29 6 — Vol. 29 No. 6

2004 11 Earth Science— Journal of China University of Geosciences Nov. 2004
1.2,3 3 1,3
9 b
1. s 100029
2. Department of Chemistry. University of California, San Diego, CA 92093, USA
3. s 430074
. 100 ’ b b
, . (
- ) . N PVT
: P628 : 1000—2383(2004)06—0716—017 :2004—08—31

Modeling Geological Fluids to High Temperatures and Pressures

DUAN Zhen-hao**, LIU Rong®, SUN Rui'"*
L. Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China
2. Department of Chemistry , University of California, San Diego, CA 92093, USA
3. Faculty of Earth Resources, China University of Geosciences, Wuhan 430074, China

Abstract: Methods for predicting the thermodynamic properties of natural fluids over a large range of concentration, temper-
ature and pressure are presented. With careful choice of phenomenology and parameterization, predictions can be made with
accuracies similar to the experimental data. Results presented for the NaCl-CO,-CH,-H, O system suggest that these model-
ing methods can be used to extrapolate experimental measurements to high pressure and temperature regions difficult to ac-
cess by experimental methods. For species such as CH, and CO., which are nonpolar and weakly interacting, a correspond-
ing states representation yields results that are highly accurate and depend on only two temperature and pressure independent
parameters. Predictions with such models of fluid/fluid coexistence at high temperature and pressures are within experimen-
tal accuracy. The role of molecular dynamics and Monte Carlo simulations in developing thermodynamic representations of
natural system are discussed. For closed shell and nonpolar systems, simulation results agree very well with experimental
data. Polar systems (H;O) at sufficiently high temperatures are also well described. On the other hand, the simulations for
polar systems at low temperatures yield results only in qualitative agreement with data. Efforts to improve simulation meth-
ods for these systems are in progress.
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1
Table 1 Experimental PVT data vs.

PVT

the corresponding state and other EOS

T/K P/(10° Pa) Vg Cerr) /% Vsuperet, Cerr) / % Vesp
Ny c=3.63 e=101 K
247.50 3 000. 0 33.01¢0.93) 32.70 Mills et al. (1975)
247. 50 15 000. 0 22.90(1.12) 22. 65
297. 40 3 000. 0 34.55(0. 23) 34. 47
297. 40 15 000. 0 23.21€0.03) 23. 20
297. 40 22 000. 0 21.26(0. 14) 21. 23
320. 80 3 000. 0 35.26(—0.04) 35. 27
320. 80 22 000. 0 21.33(—0.42) 21.42
H,O o=2.88 e=510K
723.15 1 60 089(0. 04) 60 115(0. 09) 60 062 D’Ans et al. (1967)
1073.15 5 17 829(0. 01) 17 826(0. 02) 17 828
1073.15 100 876. 6€0. 21) 874(—0. 23) 876
713.15 1000 28.64(0. 23) 28.57(0. 00) 28.57
813. 15 5000 21.23(—0. 60) 21.32(—0. 20) 21. 36
1273.15 5 000 29.53(0. 06) 31. 86(8. 00) 29.51
1173.15 8900 22.57(1. 30) 21.76(—2.30) 22.27
1293 17 500 19. 29(0. 70) 18. 07(—5.60) 19. 15
1693 17 500 21.28(—2.30) 20.13(—7.60) 21.79
1723 22 000 19.86(—1.40) 18.59(—7.70) 20. 15
1873 25000 19. 61¢0. 00) 18. 32(—6. 60) 19. 61
293. 15 100 17.95% 17.98 17. 96 Burnham ez al. (1969)
473.15 100 20. 69 20.70 20.70
473.15 5 000 17.10~ 17. 09 17.13
473.15 8 000 16.15* 16. 15 16. 21
573.15 500 23.17* 23.22 23.19
3,4,5 cmS/mol;VEq(l) serr=100 X (V}j()s*chp)/chp;
VSUPERFL Belonoshko and Saxena(1992) SUPREFLUID s s 5000X10°Pa
Saul-Wagner (1989); 5000 bar Belonoshko-Saxena (1992); *. DMW — 92
(1992)
b (5) b
’ 8 Oijj ’
PVT . 1 b
(T>400 C), ,
b
L—]
’ ’
, 9 aom
n n
, Belonoshko-Saxena €= ;;Iixjkl’zje’j : )
(1992). LI
o — 2 in-l'jk’z,zjo'y . (10)
’ i=1 j=1
14*] ’
(D B.C pPVT
, 2
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VanHinsberg et al. , 1993)
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2 H,0—CO, PVTX —_—
Table 2 Comparison of experimental PVTX data in the system H, O-CO, with the corresponding state EOS
T/k P/(10° Pa) 2(CO2) Veos/cm? VCX,)/cm3
673.15 2000 0. 747 46. 02 46. 6 Sterner and Bodnar(1991)
673.15 2000 0.372 34. 34 35.1
673. 15 5000 0.372 26.74 27.8
773.15 2000 0. 747 50. 72 52.0
773.15 2000 0.372 38. 36 39. 2
773.15 6 000 0.372 27.04 27.9
973.15 3000 0. 747 49. 66 50. 6
973.15 6 000 0. 747 38.17 38.4
973.15 6 000 0. 372 30. 45 31.1
1273.15 14 500 0.0 20. 22 20.03 £0.26 Frost and Wood(1997)
1673.15 14 500 0.0 22.61 23.15 £ 0. 32
1473.15 9500 0.218 28. 95 28.22 £0.73
1473.15 9500 0. 787 38. 20 37.51 £0.78
1373.15 14 500 0. 146 23.21 22.54 £ 0.29
1573.15 14 500 0.128 24.12 23.59 £ 0. 35
1573.15 14 500 0. 387 27.67 27.77 £ 0. 41
1673.15 14 500 0. 237 25.50 25.91 £ 0.48
1673.15 19 400 0.175 23.07 22.58 £ 0.22
1673.15 19 400 0. 210 23.58 23.27 £ 0.25
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. Duan ez al. (1995a) CO,— PVTX .
H,O CH, —H,0O 375~575 C,
, 300 C 600X 10° Pa~2500X10° Pa. 14
(D PVTX (Kraderand and Frank,
1987)
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PVTX . Duan et al. 4 NaCl—CO, —H,0O
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NaCl — H,O— CH,
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Table 3 Prediction of density at high temperatures and pressures in the system NaCl-CO,-H; O
T/C P/(10° Py a(NaCD  «(H,0)  2(COp)  Viy* Vios ™ ©
938 7458 0.0410 0.7720 0.1870 27.67 27.9318
930 6 600 0.0352 0.684 8 0. 2800 30. 78 30. 8201
924 6 800 0.024 4 0. 486 6 0.489 0 35. 60 34.574 1
940 7 400 0.0617 0.648 3 0.2900 29. 96 29.954 6

%, Johnson(1992); % * .

NaCl—H: O—CH, —CO;
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Fig. 13 Calculated phase equilibria vs. data measured by
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10° Pa. Data from Frantz et al. (1992)
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H.O 90 80 70 60 V 50 —CH. ’
X(H:0)/%
15 NaCl—H,O—CH, — (16)

Lamb et al. (1996)

Fig. 15 Comparison of experimental immiscibility boundary
and tie-lines (synthetic fluid inclusion method) with
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H,O-CH, system at 500 C and 1 000X 10° Pa.
Data from Lamb et al. (1996)
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4 NaCl—H, O—CH, —CO, Bowers-Helgeson (1983)
Table 4 EOS of this study is compared with experimental data and with the EOS of Bowers-Helgeson (1983)
TX P(bar) x(NaCDh)  x(H;O)  x(COy) V(BH) V(DMW) Vesp err(BH) /% err(DMW) /%
733 416 0.019 3 0.9789 0.0018 40. 53 57.94 61.14 —33.71 —5.23
733 435 0.0191 0.968 8 0.0121 42.45 56. 19 57.88 —26. 66 —2.92
713 406 0.018 6 0.943 9 0.037 5 45. 74 58.62 62.03 —26. 26 —5.49
713 403 0.018 5 0.9415 0. 0400 47. 83 60. 48 61. 14 —21.77 —1.08
703 407 0.018 3 0.930 3 0.0514 44, 89 55. 31 58. 08 —22.72 —4.77
733 517 0.018 3 0.930 3 0.0514 45. 88 49. 45 51. 97 —11.71 —4. 85
703 412 0.0180 0.914 6 0.067 4 51. 35 59. 46 61. 14 —16. 02 —2.75
733 402 0.032 4 0.946 3 0.0213 48. 22 66. 20 66. 24 —27.20 —0.05
743 457 0.032 4 0.946 3 0.0213 44. 31 56. 30 56. 05 —20. 94 0. 45
713 400 0.0317 0.9252 0.043 1 44,97 58. 56 57.06 —21. 19 2. 62
763 403 0.0714 0.9259 0.002 7 39. 22 70. 96 71. 33 —45.01 —0.52
713 423 0. 066 9 0. 8677 0. 065 4 42. 86 53. 00 56. 05 —23.53 —5.43
6,7,8 \% cm?® /mol; V(IDMW)  V(BH) Bowers-Helgeson (1983)
NaCl—H,O—CO, s Ve Gehrig(1980)
5 RWK2 PVT — CaCl, — H,O
Table 5 Simulated PVT properties for water using RWK2 ,
model
s Vea/ Vesp
P/10> Pa) T/K (cm?® » rlnol*]) (cm?® « rlni)rl)
8523 704 18 18.0 NaCl—H. O ’
7516 693. 3 18 18.2 25 C
366 385 18 18.6 , 0. 93, Millero
20913 3189 30 —
17 047 9761 20 _ (1970) 0.76.0.8
11 001 1858 30 —
7942 1610 30 28.70
300 5 18 18. 06 6 — PVTX —_—
976 12 889 18 18. 37
700 8o 50 29.03 Table 6 PVTX properties of salt-H,O system simulated re-
708. 5 220 180 182. 00
sults vs. experimental data
P/ /(mol s V(MD)/ Veo/
Usnion = L8 4 By exp(— pyry) — 2 | (19) TK 0P kgD e om
" " 386. 6 5.0 0.222  18.00 18.6
Pettitt and Rossky 1052 18095  0.222  18.00  18.31
(1986). NaCl i 307.1 387 5.91 17.50  18.19
0. 05~5. 91 . 250 Nﬁ&; 529. 1 828.1  5.91  20.90  20.60
744.5 4754 5.91 20. 90 21.13
. 4 1015.5 11 336 5.91 20. 90 20. 82
15 ps. 0. 75 {s 1227.2 25921 5.91 18.25  18.74
0. 001 370. 1 90 1.33 18 18. 50
. 653.0 8 247 1. 33 18 18. 04
KHUS 1210.4 23365 1. 33 18 17.83
. . 1796.5 26 206 1. 33 20
541.8 133 1.33 22.02
o 319.4 2538 3.86 18
’ (’E;;fl?; 1039.3 11532 3. 86 21.0 20. 37
NaCl—H,0 ’ 953.2 3588  3.86  26.0  25.93
pPvVT ; NaCl VMD) Ve ; NaCl— H,0
Pitzer and Peiper(1984) ,KClI—H,O  CaCl,—H,0O
s 6 Zhang and Frantz(1987).
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b
( Na® Cl)
b
3 ( AP,
3.1 ( RWK2 )
b
( ) . ] (Car
and Parrinello, 1985; Marx et al. , 1997)
b
b
b
. b
(
3.2
b
’
, 1 PVT
b
b
b
) 2—1 )
, 400 X 10° Pa ; ,
s NaCl— Hg () ’
s s 3
b
7 —_—
Table 7 Thermodynamic measurements on fluid systems
T/C P/(10° Pa) N
H,0O 0~1 200 0~9 000 1800 C  25000X10° Pa
CO, —56~1 000 0~8 000 1800 C  12000X10° Pa
CH, —100~800 0~8 000
H;O—CO; 0~800 0~6 000 1600 C  20000X10° Pa
H,O—CH, 0~354 0~3 000
CH, —CO; —54~500 0~1 000
NaCl—H,0O 0~1 000 0~8 000 0~10m 12m
KCI—H,0 0~700 0~3 000 0~4m
CaCl,—H;0 0~360 0~400 0~6m
H,O—CO; —CH,4 250 345 4 m
NaCl—H;O0—CO, 0~560 0~3 000 0~5m 950°C 7 500X 10° Pa
(‘()Z_CH4_N2 50~500 ONI 000
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b b

b

10 300~1 000 C,0~3000X10° Pa
, 50 C

100X10° Pa, 4 650
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