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1.1 SFHHhFEERE
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RERIRE], ATDAHME R EARES HR 4 R,
R — P sl T B AEASC MD RS S R
TR TR A A, REE3EE 1000 M7,
R —L TR, MR RA R LR % 4F
FERSERA L-J %, =k (2). HEEIEF#E
SFIBE T RERFWTRE, RANBEREEEF
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r(t+ At) =2r(t) —r(t — At) + %At2 (9)
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BRI
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(rp = /D). 4rFRAEH i #RET B E 4.0r, , EH
PR AR ZNT 0.01%. BB EH 5.0 x 1074
TR RGE TR NEE T, MLTRERNER V., EES
M4 1.0~100, 0.3535~1.414 2.
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R IE N R AR R E R EEN RS Bir
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Fig.1 Temperature fluctuation of equilibrium system
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WANBEFE . EWE R PET L, TN
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WX (1), e mESEERETE, %
br EMi R E RS HE T Z + 1, 72 NVI-MD #F5%
B, BT PFESZRZRE. ABRMEE, BIATH
EEREGHET. AWHHRETEE T.(1.0 ~ 100),
V,(0.3535 ~ 1.4142) JEE A B MD M@ (nFE 1),
FH¥ MD £ R 5 Wentorf 25 8] {14 LID #8758 H
MEEMAEAT TX L, 4 RARIRER 2 fE 3 H,
HbE2AH Z4+1 WHEREE, B3H Z+1 K%
HRER. ATETEREY, £FREETNE
H MD 5 Wentorf {8 f@7E T,(3, 10, 20, 50) f%t
WE, EFEEREET S H MD 5 Wentorf $({H
f#4E V,(0.5657, 0.636 3, 0.848 5, 1.0607) X} L {H

MR LB AT AR E], 72 T, M. V., < 0.9
i, MD 53|/ K46 B 73 A _E#B/NTF Wentorf Xt
B EE R, R SRS ESAET S FRHES A 2
LJD g g R E AL, REMTEHAERT
LIJD #igi k. HAPBRERAD (T, <10) B, B
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B PRI E T2 RAG AT AR AR — B, PRI AE ML /NE
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£1 SREESHERET
Table 1 The compressibility factor of the high-pressure and high-temperature gases
T Vr 0.3535 0.4242 0.4950 0.5657 0.6363 0.7071 0.8485 0.9899 1.0607 1.1314 1.2728 1.4142
1.0 1615 681 271 131 78.9 43.6 13.3 3.70 3.53 3.30 1.32 0.277
2.0 915 343.7 138.7 67.5 42.2 25.1 10.1 8.02 6.14 4.83 3.20 2.32
3.0 583 221 90.0 52.4 30.9 19.2 9.40 7.47 6.01 4.93 3.59 2.76
3.5 507 191 78.9 45.9 27.4 17.5 11.4 7.23 5.88 4.82 3.49 2.79
4.0 448 168 70.7 40.8 25.0 16.1 10.9 6.94 5.72 4.78 3.58 2.79
5.0 382 141 58.9 34.1 21.3 14.5 9.79 6.46 5.47 4.64 3.49 2.78
7.0 274 104 44.7 26.2 17.1 12.3 8.76 5.86 4.90 4.21 3.14 2.61
10.0 198 75.7 33.5 20.2 14.0 12.1 7.64 4.94 4.26 3.78 2.76 2.31
20.0 105 41.4 20.1 13.7 10.8 7.82 4.87 3.64 2.97 2.56 2.03 1.66
50.0 48.5 21.7 12.8 7.48 5.36 3.68 2.54 1.90 1.84 1.45 1.26 1.04
100 29.3 11.1 6.33 3.87 2.77 2.04 1.48 1.25 1.03 0.91 0.87 0.74
25— : FE, 4 FHESIR B0 AU B 6 T 4500, RERRY
st Tim20 Tr=10 13 i
4 \ \ Y N — 7, a al! N >
a . T pemmorfstal NSRBI o AT LR, R RN (T <
- 10) B#EER K (V, <0.6363) i, MD ¥ 5 Wen-
T \ torf 2 B B BR AR ZE R REHIK, FAREH R FR R
N N N
10 ™ — AR, YR RSURAEE LID #ip
i . e RIBAORAS . REERE (T, > 10) B % B A X 8L
T . & (v, > 0.6363) BF, BEE V. K, MD Hii5
; Wentorf % i) {4 i 22 (B Wi K, WL REH
3] SRR | | N
o1 os oo B EZ ) =AL, REGHEMBEETRES, WK
g BA SR T R ga e, SR 2 B R R R
S G 2 A 2y EH B LA Mol A
D T 2 B AT DA E LID BIRAEAT 5T v i RS
Fig.2 Isotherms of the compressibility factor ﬁﬁﬁﬁ’fﬂlﬁm IE@j_\‘ﬁ[jJ T, < 10, V, <0.85 E(JIZ:
. XIS, LID BSR ARG R G H SR
‘ A, LGRS KU R GOR A A2, R
~ —~ Wentorfet all® T LID #i2 Wentorf #8105 B K £k~ AR E
\ — this work N — S T
20f e TR (5),(6) WA T BRI T30 1 22 KW 45 B AT
V,=0.5657 E&j&
& RHaMERHAEMARIERRELEHMIE T

B3 EHRFREEHEZE

Fig.3 Isochores of the compressibility factor

BN ARSI DI s2 4 LID Bip kiR, bEEE Y
hn, Wi ZEEBRA, EVRERE, 5 FHE5E T

R, % REHSH AT HEERRE, B8e
1] 4375 BR B AT BADE B LID BB E SRS E T AR
SEAGERK, N EERREEMRMERERS. B4
BAFE &M T BIE— {4210 210 L g™ (r) (9% (rr) =
p(ro)/pv). BH 1 MARGEEHEAN T, = 1.0, V, =
0.6363; Il ARG LMHH T, = 1.0, V, = 1.4142; III
MRGHKMEN T, =50, V, = 1.4142. \NEH AT
EHERKRERNE, BEERKONE, RELH
EMRBENZIELE T, WS TFRULT %
TH, LID HigHEARRIEFMMBMERERS (W
B ). £ RGERER S, SH BB, #n5s
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A7 R B OUAE B AT QB A0 H B — B0 0, I R
G THSIC XL EBA FFE5H (B 1T A III), #
LID Bg K B FREA R THE AN IEMES RS
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Fig.4 Radius function of system for different temperatures

and pressures

2.2 WHEKFEFRESHE
BTl RS AORS TR R 2 T3 K
fi#, DI B AR TR BIE. Wk (5) fsk
(6) From i AR TTRE Z ATLLRIR Y
1

Z = (15)
T~Na /s Vb
o(5) (7)) =7
B EHOIR A 75 B BOfE AR AT T R IR S R SAOIR A T
KIfEHT R, BIEREX (15) FREASH. B8

W 7k (16)~ =X (18).
b 9In(T/8))

a - OIn(V/V*) | z=const (16)
O0lnZ
(l(l + Zﬁ) - _6(T/01) %:const (17)
. (1+2zp)/z
= @ 1)

Wi b/a KITTEEE 5 Fion, ZEFRRERZ MD
B EESR T, FELERB/D REMA,
fEEAp Z WA 2~100, 3LRA T 44 MEHE
A HERTRE Z > 15 B, K55 E 40 R 7 HE AR
SRR, HFEHARRERE 2, HYMEH 58, °F
By it 22 R4 1.94%. 24 48 B /N 25 B0
RABRRF R LERR, AHUGHELRMRE
WA, 3 Z=2HUaHELMRA -333. HE
2 Z =6, B HLEKFRE LBHEE 5.8, HAERN

—5.1. FIH R (16) # bja N 5.8 WMEE
EREEAER G ARGERE, £ HER
SRR 0 R A LS S R —. 7
3 (6) RILGAE A 6.0 , 5 MD KI5 i A
HIR.

In(7/0)

-1 —05 0
In(V/V*)

B 5 MD % R4 HE T2
Fig.5 Iso compressibility compactor of MD data for

calculated b/a

ERFF EERNERAIRBRT, IR Z5 5/
PR EZ A B R R B AT DA € o, B ME, =l (17).
Bl 6 A E a, 0 KFATALE, 2V, <0.9899 K,
PABELARMBIE AR ARE, 4% EE
MEAREEE, #i€ o = 0.60, 3 = 0.006. Xf
T,(3.0 ~ 100), V. (0.3535 ~ 1.0607) T4 B%4E i+
HA (18) M, FFHATRAZRUE, HIBELW
B 7, AR o E, R o = 0.103. BZ&MH

dn Z/oIn(T/0)

B 6 #E a0 14

Fig.6 Isochores for calculated a,
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T - 3 MID He Bt 0 B AR 7 R
4_ = : S — 19
s b g° "~ 0.103¢ — 0.006 (19)
T o0 7 (T35 VT2
= 2 °= (E) (V) (20)
HaX (19) fsk (20) HEWESHE TS5 MD {H7E
B T T-(2.0 ~ 100), V,.(0.3535 ~ 0.9899) & [ A& &1
(T/ﬁ)a(V/V*)b ﬁ} i’éQéﬁﬂjTW%E‘JﬂfHﬂﬁ, %E‘]*ﬁutﬂﬁﬁ%
H 7O o HUK IR R TT R RS RS MD k2K T 50%

Fig.7 Calculated «

B dfE o

Table 2 Comparison of compressibility factor form exact MD calculations and

F2 MD BEMHMNKERFEERE TR

improved Tsien’s EOS

T Vr 0.3535 0.424 2 0.4950  0.5657 0.6363  0.7071 0.848 5 0.9899
T

2.0 915 343.7 138.7 67.5 42.2 25.1 10.1 8.02%
— — 135.5 64.7 39.1 25.3 13.0 7.83P

30 583 221 90.0 52.4 30.9 19.2 9.40 7.47
— 237 86.2 48.2 30.0 19.7 10.36 6.34

35 507 191 78.9 45.9 27.4 17.5 11.4 7.23
— 192 76.0 43.1 27.0 17.7 9.49 5.85

40 448 168 70.7 40.8 25.0 16.1 10.91 6.94
— 164 68.6 38.8 24.6 16.3 8.84 5.45

5.0 382 141 58.9 34.1 21.3 14.5 9.79 6.46
— 132 58.2 33.2 21.2 14.5 7.73 4.89

70 274 104 44.7 26.2 17.1 12.3 8.76 5.86
354 95.7 45.5 26.3 16.9 11.7 6.50 4.18

10.0 198 75.7 33.5 20.2 14.0 12.1 7.64 4.94
207 70.2 35.3 20.6 13.6 9.56 5.43 3.54

20.0 105.1 41.4 20.1 13.7 10.84 7.82 4.87 3.64
97.0 41.0 22.1 13.6 9.21 6.56 3.90 2.67

50.0 48.5 21.7 12.8 7.48 5.36 3.68 2.54 1.90
45.7 21.9 12.7 8.10 5.66 4.16 2.64 1.97

100 29.3 11.1 6.33 3.87 2.77 2.04 1.48 1.25
28.0 14.2 8.50 5.58 3.98 3.06 2.08 1.63

a: MD calculations, b: improved Tsien’s EOS

2.3 HitHhZFERHY

MR AR T2 (11),(19

),(20), AT EABR 43t

X EARGEESTAR, & Bo NEASGKES
THRE, WARZFSTHEEBEA

ROW ARG, BT DU MR SAE B 4 ) 22 5 © O
B, U ERR— AR, @‘E@T—‘A (5r), v @
OBy _ (9P ¥t (22) FRA (23) 78
(5v7),=7(5z), — 7 (21)
(7N P A LT\
5 AR AR A R AT L3 3 >/T™ 350.103¢ — 0.006
OFE 3T 0.103¢ FA SOt S5 0 4% 2% 2R 5 2 RS 0 33 R T L A B N R A
(W)T ~ 75V (0.103¢ — 0.006)2 (22) g, marmsst (24) it RZ ZTM UL K (24)
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KIREBARE R, THE RS R RER B V/V* —
oo YR, HARBHERERKEL 10%, Kt
X (23), S0 (24) HEMARBERSER. RN

A UBERES S T REE
41 kT
(H_H”Tzﬁamk—am6 (25)
EMCERE B XT3 F R BGEAT M, TUBRRE

o7 HUABHEARBESRNIASH. BT HH
U R H A BEFIKE L 1521, OB AT BOORE FBEAH X 52
. HEHU EH, RERRSTERE-PEA
RETTRE, HEMLGHREHRETAFRNEEFE,
HENMAEA NE—BE.

34 i

ASCH NVT-MD 757 30 5% s il & B S 1 &
Grehinh) R H AT R AR PE, W8 T T R AR BT
HNE R IR N SR ESARE TS T ¥
BAEmM, RIS Fah s Ruk TR R &SR
RESAERAETE. AgWmT:

(1) BmEM ARG NVI-MD #4, B0 R4
H5HBHETMEURBNRE T FENEE. HER
EEERSS, HEKIERRE . SBAT 1.0

(2) LID BB/EHIT @i m B ERETE
mf, BT HSEM T RER A RS, #tE KR
GEFEJIR AR, 12 B8 RE 355 M RO B e IR R RS
HRGRA. XA LUA B LID #IgUAE T, < 10,
Vi, < 0.85 ML /NE B A5 MD B4 5T 6 BT

(3) MD g MC B B0 2 & & R SRS
kST M. AXAHT T.(1.0 ~ 100), V,.(0.3535 ~
1.4142) o A B &R ESERS TR MD il
R,

(4) MR8 MD FFE 45 3, B T iR e R SR R
PrR&ETE — BR¥EHITE, BREHFRESTREE—
MEATER, RFR—RESH ¢, SRAEYRTR
Mg EEARSTE, HZTETUERREA
e, LA KRR — R MR . iR Bk
FAVRA TN BR T R 75 R SRR A i B R b,
L7 R v 9 B B B L A 2 R R B,
BRIt E 8 RS MD ${E7E 7,(2.0 ~ 100),
V,(0.3535 ~ 0.9899) 71 [ A f) F- 35 48 Xt i 25 R AN
3 10%.

B AR TR B AT 25 o 1 R0 e iR
JESAARACRETTRE, 54 H b i 52 50 B K B
I EXT W AT DUR BB J5 I R 2= AR S T R L

ZRTFAMEY. BEHRRSTEBTFEH TERES
Ve B EERSTEEN, BETH AN
FRATHIB I A

s % X W
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AN IMPROVEMENT OF TSIEN’S EQUATION OF STATE IN
HIGH-TEMPERATURE AND HIGH-PRESSURE GASES

Zhao Bo!) Cui Jiping Fan Jing
(Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190,
China)

Abstract According to the general principle of molecular dynamics theory and the Lennard-Jones Devon-
shire(LJD) liquid theory, H.S.Tsien given an fundamental equation of state for gases at high temperatures and
pressures. Tsien’s EOS has physical foundation, high accuracy eqglicit temperature, and simple form. In this
paper, we tested the applicability of LJD liquid theory in high-temperature and high-pressure gases by constant
volume-temperature molecular dynamics, and obtained exact MD calculations for high temperature and pres-
sure gases EOS. Based on the MD exact numerical solution. The AAD between theaso data and the improved

Tsien’s Eos cesults is less than 10%. in high density vesign.

Key words high-temperature and high-pressure gases, Tsien’s equation of state, molecular dynamics, Lennard-

Jones potential
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