ.0) THEN

PRINT*, 'ITERATION NO.=",NUMB

TOE =PE+VKE

DIV =DFLOAT(NUMB/IDAT)

SUMTE=SUMTE+TOE
SUMPE=SUMPE+PE
SUMKE=SUMKE+VKE
SUMTT=SUMTT+TEMP
AVTOE=SUMTE/ DIV
AVPOE=SUMPE/ DIV
AVKIE=SUMKE/ DIV
AVTEM=SUMTT/ DIV

WRITE(40,400) (X()*ANG,Y(J)*ANG,Z(J)*ANG,J=1,NT)
WRITE(50,500) (VX(J),VY(J),VZ(J),J=1,NT)

WRITE(60,600) K,TIME,PE,VKE,TOE,TEMP,AVPOE,AVKIE,AVTOE, AVTEM

END IF

IF (MOD(K,NTC).EQ.0) CALL VELOCITY_SCALING

CALL CHECK_UPDATE
END DO

Il
I
I

I
I
I

END OF A MAIN LOOP

WRITE DATA FOR THE NEXT SIMULATION

Il
I
I

WRITE(70,700) ( X(J), Y(), Z(J)J=1NT)
WRITE(80,800) (VX(J),VY(J),VZ(J),J=1,NT)

200 FORMAT
300 FORMAT
400 FORMAT
500 FORMAT

3(E20.10,2X))
3(E20.10,2X))
3(E20.10,2X))
3(E20.10,2X))

—~ 2~ —
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C
C
C

C

C

600 FORMAT(17,2X,4(E13.6,2X),F8.3,2X,3(E13.6,2X),F8.3)
700 FORMAT(3(E20.10,2X))
800 FORMAT (3(E20.10,2X))

CLOSE FILE

CLOSE(10)
CLOSE(20)
CLOSE(30)
CLOSE(40)
CLOSE(50)
CLOSE(60)
CLOSE(70)
CLOSE(80)
CLOSE(90)

PRINT*, 'PROGRAM IS FINISHED IN NORMAL.

C #ex MAIN PROGRAM END ****** MAIN PROGRAM END ****** MAIN PROGRAM END

*hk

I
I

END PROGRAM LIQUID_EQUI

SUBROUTINE PARTS

SUBROUTINE FORCE_CALCULATION

INCLUDE "COMM.FOR’

PE=0.0d0

! Summing memory for potential energy

DO J=1,NT
FX(J)=0.0d0
FY(J)=0.0d0
FZ(J)=0.0d0

END DO

IF (IUP.EQ.1) THEN
CALL SAVE_LIST
NLIST=0
DO I=1,NT-1

NPOINT(I)=NLIST+1

DO J=I+1,NT
RXII=X(I)-X(J)
RYII=Y()-Y(J)
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RZI=Z(1)-Z(])
RXIJ=RXIJ-DNINT(RXIJ*BXI)*XBOX
RYIJ=RYI-DNINT(RYIJ*BYT)*YBOX
RZIJ=RZI-DNINT(RZIJ*BZI)*ZBOX
RSQ =RXIJ*RXIJ+RYIJ*RYIJ+RZIJ*RZI]
IF (RSQ.LT.ROUT2) THEN
NLIST=NLIST+1
LIST(NLIST)=]
IF (NLIST.EQ.NL) THEN

PRINT*/
PRINT*,” Number of neighbor list array is small. ’
PRINT*, Increase the number of array elements.

PRINT*,
STOP
END IF
RADI =DSQRT(RSQ)
RADI6=RSQ*RSQ*RSQ
SR6 =SIG6/ RADI6
COEF =0.5d0+DSIGN(0.5d0,RCUT-RADI)
ENR =EP4*SR6%(SR6-1.0d0)*COEF
VIRI =EP48*SR6*(SR6-0.5d0)*COEF
FORCE=VIRI/ RADI
FORX =FORCE*RXIJ/ RADI
FORY =FORCE*RYIJ/ RADI
FORZ =FORCE*RZIJ/ RADI
FX(I)=EX(I)+*FORX
FY(I)=FY(I)+FORY
FZ(I)=FZ(1)+FORZ
FX(J)=FX(J)-FORX
FY(J)=FY(J)-FORY
FZ(J)=FZ(J)-FORZ
PE =PE+ENR
END IF
END DO
END DO
NPOINT(NT)=NLIST+1
ELSE
DO I=1,NT-1
NB=NPOINT(I)
NE=NPOINT(I+1)-1
IF (NB.LT.NE) THEN
DO K=NB,NE
] =LIST(K)
RXIJ =X(I)-X(J)
RYIJ =Y(1)-Y())
RZI] =Z(1)-Z())
RXI] =RXI-DNINT(RXIJ*BXI)*XBOX
RYI] =RYI-DNINT(RYIJ*BYI)*YBOX
RZI] =RZI-DNINT(RZIJ*BZI)*ZBOX
RSQ =RXIJ*RXIJ+RYIJ*RYIJ+RZIJ*RZI]
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RADI =DSQRT(RSQ)
RADI6=RSQ*RSQ*RSQ
SR6 =SIG6/ RADI6

COEF =0.5d0+DSIGN(0.5d0,RCUT-RADI)

ENR =EP4*SR6%(SR6-1.0d0)*COEF

VIRI =EP48*SR6*(SR6-0.5d0)*COEF

FORCE=VIRI/ RADI
FORX =FORCE*RXIJ/ RADI
FORY =FORCE*RYIJ/ RADI
FORZ =FORCE*RZIJ/ RADI
FX(I)=FX(I)+FORX
FY(I)=FY(I)+FORY
FZ(I)=FZ(1)+FORZ
FX(J)=FX(J)-FORX
FY(J)=FY(J)-FORY
FZ(J)=FZ(J)-FORZ

PE =PE+ENR

END DO

END IF
END DO
END IF

RETURN
END

SUBROUTINE ADVANCED_STATE

[eNe)

[eNeNeNe!

INCLUDE 'COMM.FOR’
CALCULATION OF THE SOLID MOLECULE’S VELOCITIES
VSQ=0.0d0
VKE=0.0d0
DO J=1,NT
VX(J)=VX()+CF1*FX(])

1=VX()
VY()=VY()+CF1*FY(J)
VZ(1)=VZ())+CF1*FZ(J)

V2 =VX()*2+VY )2+ VZ(J)**2

VSQ =VSQ+V2
VKE =VKE+CF3*V2
END DO

AVSQ=VSQ/FNT
TEMP=CF2*AVSQ

CALCULATION OF THE SOLID MOLECULE’S POSITIONS
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DO J=

=

ANT
X()=X()+VX()*DT
Y()=Y()+VY()*DT
Z()=Z()+VZ()*DT
X()=X(J)-DNINT(X(J)*BX1-0.5d0)*XBOX
g
g

I

Il

Y()=Y (J)-DNINT(Y (J)*BYI-0.5d0)*YBOX
Z())=Z(J)-DNINT(Z(J)*BZ1-0.5d0)*ZBOX

END DO

v

RETURN
END

SUBROUTINE SAVE_LIST

INCLUDE "COMM.FOR’

DO J=1,NT
XE(T)=X()
YE()=Y()
ZE()=Z())

END DO

RETURN
END

SUBROUTINE CHECK_UPDATE

INCLUDE "COMM.FOR’

DISTMAX=0.0d0

DO J=1,NT
DISTMAX=MAX(ABS(X(J)-XE(J)),DISTMAX)
DISTMAX=MAX(ABS(Y())-YE(J)),DISTMAX)
DISTMAX=MAX(ABS(Z(J)-ZE(J)), DISTMAX)

END DO

DISTMAX=2.0d0*DSQRT(3.0d0*DISTMAX*DISTMAX)

IF (DISTMAX.GT.DR) THEN
IUP=1

ELSE
1UP=0
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END IF

RETURN
END

SUBROUTINE VELOCITY_SCALING

INCLUDE "COMM.FOR’

SCALE=DSQRT(TDES/ TEMP)

SUMVX=0.0d0
SUMVY=0.0d0
SUMVZ=0.0d0

DO J=1,NT
VX(J)=SCALE*VX(])
VY (J)=SCALE*VY(J)
VZ(J)=SCALE*VZ(])
SUMVX=SUMVX+VX(J)
SUMVY=SUMVY+VY(])
SUMVZ=SUMVZ+VZ(])

END DO

SUMVX=SUMVX/ENT
SUMVY=SUMVY/ENT
SUMVZ=SUMVZ/EFNT

DO J=1,NT
VX(J)=VX(J)-SUMVX
VY(J)=VY(J)-SUMVY
VZ(J)=VZ(])-SUMVZ

END DO

RETURN
END

- 140 -



(4) DATA-ANALYSIS.FOR

PROGRAM DATA_ANALYSIS

1. Program for the calculation of a density and a temperature.
2. By Choi Hyun Kyu.
3. Programmed in June, 2004

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

PARAMETER (NZHI =179)
PARAMETER (NSTEP=2000)

DOUBLE PRECISION DENSITY(NZHTI)
DOUBLE PRECISION TEMPER(NZHTI)
DOUBLE PRECISION COUNTING(NZHI)
DOUBLE PRECISION TEMPORAL(NZHTI)
INTEGER NUMBER(NZHTI)

! Number Density (EA/ m**3)
! Temperature (K)

Il
I
I

Il
I

NNON

INITIALIZATION OF THE SUMMING MEMORIES

SCENE=DFLOAT(NSTEP)

DO I=1,NZHI
COUNTING(I)=SCENE
TEMPORAL(I)=0.0d0
DENSITY(I) =0.0d0
TEMPER(I) =0.0d0
NUMBER(I) =0

END DO

[eNeNe)

COEFFICIENT CALCULATION FOR A TEMPERATURE & NUMBER DENSITY

FMASS=6.634d-26

AVO =6.02214d23

BOLTZ=1.3807d-23

AREA =36.9855713332d0*36.9855713332d0
VOL =AREA*1.0d-30

DENSL=1311.2d0

DENSV=16.87d0

DNLIQ=(DENSL/ FMASS)
DNVAP=(DENSV/FMASS)
COEFF=FMASS/ (3.0d0*BOLTZ)

Density of Liquid (kg/ m**3)
Density of Vapor (kg/ m**3)
Number Density of Liquid (EA/m**3)
Number Density of Vapor (EA/ m**3)

[eNeNe)

OPEN FILE

OPEN(10,FILE="POS_3.DAT")
OPEN(20,FILE="VEL_3.DAT’)
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OPEN(30,FILE="DATA3.DAT’)

READ DATA AND CALCULATION

[eNeNe)

READ(10,*) N1,NT,N2,A1,A2,A3,A4,A5

[eNeNe)

C

C
C
C

DO 1=1,NSTEP
NUM=MOD(1,50)
IF (NUM.EQ.0) PRINT*, 'SCENE=",I,/’,NSTEP
DO J=1,NT
READ(10,100) XPOS,YPOS,ZPOS
READ(20,200) XVEL,YVEL,ZVEL
LIST=INT(ZPOS)
NUMBER(LIST+1) =NUMBER(LIST+1)+1
TEMPERATURE =COEFF*(XVEL**2+YVEL**2+ZVEL**2)
TEMPORAL(LIST+1)=TEMPORAL(LIST+1)+*TEMPERATURE
END DO
DO K=1,NZHI
IF (NUMBER(K).EQ.0) THEN
COUNTING(K)=COUNTING(K)-1.0d0
ELSE
DENSITY (K)=DENSITY (K)+DFLOAT(NUMBER(K))
TEMPER(K) =TEMPER(K)+TEMPORAL(K)/ DFLOAT(NUMBER(K))
END IF
NUMBER(K) =0
TEMPORAL(K)=0.0d0
END DO
END DO

WRITE CALCULATION RESULTS

DO J=1,NZHI-1
DIV=COUNTING(J)
WRITE(30,300) J,DNVAP,DNLIQ,DENSITY (J)/ (VOL*SCENE),
TEMPER(J)/ DIV, TEMPER(J)/ SCENE
END DO

100 FORMAT (3(E20.10,2X))
200 FORMAT (3(E20.10,2X))
300 FORMAT(14,2X,5(E10.5,2X))

CLOSE FILE

CLOSE(10)
CLOSE(20)
CLOSE(30)

PRINT*, 'PROGRAM IS FINISHED IN NORMAL.

END PROGRAM DATA_ANALYSIS
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