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Fig. 2-1. Pressure p, as a function of the number density N/V, at T = 0.14¢/k. The liquid
(p, L), and solid (p, S) branches are compared with that for an ideal gas (p, id).
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0.5
0 [ -
—-:é)—U,L
-—+U,S
, 09 —Uid| |
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2
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_2 |
-25 *

0O 02 04 06 08 1 12
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Fig. 2-2. Internal energy per particle U/N, as a function of the number density N/V, at T

= 0.14e/k. The liquid (U, L), and solid (U, S) branches are compared with that for an
ideal gas (U, id).
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-15

0O 02 04 06 08 1 1.2
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Fig. 2-3. Entropy per particle S/N, as a function of the number density N/V, at T = 0.14¢/k.
The liquid (S, L), and solid (S, S) branches are compared with that for an ideal gas (S,
id).
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T=0.14¢/k

0O 02 04 06 08 1 12
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Fig. 2-4. Gibbs energy per particle G/N, as a function of the number density N/V, at 7=0.14 ¢/k. The
liquid (G, D), and solid (G, .9 branches are compared with that for an ideal gas (G, id).
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Fig. 2-5. Gibbs energy per particle G/N as a function of the pressure p at temperature 7'
= 0.28 ¢/k in the solid-liquid transition region. The liquid (G L), and solid (G S
branches cross at the point indicted by an arrow.

Fig. 2-6. Gibbs energy per particle G/N, as a function of the pressure p, at 7= 0.28 ¢/k in
the liquid-gas transition region. The liquid branch crosses with the gas branch at the

point indicted by the arrow.

X 2-6 |[ZIXEUR &R & 7 D02 Uiz, Z ORIZIEARZ EREIE O /5 /3BT
5o ZOMEETIZRDOAREXNELT D,
(5_pj 50 (2-20)
T

oV
7)"—(@ 2_7 Q:li 8 Ezﬁ@{&”%ﬁ—\‘ L/?L:o

1 T T

05 |=G. S Ar |

lbranch /i Solid |

_2 1 L
-0.5 0 0.5 1
p/(elb)
Fig. 2-7. Gibbs energy per particle G/N, as a function of the pressure p, at 7= 0.1375 e/k
in the triple point region. The solid branch crosses with the gas and the liquid branches

at the point indicted by the arrow, T3.
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X 2-7 D T3 (p3=0.00066 e/b, G/N=-0.84 &) £ /xR LTZGAT T, [EIR &R & KURD /3103
1A CRET D, ZORETIE p8 L EETIZEERNRLLETHY . L 0 EETIIRE
WEROLZETH D,
F 21 ITBWCHER A L SEAZFERM L B L7, van der Waals = CIIEFEA ST
koOXTHZ BB,
_8¢

1l¢
T =—=, =—— V. =3 2-21
¢ 27k Pe 27h ¢ ( )

Table 2-1 Calculated critical and triple point parameters compared with the

experimental data for argon [24].

pc/(S/b) py/(ﬁ/b) TC/(S/k) Ty/(g/k) Vc/b VyL/b ,03/,05 Tg/rc VgL/VC

vdW  0.037 0.00066 0.296 0.140 3.000 0.836 0.018 0.47 0.28

V./(em®/ Vg /(cm®/m

p./atm p 3/ atm 7./K 73/K
mol) ol)

P3P T:/T., Vzu/V,

Ar 480 0.681 151 8738 753 282 0.014 0.582 0.375

HETEHE LN RS ORE CTHRIME LTZ 3 ESOEE T3/Te & A SDET pe THIE
L7 3EADIET) pdlpe 1F, EBRELFRIUEREOREITHS, T T3DIRAFTIHEH
MaER LT,

2-6  FHX
TV ANZODWTDRT Y VRT A= gl b ZEER R TOEREZH > TRD
Lok T,

T, = EE =150.72 K,

217 (2-22)
p, = — < =4.86 MPa

27 b

RT V2w WRT A =B DIEER 22108 LT,

Table 2-2 vdW EOS coefficients a, b and ¢ (= a/b) for argon adjusted with respect to Tc

and pc.
a/Jdm’ b/m® g/Jd (e/k)/K
3.76E-49 5.35E-29 7.02E-21 5.09E+02

ZDONTA—=ZEfERH LT 2-8 DT V3 DMK ZET,
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Fig. 2-8. Phase diagram in the (p, T) space. The calculated result is compared with the
experimental data [14, 15], the EOS [6] and the free energy calculation [22].
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Fig. 2-9. Phase diagram in the (T, N/V) space. The calculated result is compared with
the EOS [6] and the free energy calculation [22].
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Fig. 2-10. Volume per particle V/NV, as a function of the temperature at several pressures.

The pressure p = 0.037 &b is the critical pressure.
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Z DT DITITR O EAERN RN =,

p.(V,N,T)=¢/b (2-25)
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Fig. 2-11. Volume per particle V/N, as a function of the temperature at high pressure p=

&/b. The solid-liquid transition is indicated by the arrow
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Fig. 2-12. Phase diagram of water in the (p, 7) space. The calculated result is compared

with the experimental data [a3-a6].

[FIEEIC L CRHHAETE OB EOFMX %X 2-13 (277,

10* =51

100 1

1 -

0.01 ]

£

?\ -8 ]

a 10°-+4 -=—SL ]

10::2 "L Gas :;g ]

107"+ ——8L, exp 4
107 -4 ——LG, exp

10716 | ——SG, exp| -

1078 ]

0 100 200 300 400 500 600 700
T/K

Fig. 2-13. Phase The calculated result is

compared with the experimental data [a4, a6 - a9].

diagram of oxygen in the (p, 7) space.
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Fig. 2-14. Phase diagram of propane in the (p, 7) space. The calculated result is

compared with the experimental data [a4, a6, a10, all].
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Fig. 2-15. Phase diagram of lithium in the (p, 7) space. The calculated result is

compared with the experimental data [a4, a6, al2 -al4].
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KRIETH D, vander Waals RicB IS 24K % L. 4V P F @ van der Waals =72
TR E A7, RO universal 7R CTE > T 5,

pvapor

= vapor (2-25)
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Fig. 2-16 The experimental normalized triple point pressure by the critical pressure
p3/pc is plotted against the normalized triple point temperature by the critical

temperature 7'3/7¢[a6]. The solid curve is the vapor pressure function of van der Waals
EOS (See Eq. (2-25)).
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FOPTIXEHOME N R bikiw T DI L TE LY, BRICBWTIIEN p @&W&E
FYEE—EBREICTEWLTED NS, £ T Db aik s o581 FHEN B I
DHIESERD HOIER SN D[2], A%@ﬁ%&(MD)Tﬁ&%thJ+®Fﬁiﬁm
IZBWTRWEEFPHIZIBWT van der Waals oD K 9 72268 2017 97[3,4], — @Bk
KCoES p(V, DL 722655 a(p) % 6T FUTRE O 1 EAHTIELLTE 5 (5]

p(v, T)_N—kT +p(V,0 K)+a(p)NKT (3-1)
Z 2T VIMERE., TIRERE, NITRIZEBT DS+ OE%L, k IZ Boltzmann B3 TH 5,
KOOFE 1 HILEEB = XL X —DFHMTH L, thoOBEISyFEHEEERORETH D,
W= R —UWVT) HEPEICIRRED 1 kB TH 5 (5],

U(\/,T):gNkT +U(V,0 K) +a(U)NKT (3-2)

[EARIZ 3BT b [RER D FEE A R (5],
2 13581 L ROBEERIC OV TERIR & 522 ERDET VA 4298 L7 [5-10],
fli b N7 RAER(EOS) A A L T, [EUE - kMK « [UKDR OISR 2 X7 A = x L ¥ —
DFHFE N BF~T=[5-10],
TR ODFESFEOT —F BN U CE I OIS D A #ia T S,
F7- EOS OB & a4« BNk 6 O[101 LR T & L, REE ik Lz, €0
FER. BIVFRIEEICOW T OFMREITEREL Y I 2 L—va VR E XV RLSEG D,
LJ 2D EOS I IZHGFHR LN TV A8, 4, 11-18], R HIEE T H ko)) 187
FIECTERRREERIZHT- b D TH D, ZICBITHEEMEIIY I 2 b—2 a3 VRIS,
4, 11-18] & F2BafE R[19-23] & thie 35,

3.2 MD v =l —a OfElr

LJ RIOWNH= R X — L ENOBE « BEREMNEEZSD7201C MD 2 21—
a v uEiToT, LI RT v v vty REEE roBsTchHY . WA THEAZLND,

u(r) = 4{(?]12 —[fﬂ (3-3)

ZIT eldIART UV NVORDESEFEDT, £72 ol ule)=0 L5t CTH 5, 5#
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£ & cEENETNTZFAX—LEIOHMELTHEAINDS, LETOFK X O L TIE
Cuadrosetal. [24]D LI RT A—Z ZFEH L C& 7z, T/ NTHEAT 5 L EREE Te &
BE FUARE Ve IXERIE L RO L /2%, 22 TIE LI /3T A —Z T SFUEIE & iSRS %
HET L LB, TORXTIET LI IOV TOEHRMERERN 2K b AICEX,
HEE T R 2 b—2 a VORERNBI 2R L, /3T A—ZOffIEE 3-1 IR LTz,

T, =1.37207 £/k =150.72 K

(3-4)

V_/N =(1/0.316)c> =1.250x10*m®

Table 3-1 Lennard-Jones parameters for argon.

(k) I K o102ty 1107 (elo)) ] (ela?)
m MPa atm
114.12 15756 3.405 _ 39.9 394

RTA—=ZDEIFRGDTRT LMD ¥ 2 = b—3 3 COBFIRE Te b i RARfE[15]
IZOWTOREEDERERFER GO Lo ITkO LT,
ARIDOFH L TIE N =256 ORICHOWTC NVI T oo ITNADy R ab— a3 E28Eo
BEIZBWTC, Iy b THEEEZ HOELS (TAIZo0nT 108m) £ TRT v b
TARNFX— L ENORREZIT o7, K31 &M 3-2 IZFHROFIZ R LTz,

(Ue/N) /¢

256Ard=1.7

Supercooled Liquid

™ Solid

2 3
T/ (e/k)

(N/V) =1.03 ¢°

Fig. 3-1. Average potential energy vs. temperature obtained by MD simulations at N/V =

1.03 5-3. The line of fit is given for the liquid phase.

24



256Ard=1.7

40 .
30 | P
Supercooled Liquid .~
< 20 - - i
2
2 10 2
"
0 g™ Solid |
(NV) =1.03 ¢°
_10 L 1 1 |
0 2 3 5
T/ (e/k)

Fig. 3-2. Pressure multiplied by volume vs. temperature obtained by MD simulation at
N/V =1.03 o3. The line of fit is given for the liquid phase.
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U :a(Ue)k—T+M (3-5)
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P - :a(p)kle&Kg) (3-6)
¢lo ¢ ¢lo

Z3 a(U)L a@)IZBECHR 10 DK 3 L4 ITRENTWD, ZAHIFERD X 5 IR
h(v) & y(WTERbLIND,

a(U,) =1.4h(v),

a(p,solid) — =1+ 6h(v), (3-7)
(o2

a(p, liquid)—— =1+ 6y(v)
(e

3 3\° 3\
h(v)::fz___;l_ ol 1o ,
v 10\ v 60{ v

A . (3-8)
(V)_ﬂ0'_3+i0'_3 _i0'_3
YW =53 "ol v 200 v )’
T VIR FHTZD OEFETH D,
N

H Ue(0 KF3ZECROIOK 4 1R SN TV D, fOBEIF#IZEREND,
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3.3 IRfEX
(I EARIN (5= W ) G A N g

UNJ7=2M6+U&LMQ+MWNH, (3-10)
_NKT  dU,(V,0K) dg(v) _
pV.T) =1 v -kf(v)NkT-+(—7£7—ijTln(KT) @3
11)
12 6
EJ—Eﬁ(—v—f)—ﬁ==6(1+-3—]f’—4——12(1-1&)5’—2-,(30|id) (3-12)
Ne 128 ) v 5)v
18 3
Uer V,.0K) (1.5"—6—91], (Liquid) (3-13)
Ne v v
gs(v) =1.4h(v), f5(v) =109751467*6@, (Solid) (3-14)

g, (v) =L1.4h(v), f,(v) :117704962*6@. (Liquid)  (3-15)

Z 2 CIEBE AT R(B-15) D L D IR N T A —H B EATWD, 2L MD O R %
BT 5 X212 AL5] b 9 O & SO/ T A — X IXEBICKT 5 B LD FICE
FRTVD, ZHERB19D L 512 MC @ 3EANTIAFHHRT 5 L 9 1358A7, R(3-15)
DIt OEIFE S FHPREE FBRR AW - T OICEA SN, Zh b RN ELEEDOR
LREBRIEOXTH D,

T b e B2 ISR AR & SRR GBI X 0 BUF OREEE ki oW T, #A
D155 1 BRI &l - Tk 72 (1],

VT = (V. T,) (3-16)
= b u 2O FRD £ 51272 %,
Vi
AS :(g(vf)_g(vi))Nk+ Nkln(vj"'(':(vf)_ F(Vi))Nk +(g(\/f)_g(vi))Nkln(kTi)

3 T, .
+[2Nk+g(V)Nk)|n[T] 3

F(v)= j f (v)dv

17)
I THIHNREE L L CIRODIRAEATRAT,

(3-18)

I 1 max

T=5, V=N
k
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Sy =S, = g(NV,, )NK + Nk In(Nv,, )+ F (N, )Nk +(§ Nk + g(Nvmax)Nkjln[Ej (3-

19)

22O vinax MO RN o° & AT HRE 0, R ek i e LTRDT, B
F(V) & gIIRETIL 0 & UET G (3-7), (3-9), (3-14), B-15)BM), ZDLHiC
LTy b =2 HITRD L H 2725,

AS(Nv,T) = g Nk In(k—T] + Nk In(%}r F(v)NK + g(v)Nk In(kT)+ g(V)NK,
& o

- (3-20)
F(v) = f(v)av
DIZIZEBNTIE Son b0 bE S &EFLT 5,

3-4 TpZERNZ VT D AH Al
RIREE S TR O EAER I S VTR 72 (1,

2
(—apj =(a E] =0 (3-21)
ov ) \av? ),

£ 32T NI UNTONTHELNTZE A, ERER, v Ialb—rvafRlReE i,

Table 3-2. EOS, experimental [1], and MD [3, 4, 15] critical constants of argon.

TJ(EK) pdels®) Vs
EOS V5 (Ref. 10) 1.470  0.247 2.53
EOS v8 1.321  0.219 2.57
EOS (Ref. 3)  1.313 0.13 3.22
EOS (Ref.4)  1.340  0.141 3.22
MD (Ref. 15)  1.321  0.129 3.16
exp (Ref. 1) 1.321  0.122 3.16

FE IR 1 XB-15) DRI N T A—Z TMD ¥ 2 = L—3 3 U151 & AbtE Tz, SEIOIREE
K@) THEA SN R AREITERMEN]IE I 2 L—v a3 URERIL, 8, 151 L B H - T
%o BEFENTOWTIERER[] & TRV, 2ENICERERC OV TR 725
RETho,
1, 2MO TpZEMICB T 2O LEITIROXNTET 5,
pl(ver): pz(VZ:T),
GV, T) G,(V,,T) (3-22)
Nl N2 .
X TIRIRERN AR EIREORBEK TH DL DT, ORI AL L LT,G % plxf
LTHIW= L 2D 1 OfifREM 2 OHIFRORZ R E LTS Z 8 Tx 5[5, 6], 3 EHMD
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(G/N) /¢
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Fig. 3-3. Gibbs energy per molecule, G/N, vs. pressure at Ttr = 0.692 ¢/k. The arrow

indicates the triple point.

BEMET T2 EEINT TR VRIS T 5, [FERICE O T IRV E AR
KR~ T 5, BRI O Sy T b D KRR IR 53 DA FEER 53 T b 5 KR
KO XTZAZXNF =R E B WD RO T A —213 MC D 3 HA
OFERNTZFHHT 2 L ITBATH S, % 3-3I2BWT 3HEHAIE T 2B FEOHFEM
ERBEE I a2 b—va URER B Uz, FHEERIZIAENZ2 L O LT 5,

Table 3-3. EOS, experimental [1, 25], MC [13, 17], and MD [18] triple points. The mass
density of the liquid pL and the change of enthalpy in the solid-liquid transition ASLH

are also given.

Tul(e/K) pylels®)  pils®  pdo®

EOS v5 (Ref. 10) 0.749 2.12E-03 0.845 0.989
EOS v8 0.692 1.53E-03 0.843 0.988

MC (Ref. 13) 0.687 1.10E-02 0.850 0.960
MC (Ref. 17) 0.692 1.21E-03 0.847  0.962
MD (Ref. 18) 0.661 1.80E-03 0.864 0.978
exp (Refs. 1, 25) 0.734 1.73E-03 0.844 1.010

WM OENZREOREEE LT 3417 L, Y ab—ya UFERE B LT3, 4,
11-18],
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Fig. 3-4. Phase transition pressure vs. temperature for the LJ system. Comparison of

EOS and simulation results [4, 11-18].
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Fig. 3-5. Phase transition pressure vs. temperature for argon near the triple point [19-

23].
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Fig. 3-6. Phase transition temperature vs. number density for the LJ system.

Comparison of EOS and simulation results [4, 11-18].
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fHECRENTND,
Bl o v— Se l35ERA L ER2FEETIIROXNTERDIND,
S, (V,T)= Nkln(stj+ F(v)Nk+g(v)NkIn(k;-}g(v)Nk Nk (3-23)
(e

AR R B S ORUKIRE ORI E AH L LE—EThHD L2 DH, ZORMITE
<HEEIN TS,
ERAR AR EORT v v ¥ VR X —OSEIE Ue (TIRD X HI1ZET 5,
Ues(V,T) =U,(V,0 K)+gs(V)NKT, (solid)
U, (V,T)=U,;(V,0 K)+g, (v)NKT. (liquid)
ZHIZOWNWTH Y 2 b—y g CORERI4, 17, 18] L e L7z, &8 « A0 - EME b 2
2 b—va URERERIGL TS,

(3-24)

3.5 —EFENCBIT AR FE
COETIHMEETFCTEOS Of L I 2 b —2 g VO RA BT 5, £/ p=1atm
=2.54%x103 /B IIRBITHF T AT RN F— GZK 3-TIZBWTREDEE E L THivV =,
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Fig. 3-7. Gibbs energy per molecule G/N vs. temperature at p = 1 atm. Comparison of

EOS and simulation results [4]. The melting point is 0.692 ¢/k, and the boiling point is
0.728 ¢/k.
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LTELLTEY, 2L LTHELDOMEEITIKN-EOS LE<A->TWS, = hrbE—0D
FUSOBENGT O, Bk REO= hr—FADEE LD, 2D GOTry b
s ORI S EE RN E AR D, K37 M OELE Tm LS ThIZRD X H 1225,

T =79.0K = 0.692%,

T, =83.1K = 0.728% (3-25)

p=1atm=254x10"¢/c"
NS OFERIFERMERENINGIVEE 72> TN 5D,

UTOEI)FEE p=1atm ([ZBWCERRERMEZ ik Uz, 23, W=
F—, TUHVE— SV LRLY TRV IR, FREMRE EERARETH D,
EEMD a2l —2 a3 N=864 DART p=12atm IZBWT{To7=, EEDORESE,
AW EOSIZTAMTH D Lorinole, 2 OMIFB IR 0O kIR EN TV D,

3.6 BTy M A5 M O HERR
SR R S M A IR OB BAGR U CHRERR L 7,
1 TV
(Cp -G, )W -

N
N &N AT a y N LR L2 KIE S BGR SO0 R Lz, BV PR S oo FCRi
BT B 7200,

(3-26)
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3.7 BEEAE

BUEEHE DT DICN DD Y — 27— aR FADEIHITHELI K 34D L 57
Tay NEHAHITIET = — b EEN v = VIN & TORE LTS FRE2EE L,
TOHOU—7 = TR pTY) =po k5250702 Tok po 12k LT v 22T
T— =7 IZL VRN, TR0 T 7 A MFIBHERSC0loftik s L TA I TS,

Table 3-4. Worksheets used for the phase transition calculations.

File name Purpose Figure examples

EOSv8_(T=1.00).xlsx G/N vs. p plot Fig. 3-3

EOSv8_(p=1atm).xlsm solve p(V,To) = po Fig. 3-7

3.8 JKIRIZH T 2 IRENHVIEES
Z OFITTIITHRIBIZ BT 2 oy FEE 2 T+ 5, 3-8 T=ek, NV=091c3 I
B 5V 2 BN AR LTz, ZOWRBBITIRIKITHRIST D, Z ORI & O EEN 3+ 57 1 Jih
EENTNWD Z LD, ZOBETILRE A TE D, L LEWRRFIZIS W T 3-
9 |ZR LIz iE@B O#UE & 5 ICIRENEE AN R 2 5, X 3-10 1E[A] CIRBEO L B CARBERE%LC
b2, HEACHBEBABIIROXNTERIND,
(v(t)-v(0)) = %i(vi(t)vi (0)), (3-27)

i=1
X 3-11 (2R d & O\ EE A CAE BB S D IR BNV /341 1E 30 em L T IR K &2 Ffo, HE H
CAH BRI DIRENV A IR DX TEFR I N D,

I (w) = %[(V(O) -v(0))cos(wt)dt (3-28)

INHDRIING | WK R 7 — /L TIHREI S ERET OF— R Th 505, RWVEFH A7 —
NVTRD LYRHOER) S EOEET— FTH L Z ENahd,

700 \
| T= e/k

600
N/V =0.91 ¢°
500 - Liquid b

400 - R

300 - R

200 - R

100 R
0 | | | | | |

0 100 200 300 400 500 600 700 '
t/ps =

M. S.D. /A%
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Fig. 3-8. Mean square displacement vs. time plot at T = ¢/k and N/V =0.91 c3.
Fig. 3-9 An example trajectory in the time range of 4 ps at 7= ¢/k and N/V=0.91 3.

8 10°®

0.0005 :
_6 T= S/k

6 10 0.0004 - NNV =0.91 67° -
Liquid

4107 0.0003

vacf (t)
I (w)

210° 0.0002

0 0. 0001

-2 10°¢
0

3 4 0 50 100 150 200
t/ps o/cm™

Fig. 3-10 Velocity auto correlation function vs. time at 7= ¢/k and N/V=0.91 o’3.
Fig. 3-11 Frequency spectrum of the velocity auto correlation function vs. frequency at 7'= ¢/k and N/V

=0.9103.

FLWIFE A 77— L COIRBEINIFE R OLRZ E NI S 269, 2 ORE) 2 fFnikEh Tt
92 L EINTRECHE T H6l, = 2 THLE 1 HITEEXUEETH Y | 52 HIN T
FAAEHETH D, £ Z0XTO 2 [ 3HBZn OB TH 5,

(a—pj Nk, &k (3-29)
oT V pAYA

39 3EDELYD

LJ %23 25 3HEHIER(D 2 5 RABITR L7 2R IR DX (v8) & sE 2R D X
WO TELFHATEZ S, TV DRT VY VTR AL — K=V a = XDRT
KT VTESIENTED, 20D, MHAEARTA—4 ¢ & clIFMffi/NT A —
X T\, AEIO v8 OIRIERDO T ORI T A —2Th D, Z DRk %
TR, FEBRE L D—BT S HIT K< 725 EHFFTE 2, ERIRIE L Se e EIR DO A T HHEZ
fEHTIATH D, o OB WE L FOHRECHER IND Z LW s D,

3.10 ALK RO AE[a0]

SEOWRERIL LI ATy L ROEDTH D, RALKFED FIZERDG T EAET D &
LJ 2 ORERZTEHN TE 5 [a0l, RALKFEOBETUREZ D FICEENHEFOE n ozt L
T7my b LEREZM a-1 1ZRT, 2 ORULRIAKFE R ORGSR & B UL T2 f# T LT,
RACKFBIZHEAT RE LI RT A= EEDLLICL>THLNTEHLDTH SH[a0l, b
TEHDRAKFRIZONTRBINZ G FREROE T2 G0 L BMRER AT 3 F
EZBHEL TS
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Fig. a-1 Calculated boiling temperature values vs. the number of electrons in various hydrocarbons,

including a comparison with experimental data [a2, a3]
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Fox iz nimLTLF— F—Ya— 2 ZRLHOMKZ, @0 NPT (EETEIR) 5
@ﬁ%V:JV“Va/Wmﬁﬁ%%;%;TiL%®i9uH%%ﬁﬁ*#%ﬁEbko
FLRLCERRETARDL DD L RE L TREEOHEZR DT IZOICEGROERE LA
A L7z, Lo UURERE CIIMSE A 2 F# (2 NPTMD TIRET 2D1IRE TH - 72,

ZOHMNG, 2 TIREAEROEARE VAL LEMEIEE R S 2 E LT NPHMD
[3-5] %M LC LJ ROFIELZEFEEZM~5, 2HEERELEERLIMITH~S, 5
S NTHR 2 REER(EOSIC L A R[6-11] & g3 %, NPH MD @M S5 MD
EDO—DROTRFERT oY VEMAT 2 LRENTZHEBI LV IEFICHETH D,

NPH MD {EDEJEAIERE & U TEBOATIC R T 2B IS 35 L ZE 2 6D,
NPHMD £ TIE—EDE Db & TEEREHE OFHNRE 2 A B 72 %) 2860 € LA S TH
RO ZS D, MIHIRE T0 222 THEFOZRE THRE—ERS, Foivicafid

B 2 AR L B S, ZodkEE (Tp) IFHERERE SIS,

S FEEITE N OKRE SIS U TS, FHEEMROFRIITAKIHEOE 03I
WCEWEARE LV EHERT D, BT TR X FUIRREIC B 2805 X v K<
BRIET D, i T CORMEE A5 1 I BRI IR A wIRE L T 5,

Z OFSUCIEERIE S RO LI B3 u@) ZET 5, BEEEE FICRT,

o=+ (] (]

T ridnFEEEETHY ., IR T Uy VORDOESERDL, ol ulc)=0 &z
T, B slT=RNVX—DHNL, clIEIOENE L THEHT S, 73220 TOfEIE
£a41\12527-,

Table 4-1. Lennard—Jones parameters for argon [12].

3 3
(¢/k) I K -21 -10 (16?1 | (elc®) 1
& /107 d | /10 " m Pa at

111.84 1.54 3.623 32.5 320

42 RIE
FEFIMRNE S O FCIIEAIEFREN R S D, 20D 4-1 O L5 g)iikee
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AR U=, FIHNRABIZIS 1 2 FLERIIBIEE NV =030 FCCHETHDH, ZZTN
TEATVIZEENDEIDFETHY ., BLOEREE VEEL,

TIME = 0.000000¢+000 ps TIME = 1.000000¢+004 ps TIME = 1.000000¢+004 ps

s

%

e d
t

rerptrnfgeteccrcony

initial final, t=10ns
Fig. 4-1 The initial and an example of final configuration under a very low pressure. p =

4.7 x10-4 ¢/c3, the initial temperature 7o = 1.76 ¢/k. The condensed part of the middle
1s enlarged to the right figure.

K IZBITHMD v ab—a v O5MEE2E 4-2 127 LT,

Table 4-2. The simulation conditions. Nis the number of molecules in the unit cell and a
and ¢ are the dimensions of the unit cell; a rectangular, 2 = b < ¢. The cut off, the time
increment dz and the total MD length are shown for the argon case. Hernandez method

[13] is used at high temperature vaporization.

initial number
initial .
c/a MD . density
# target unitcell  Cut off/A length/ps covflgu- (N/V)
ration P
/o7, intial
1 sublimation 100 5441 20000 oMY 0.010
pressure vacuum
2 metling & 10 272 20000 oY 0.100
vaporization vacuum
solid/
3 melting 2.09 500 1000 liquid 1.091
. . MD time
ensemble= NPH N= 1000 integration  Gear and step
method Hernandez dt/fs=1

M 4-212EH p=4Tx104 ¢ /63 DL ETOIRE T. KT ¥ ¥ /LT RILF—DEH
6 Ep t= %0 —H ORRIREOFI %R LTz, KO ORENTERIKEE & ES PR
REZ53T %,
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= o3 HA e T
~ AAAAAA, ay —
0.2 PAAAA A T WV AW <
E/N T, =1.76 e/k e

0.1+ 1 -7

y p=4.Te-4 ¢/’

0 1
0 2000 4000 6000 8000 1 10*
t/ps

Fig. 4-2 Time-variation of temperature 7, potential energy £, and enthalpy H are shown

under the pressure p = 4.7 x 104 ¢ / o3, the initial temperature 7o = 1.76 ¢/k.

ZOX L TESNIREZ IR Too e LT 4-3 1R L, BB L O
LA ORI LR I IT — B> TR WA Z OEB O K & S TFERIREBICET S
ZALHE & T4/ &y, BABOIREETIZ ToDRI%k E L TRHAICEILL TS, 2D
BIRIZBWTC, HAPREO T OREITHAETE TS E 25, ZOE TIHERMKE &
ERIAFIRBEI IS Do 7o, [URIRBBIZIER ISR WHINERE 70 > 4.4 e/k THO T,
S[UEREDO S FERETIIZ 07 FAZ—REl sz, ZHUIHIINRERE ) ~—~5
T HIFE IR TR TEeD E RN, 50K MEOEEITREILRAE &
RTED, RERLEFEOE XA E—DHE[INITIFFEFICREVNRLTH D, FHN LA
B ILFRE Toe L IRKILFRIE Tre IXROBRE w727,

T 2T, (3-2)
INONLROMERESD, BT Tse TRE D, REKIEFPIREBICEN T RIRITEAH
WRHEL RO D, [EI L KMOIBNEERIE LTHEET B,

0. 8 T T T
p = 4. 7e-4 &/c®

0.7 . 1

0- 6 | m-..... ° i
2 09 Liquid e
3 0.5 4 Gas .
S~
—

0.4 1

Solid
0.3 N=1000
NPH
0- 2 | | | | | | |
0 8

3 4 5
T,/ (e/k)
Fig.4-3 The temperatures 7 of each states vs the initial temperature 7v under the

pressure p=4.7x10% ¢ /o3,
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4.3 RifELARZE

AR E S O T CIIffig L 78BN TSNS, £ 2 TS FRE & LTI 44 @
KO bDERM LT, SfEEOF bR Lic, JIFNRE To=3.2¢/k TH % p=0.00312
e/c3 TH D, ZORKEEIITILFRELRBTE 5,

TIME = 0.000000¢+000 TIME = 2.000000¢+003 ps TIME = 2.000000¢+003

initial final, t=2ns

Fig. 4-4 The initial configuration and an example of the final configuration under the
pressure p = 0.00312 ¢/c3. The central part of the middle figure is the enlarged to right

one. The initial temperature is 7o = 3.2 &/k.

4-5 (AR L E 10N To=3.2 e/k, p=0.00313 e/c3 D & & OIEE & AR O B E
oL, BLN T EEOMEIZT LI O FAARE] L kx o,

1.2 : : 12
T, =3.2 e/k
T : p=3.13e—3a/c;3’1°
0.8 -
S 06 =
= 2
0.4
0.2
0 | | | 0
0 500 1000 1500 2000

t/ps

Fig. 4-5 The temperature and the volume - time plot, 70= 3.2 e/k, p = 0.00313 &/c3.

B 4 -6 2B W CHEAR « 7R « KABDZE R SNBSS N, KFBDIEEM To DR &
E BT HDITEFICRE B A E—[1loFNTH D,

39



Solid

08 ~ .. .. _
0°°06°%% %000"¢ e
~/ Liquid-Gas
~ 0.6F
§ fuwm °
= 0.4Ff Solid "‘oc.*
-Liquid Gas 8
0.2 - .
p = 3.13e-3 ¢/c°
0 | | | | | | |
0 8

3 4 5
T/ (/K

Fig. 4-6 The average temperature 7'— the initial temperature 7o plot, p = 0.00313 &/c3.
RO 4T \ZIEKIRES L O30T DIRE TOWINRE Tol2 X 2 Z{b Ok %77

Lo B 47 IR D RIE~DBERBIRIE S R L2 S KR IAAIRNAE & OBTITAR T3/
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Fig. 4-7 The temperature 7'— the initial temperature 7o plot, p = 0.118 &/c3.
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Fig. 4-8 The initial, intermediate and final configurations are shown. p=7.11 ¢/c3. To=

2.62 ¢/k.
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THRE L.
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Fig. 4-9 The temperature 7— time plot, p=7.11 &/c3.
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shown. The initial temperature 7o = 2.62 ¢/k.
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Fig. 4-10 The temperature 7'- initial temperature 7 plot, p= 7.11 &/c3.

4.5 AR & 3ER

4-11 |2 2 FRERIRREDFE R A2 F L O TR 2 157-, T2 X 4-11 1R T, R A2 HwiE
SN TWAHIRRERX[6- 1111 L A AREE R & ik U7, B OFERIImE e 526D THD, 3
T AR A K 4-12 12R LT,
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Fig. 4-11 Phase diagram of the Lennard-Jones system by NPH molecular dynamics

simulations. The phase transition points by the published equations of state [6-11] are

also shown.
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Fig. 4-12 Phase diagram around the triple point.

BER AL p-T ZZH CIER AR A 2 FFo, T 3EADIREITR 43 DX D
(AR E RS IRES D, ZHICK LT3 EAICEBT D ENIRENES TIER,
HEE S 7z 3 AR T BIESNTER 4.3 1R LT, B o RIILATORER[2, 17] & b
LTW%, SEIOMEITH BT R X =3 HOMR[16-18] & FJE Ly, EERE[] & &L
L7, ERAERIC K DTN LI ROE & S 10% 1m0,

FEFUEE Te (X MD 26RO X ) ICHEE ST\ 5[19],

T_(MD)=1.3207¢/k =147.71 K

T.(exp) =150.72 K
ZOWEETEEFIREIZER 410 LI RT A= 2HHT5 LT TN D0 TOERE L
FIEVEE 725 Z DD, Ld 2D Te OFFEMHEERI UfEEZ L DXL IR TA—F%
HSE[19,20], SEHADEEIZOWVWTIX 6%DAR—FH L5, TZTI126 LI ATy
MIMLTLHET A I DRIBTOMEE BB L2 EB005,

(3-3)

Table 4-3. Comparison of calculated temperature (7i.), pressure (pt), liquid density (pr)
and solid density (ps) values at the triple point with published data.

To/(e/K) py/(€/5> p/s°  ps/c®
NPH MD 0.683 0.0012 0.845 0.960
NTP MD [2] 0.686 0.001 0.845 0.960
NEV MD [2] 0.683 0.0006 0.847 0.961
Ladd & Woodcock [14] 0.67 -0.47 0.818 0.963
Hansen & Verlet [15] 0.68 0.850
Agrawal & Kofke [16] 0.687 0.0011 0.850 0.960
Barroso & Ferreira [17] 0.692 0.0012 0.847 0.962
Ahmed & Sadus [18] 0.661 0.0018 0.864 0.978
exp [1] 0.749 0.0021 1.030 1.147
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Fig. 4-13 The initial and the final configuration under the triple point pressure. 7p =
1.78 e/k.
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Fig. 4-14 The temperature 7and the Vvs. ¢plot. p=1.2x103 g/c3, To=1.78 ¢/k.
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Fig. 4-15 The temperature 7'vs. the initial temperature 7o plot, p = 1.2x103&/c3.
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Fig. 4-al The melting entropy per particle 4+.5/Vvs the number density N/V of the solid
phase plot, for HCP, FCC and BCC structures.
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