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A three-phase phase equilibrium calculation for oil, gas and water based on

Artificial Neural Network and optimization algorithm

Abstract: The fluid phase state in oil and gas reservoirs is the basis for evaluating reserves and development plans;
phase equilibrium calculations can provide phase state predictions of multi-component fluids under different
conditions, providing basic fluid physical parameters for oil and gas reservoir. Due to the solubility of CO, in water,
to study the phase fraction and component variation characteristics of the coexisting oil-water-gas (including CO,)
system, a three-phase phase equilibrium calculation model for oil-water-gas (including CO») is established based on
the traditional thermodynamic model, considering the solubility of CO, in water. Data obtained through this model
are used to form a sample set, and combined with genetic algorithm (GA) and simulated annealing algorithm (SA), an
artificial neural network-based three-phase phase state prediction model for oil-water-gas (including CO,) is
established, obtaining the phase fraction and mole fraction of each component in the oil-water-gas three phases. The
research results show that the error of the three-phase phase equilibrium prediction model based on the artificial neural
network optimization algorithm is controlled within 5%, among which the model optimized by GASA together has
the highest accuracy. The combination of traditional thermodynamic calculation and neural network genetic and
simulated annealing optimization algorithms can provide guidance for complex three-phase phase equilibrium
calculations.
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T W okixtbeige, T, =T/T ., % A=-9.4234, B=4.0087, C=10.3199.
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Fig. 1 Flow chart of calculation of oil-gas-water three-phase phase balance

1.4 HHI%E
KGN TOIR RIMEIR A, fEIRE 373.1K. 10MPa R M PHIHE. HAEMSHILE 1, =
TR HAE S HL ki WA 2, 3% 3 Jyiliid Matlab tHEEZS# 28, 2V, 229, n¥, nby a1 22 0 E A 2 ) o
Wi WAH R EIA, ANEEK B 2 JAH it S5 20 70 5 45 R 18] ) JBE R 70 Kt R
= AR AL R S50 (Nazari et al., 2019) 17
Table 1 Reservoir fluid composition and physical property parameters
Moy Z (%) Te (K) Pc (MPa) w




CH4 30 190.56 4.599 0.0115
nCs 15 469.70 3.370 0.2515
nCs 25 567.80 2.490 0.3996
COs 10 304.19 7.382 0.2280
H.S 10 373.53 8.963 0.0827
H>O 10 647.13 22.055 0.3449
£ 2 ZUIRAEY oM EAEH 220 (Kyj) (Moradkhani et al., 2023) 1)
Table 2 Binary Interaction Coefficient (Kjj) of multi-component mixture
CH4 nCs nCsg CO2 H»S HO
CH4 0 0.021 0.05 0.491 0.031 0.491
nCs 0.0206 0 0 0.125 0.095 0.500
nCs 0.0500 0 0 0.140 0.100 0.480
CO» 0.1030 0.125 0.14 0 0.096 0.200
H.S 0.0310 0.095 0.10 0.096 0 0.120
HO 0.4907 0.500 0.48 0.200 0.120 0
R 3IEERRAE
Table 3 Verification of results
Z Al sl
S WE %k WE W %k W W
s ESE S R Kt ERES R s 45 RE
0.3614 0.3936 0.089 0.8218 0.823 0.001 0.0776 0.0726 -0.064
n- n¥ n*
R T T A T
et SRS WE Kt EP WE s 45 wE
67.61 71.28 0.054 23.6 19.59 -0.169 8.79 9.12 0.037
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Fig. 2 Components molar fraction at 373.15K and 10MPa
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Fig. 3 Pressure variation of phase fraction of gas-liquid (hydrocarbon) water
H & 3 AranfEsE— ) AR D) K = AHBE R 73 B R 100% 556 5 vy 1E e . Bl s 7 g 3g i,
AR R IR 53 BB WS, SARIB B A O, WO R BER i B 5 BT, AKHR EE R 43 Hiith 22
St I 5 9N TR KA EE AR 43 BRI 7 b T S e B SR AR K R S B G R B KR B R
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R ELSE AT, R JJ7E 16~29MPa FIEHL, IREETE 343.15~413.15K FikHL, JifkZH5 CO,. CHav nCl16.
IKITEE SR BN 35% 30% 15%. 20%, FIF Matlab $K753 92 44 A %4 «

2 FF N TR A P 28 B3 B i S K = A A S A Tl A 2

FIFH 5256 5 30 S 34T 2 A0 2 2 AT T, 8 AP0 AR o FER K S B B ) . AH
S ) T B R I R —, B SR N EE Y, RO — P AR IS S A B DK ) v AT T )
)0, BPNN ZEMJEMT. nl i tksm, (F T SR EELEMR, ESEAFERMEG R A, BRTRE
AL BE R TTER, R I AR TR AT S B . BPNN 732 oA B () ARG ML & R Az Ak kR, & T
WMAOK ZAHARP X R = g . ARZRMERI DA . HfE4 BPNN R A S AR PRk sns
FEMAE R B, AL 5 (Genetic Algorithm, GA) 1E N4 BILE L, © REBIFN 4 RS R, o
HRIRZ RS 0], BEGPAN SR AME ;s BEROR KR (Simulated Annealing, SA) 1E A& AR 5%,
TR S B G5 R G RE T, PR EURSRRE . GA 5 SA HIGINJFEIER L Gas b gs, T
2 T35 X 8 WIUA A . BRE S A SO AT AR S, T 5 BB B EE I R e pe s FR TR SRR 1k
CE SR ) GASA-BPNN Fler 7 GA 4 i8R M SA IRk 4i48 R A 17, SR AP AT 258 4% o) i B A
TR E N, BRI WSO FE S TR BE, & T B R 2 AR RSP U, @R AR
Mt — DI ) B et 52 AEE ). R, ZEHERIH N TS 579 GA-BPNN 84 F1 GASA-
BPNN A5 2 14 f 3 S K = AR TS A, A 7 e AT TH R S AT, 4 28 I 2 A ) 308 e TR T o Sk
CERE5ME, 2020) RO,
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TENLES 2SI £ vk BPNN 1E N — R 2 E AT S 4, 5% HMRR I R r A 3 R 2 2 R 2 1
g5k, fEN TR R R SR . MG B8 BERMZ AR 71, X R WAE it & # i
W, PRI A SCi% B BPNN BRI AP 7l . BPNN B BUE AL 4 4R 55— E RN E, S5 &t
xi Fl s FIERFET by 5 ERBREE, BEWAEIE h A I by 28 =225 E, &
20 o Ml 0y BRERZR FARI W R AEZEHH A TG MIEBIAE . afl b &2 T IRAEHEED b, b 34,
BPNN 75 A AT AL G A A6 3% . BPNN TAERAR i MERFALH 2 B—3, MAEIRZEZaie, &
RO BRTROE R B A B BTN A5 2 s S8 00, (MM S5 SHE R 2, S Ia % Rk i ) 4 =k
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(RMSE) PLEPZant s (MAE).  FIRRZE VP RE 68 RAEB BTN 5 S0 300 2 R v & 5, A
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MAE=%Zyi y (28)
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)
1 2
RMSE = nZ(yI y,) (30
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2.2 BAEALES: (Genetic Algorithm, GA)

WAL F IR TR R NS AEY) R G TR B, TR MBI R IR %5 LR
O S EUR K% Holland $2H (1992) 1, JEF H ARG T AR LWL T . @B E AP E
il XA SR, AR N ANV R R, R BENLIERE . 28 ORAR S5 R AN W 7 A T
B, SRR EEAE I8 R 2 () R B A0 A S A X S A, S RSB — AN S PR AR IR B A, AN S B %
v () RO A o AR SR A O 5 40 B SR A B B G etk gt 7 20, BN A Hikig TS
K, DA ERREAB AR GERE. T XAER).

(1) Getotidgmbid: Yot pRgmit s =2 in) 8 i i s e s ak Sk nl e I e ot ek, HZ O T
Una] 3@ 1) 7 20 1) A AT B A B 5 FR IR, WA A8 AL Bk P A8 S AR S S A R R G
fith 2 1) Y A P R B AR A . AT e A ) 3 32 40 R R b — b ) i A R S it o 55 o 4 S A
bb, SEEgmio o B i . 7E GA fifk BPNN BIEGS AR, SEAYLEARRE — MR IAUE R BIE. (2)
TN RE R IR SERIR S T R ZEE NS N FE SR, AR [ R R R R, e AT (1 T



WiR 22, Iyl SRR s M et Hbn. ARG N R 8, 84 Sl ISR R i i, 3Rl
PRI M AERYE . (3) IEFFHAR. WSS B DU 5K AL Sk rp AR R AL, R
SE (VI A AR Pt A B AR 7 2 ARG A o 38 L8 iy PR B 1 s A% 21 R — AR BOK,
N AR T s L BT AR . H AT 2 MR A A R B RS R R PR A
EH R RIS, ZOEEW HARIER .

3D

f
i i fi
i=1

A poAIEREE T f (=1,2,...m) RS | AR I FE R A

(4) B HAE: BT B IR T B D (St 7, A P A SN B A% A5 B g, AR — e A
AR S RAR K H A8 I AL A RSO A R AR B3 AL TS (K Ja R A AR A
A, WHRIE RN, R EAT e UIE N AR A T Bl JEUOR A SARRR R R (5D AR ERAE: £ H
RF, FERIAR SN MR 2R, 0T B AR AR U N T AMAR 2R, T DA R B e L
B I PR LUE GA A7 (Y R 425 2 [ A A b iUl 5 o #E GA e S AR AN 1) 385 L
FERBITT AL, A XARAFINE GA 2 Id R, AR BRI A 1) 2 B IR I A R A . @i
R=FERIERA RS &, GA A ROIER H AR E.

2.3 LB XYL (Simulated Annealing, SA)

PR K Sk e L B Kirkpatrick. Gelatt 1 Vecchi =722 #F & (Kirkpatrick etal., 1983) 131, Z 5
R NYIGIRET G, B EEIRD K, MRS 45 A MR R TR R, T BB
R, A REES, BEAA G RMaRRGE 7, X Pk 2 8y L, JF B
BRI, Bk R R S W, AR BRI A R R A . BRADLIR K B ROk
N SR ERIR/ME R R B 2 SR 4 = B A A -

BRADLE VL AN B8 20 #Y B : Metropolis S03E LR KGEFE, 23 5% N N IBE A FIAMEIR . NIEIR A
Metropolis SVETERFANRERFEAZ 1% T RGEATIENR, FHRZIEE TR/ DEEEENRTMRE. b
TEA IR KL FE, W RGINAZE SR IE RS Tiax, 8IS FRIR R AL o (IR B2 3% — 8 LUBHZHT T R 4R B Fs
FEILEE T, BHEFRELSE R, BIGIFERZ 5. AR —UIERH, LR KL ST E RSN
e 5 YIRS R E . WARFRE AR YIRS, WHEEZIRE . mRIREMREE S, W
M A (32) Pl—E MRS Z XA HORS IR A . XA 5R R EZ A . FEE IR
fiK, XMERZERN, FARFEEMREE, @R TEREEEMRIRE. ZEETS 2 MRk Ex
LA TR 5L, BERFE R RN, URTHEMMARE, NHEH TFHAERNNELBNR
AR R, AE A AR AR T RN AR

1 E(n+1)<E(n)
P= E(n+1)-E(n) (32)
e T E(n+1)=E(n)
K PN HRAEME: E (n) FUIPRE G n OB 1EEE: E (1) FFRE GF ntl

_E(n+D)-E(n)
VOIERR) FIREE; T RNYRE; e T A Metropolis %52 #E N

3GRE®
Kt i 26 15 5 A% R AR K AR &, R AL 2R D0 A S 0 e 5 o 22 X 2% 1 B A i 2L
M2 M 25 RPERE . FIHT Matlab B0F SHEY, B BEEALI AT H. SRRPRME X X
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i, BHFAREARREL 92 A, NG G a8, SRS X RAER 7 s R 2 A RE 7. R AS
NISAE B AR IRAE IR TPk 3R 1 MFEAREEZS, BRI 68 NIEENIIZGFEAR, I 68 N H A
FINZEREAR, RIFAAHBRIZERE 68 1 BPNN, FEANHZ M IAERIFIE, [FIEL 68 A28 9 25 %o Ik
SETTN 45 SR AP 2 VR B & TR .
3.1 ARMRACEIE TN T L
3.1.1 GASA-BPNN #7444

) AL AR KRS BIERA A2 N %% (GASA-BPNN), @it Bl& EUER KWL 538 58 71 R
BN, ZA T AL B A R RS R ERE L 51 ONIB KRR s AR B SRR, st E R
GASA-BPNN 7 i 24 4 2 A I s A b R It B R Wi A P2 5 RN BSE 7 . GASA-BPNN B A2
w4 iR

= ™ B N . BT (i 1 ) o
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HTKm |
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AR iff 52 BPAEE [ 25 45 44 “ i AT TR
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i) "
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#

5! v EfUHE
R H3R ‘R TSRO
U552 R, AT B2 i o oL GASASLZE & R/ R BRI R

Kl 4 GASA-BPNN #i 2 4]
Fig.4 GASA-BPNN flow chart
# 45 GASA-BPNN M5 HUE . K 5. 6 AR S GIRIMTAIZHCR R,
R A B TIAR T v 5 e 0 GASA-BPNN BRI S5 4 24
Table 4 Simulate and predict the optimal GASA-BPNN model structural parameters for phase
equilibrium calculations
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&R =4 1 R RKIE AL 1000
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Fig. 5 Selection of the number of neurons in the Fig. 6 Selection of activation function
hidden layer

3.1.2 GASA-BPNN 5 GA-BPNN RS i)l 2545 5
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Fig. 7 GA-BPNN and GASA-BPNN calculate fitness Fig. 8 Training errors of the three algorithms

function
SERA S SAE T I BPNN B8 (5 GA B GASA b)) illZe 5k, SFent/NT 2 708, b5
FIEARIREA R BARR KBS AL, BT B AR ZE B BN 0.0025, HilgizZE FRmMEIEERZE LT,
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Fig. 13 n' training errors of GA-BPNN and GASA-  Fig. 14 n® training errors of GA-BPNN and GASA-
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3.1.3 GASA-BPNN 5 GA-BPNN AP HE Bk 45

MINZREE R E H GA-BPNN Hl GASA-BPNN P RS8R GEAE TN AH P47, (HIE 75247 IR R AL )
BHRRNLHE . 3R 5 A 2 BRI AR IR 22 PEAFE AR, vE H R R I 2R 5 R 8 A -
B WA R2 T, GASA-BPNN HA R & R, UEHNZER Mz (LEEJH k. B 15~K] 20 9 GA-
BPNN H1 GASA-BPNN P Pt 284 (X025 5 St 2[R 2 22l . GASA-BPNN B8 % 72 0PI #5hx MSE. RMSE.
MAE {E /I, UF BZA R i 2 i v, RE NS HERA TOUDU A P-4l .

R 5 PR ) 2 AR PR 1R 22 VE A R b

Table 5 Error evaluation index of neural network model test set

TP AR R2 MSE RMSE MAE
YL 0.9899 0.35 0.59 2.52
GA-BPNN \) [‘ﬂﬁ
W 0.9821 0.78 0.88 6.17
Yl 0.9992 0.15 0.38 2.19
GASA-BPNN -
W 0.9951 0.56 0.74 5.89
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WHEAEAC I VAR IR B 323.15K. JE /7 1.02MPa R FIAH #5235 240 (Zheng et al., 2023) PIF &
GASA-BPNN BRI, (5 CO) PIHIEEBI 0 M. SEIGE5 A WK 6: GASA-BNPP HIGHIESS R LK 7,
[FIINf 2% 7 Hhilxt GASA-BNPP A 2R TSRS [ HEAT T 0F G B 21 J9ih UM AHAH 73 2 ARG L . dlnd
% 7 W] H1 GASA-BPNN 7ET CO,-J5 i A7 B A RAFHIREEE, 4100 B EE /R 7r Bt 45 R 5
SCHRAH G IR ZZ IR T 5%, L& 21 Ar%n, B IR 2L H1 276.15K 928 363.15K, & R 4 B UAH 7 187 L
FHTBOAHAR 53 238087 N B o RRAL UM 23 20 5 WO AR 43 28 BE R 43 B2 R 100%, 3 2 T i S fE E A

6 Al Him R YES 2
Table 6 Physical property parameters of oil samples in Huabei QOilfield

2H K Mw (/g.mol™) Te (KD P. (MPa) w Ci (mol)
CO» 44.01 304.2 7.37 0.225 0.25
C3Hs 44.01 369.8 4.25 0.008 0.25
Co.13 140.7 614.99 2.01 0.4998 0.0937
Cisas 2243 719.85 1.43 0.755 0.09325
Ci9.24 295.5 785.66 1.17 0.9311 0.08575
Casa1 386.8 850.55 0.97 1.0909 0.0801
Csoas 546.1 929.86 0.82 1.2464 0.0788
Cao1s" 1277.8 1090.76 0.79 1.3581 0.0684

7 AP S AE RS He R

Table 7 Comparison of phase e

quilibrium results for two phases

Xi, mol% yi, mol% N EINS
% N . . v
GASA-BPNN SR "%  GASA-BPNN SR "%  GASA-BPNN PR-EoS
CO; 6.87 6.95 1.1% 70.59 71.11 0.7%
C:H; 14.12 13.68 3.2% 29.41 28.89 1.8% 10.27 21.78
Co.13 14.72 14.59 0.9% 0 0 0
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Cia1s 15.89 15.91 0.1% 0 0 0
Ci9.24 14.38 14.77 2.6% 0 0 0
Casa 13.73 13.75 0.1% 0 0 0
Ca113+ 20.29 20.35 0.3% 0 0 0
n¥,mol% n’,mol%
5% GASA-BPNN SEES ®%  GASA-BPNN S R
27.68 28.11 -1.5% 72.32 71.89 0.5%
100 = T T T T
" n'GASA-BPNN
] A nEoS
L - n'GASA-BPNN
80 = n'Eos -
80 — ] u ol
g
. s
:? 60 e L
= 40 e i A& v
aat
%
A
bl A -
20 § re
'S
A
0 e 1 L 1 1
0 20 40 60 80

T(°C)
P 21 B 2> AR L
Fig. 21 Change of gas-liquid phase fraction
FEGUIRAS T RELE AT Z M 2 20 0 T Ak R, TR R BE 20 70 R 2% 7% B4R S K. Mtz F, FIA
PRZE A2 T Dl IR, mT S A N S B DRI TN, TR S Hh (A A R R R A P A B A AT O
H, HANFR D& PVT SRIe % Bl ae g 4 R AR AY , G2 1 B M e o) . (HRRRR TR Y, AN LHhe
W0 2 775 92 B RGN e 70 7 A% 32 IR T N 42 78 o O B O VE VG L, A SO T4 0 2 R B LA B AR R, W
AN 70 S50 H A 2 I SR 4% DALR B TR RS
M HZAE R TH A = b 5 — s R B AN R ) R A OK ZAHBE R 4y $. el TR 4R B SR =40 2 H 0 A
P BE R 7 BRI AT LA R, MRS 1 O VETHERAS B AR P S s, T RRIREE 413.15K. [k T)
29.5MPa  GASA-BNPP AHFHliiiH 5, a1k 8 fir. K 22 il K =40 & 2050 BE R o B At i, A
TR LA ) GASA-BPNN IS5 Y EoS #AEE R LF—3, RUNZAE MRt T e Tl . BlE s /11
ThE Sl COy BE/R PRI, W T 20 I A BAE 082, AR CO, BE/R P42 ETHE, SilH
AN . BAE H I3 N COL ¥ AR T7K, SEUBAR CO BE/R X BN, AKAH T 7K BE IR 3 B, 776
JoT ST E E
F 8 ZAHAH P E R A5 Ttk

Table 8 Comparison of phase equilibrium results for three phases

Xi,mol% yi,mol% X, mol%
.aq 0
GASA-BPNN EoS GASA-BPNN EoS GASA-BPNN X ]::mgl &
0
CO, 42.074 42.183 49.169 48.533 1.503 1.488
H>O 2.525 2.667 3917 3.992 98.497 98.512
CHa4 36.132 36.206 44.894 45981 0 0
nCis 19.269 18.945 2.019 1.493 0 0
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Fig. 22 Mole fraction calculation results of GASA-BPNN model and EoS model
4 Z

AT gt = A S AR A T SO SR AR 2 2, el RIS 18 COL iR T
ISR =AM AR, R N A2 W45 757509 i GA-BPNN 5 GASA-BPNN 7

(1) EIE A HE S AR 1% B R B RS T FE AR AR % B R AL, MP 7 FE SR A g R S5
SEIGHE A LR ZE RN, R AR TR

(2) GASA-BPNN jEid /5% (GA) HEMIFM (SA) Bt FEANLG], 22 5 AR RS Sl B k4K
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(3) GA-BPNN 5 GASA-BPNN P Fi 71 1) 58 i TV S K ZAHAH 433, 8T S GASA-BPNN #4
B, AR E . AT MAOK EMACEE TN, SAEG AR L, TS b 526 B
FIHERfTE S, AR n] T S2br TAE A .

References

[1] Bai,L.H.,Liu,B.,Chi,Y.A.,et al.,2021.2D NMR Studies of Fluids in Organic-Rich Shale from the Qingshankou
Formation, Songliao Basin. Oil & Gas Geology, 42(06):1389-1400. doi: 10.11743/0gg20210613. (in Chinese
with English abstract)

[2] Cai,J.,Yang,X.,Yang,Z..,et al.,2025.Microscopic Flow and Reactive Transport in Geological Media: Recent
Advances and Challenges. Capillarity, 17(3):77-80. doi: 10.46690/capi.2025.12.01.

[3] Chen,Z.,Li,R.X.,Du,Y.F.et al.,2025.Effect of Confinement on the Vapor-Liquid-Liquid Three-Phase Equilibrium
During CO2 Utilization and Sequestration in Shale Reservoirs. Advances in Geo-Energy Research, 16(3):199-
210. doi: 10.46690/ager.2025.06.02.

[4] Di,Y.,Zhang,Y.,W,Y.S.,2015.Phase Equilibrium Calculation of CO.—Hydrocarbon—Water Systems Based on Gibbs
Free Energy Minimization. Acta Petrolei Snica, 36(5):593-599. doi: 10.7623/syxb201505008. (in Chinese with
English abstract)

[5] Garcia,J.E.2001.,Density of Aqueous Solutions of CO.. Office of Scientific & Technical Information Technical
Reports.

[6] Guo,K.Q.2012. The Development of Phase Equilibrium Database Software.Qingdao University of Science and
Technology, Qingdao. (in Chinese with English abstract)

[7] Han,F.,2004. High Pressure Vapor-Liquid Equilibria of Two Binary Systems Containing Carbon Dioxide and
Alkanes(Dissertation). Tianjin University, Tianjin. (in Chinese with English abstract)

[8] Harvey,A.H.,1996.Semiempirical Correlation for Henry's Constants Over Large Temperature Ranges. Aiche
Journal, 42(5):1491-1494. doi: 10.1002/AIC.690420531.

[9] Holland,J.H.,1992.Adaptation in Natural and Artificial Systems: An Introductory Analysis with Applications to
Biology, Control, and Artificial Intelligence. The MIT Press, Cambridge. doi: 10.7551/mitpress/1090.001.0001.

[10] Huang,C.,Tian,L.,Zhang, T.Y.,et al.,2022.Globally Optimized Machine-Learning Framework for CO»-
Hydrocarbon Minimum Miscibility Pressure Calculations. Fuel, 329:125312. doi: 10.1016/j.fuel.2022.125312.

[11] Hui,G.,Ren,Y.L.,Bi,J.F. et al.,2025. Artificial Intelligence Applications and Challenges in Oil and Gas Exploration
and Development. Advancesin Geo-Energy Research, 17(3):179-183. doi: 10.46690/ager.2025.09.01.

[12] Kariznovi,M.,Nourozieh,H.,Abedi,J.,2013.Phase Composition and Saturated Liquid Properties in Binary and
Ternary Systems Containing Carbon Dioxide, n-Decane, and n-Tetradecane. The Journal of Chemical
Thermodynamics, 57:189-196. doi: 10.1016/j.jct.2012.08.019.

[13] Kirkpatrick,S.,GelattJr,C.D.,Vecchi,M.P.,1983.Optimization by Simulated Annealing. Science, 220(13):671-680.
doi: 10.1126/science.220.4598.671.

[14] Liu,B.,Lii,Y.F.,Ran,Q.C.,et al.,2014.Geological Conditions and Exploration Potential of Shale Oil in
Qingshankou Formation, Northern Songliao Basin. Oil & Gas Geology, 35(2):280-285. doi:
10.11743/0gg20140216. (in Chinese with English abstract)

[15] Liu,G.F.,He,L.Y.,Fan,Z.Q.,et al.,2021.Investigation of Gas Solubility and Its Effects on Natural Gas Reserve and
Production in Tight Formations. Fuel, 295:120507. doi: 10.1016/j.fuel.2021.120507.

[16] Moradkhani,M.A.,Hosseini,S.H.,Ranjbar,K.,2023.Universal Intelligent Models for Liquid Density of
CO>tHydrocarbon Mixtures. Fuel, 334(P2):126642. doi: 10.1016/j.fuel.2022.126642.

[17] Nazari,M.,Asadi,M.B.,Zendehboudi,S.,2019.A New Efficient Algorithm to Determine Three-Phase Equilibrium
Conditions in the Presence of Aqueous Phase: Phase Stability and Computational Cost. Fluid Phase Equilibria,

19



486(1):139-158. doi: 10.1016/.fluid.2018.12.013.

[18] Pan,Y.S.,Liu,B.,Zhao,Z.,.et al.,2025. Diagenetic evolution and reservoir formation mechanisms of tuff-rich mixed
shales: A case study of the Lucaogou Formation in the Santanghu Basin. Oil & Gas Geology, 1-20. (in Chinese
with English abstract)

[19] Prausnitz,J.M.,Lichtenthaler,R.N.,Azevedo,E.G.D.,1998.Molecular Thermodynamics of Fluid-Phase Equilibria.
Pearson Education,London.

[20] Qiu,X.P.,2020.Neural Networks and Deep Learning. China Machine Press,Beijing (in Chinese).

[21] Rowe,A.M.,Chou,J.C.S.,1970.Pressure-Volume-Temperature-Concentration Relation of Aqueous Sodium
Chloride Solutions. Journal of Chemical and Engineering Data, 15(1):61-66. doi: 10.1021/je60044a016.

[22] Rosendo,M.,2023.An Efficient, Robust and Reliable Initialization of Phase Fractions in Rachford-Rice System
of Equations for Three-Phase Split Calculation. Fluid Phase Equilibria, 566:113690. doi:
10.1016/j.fluid.2022.113690.

[23] Shi,W.,Huan,G.R.,Guo,S.P.,,1992.Study on Flash Calculation Method for Phase Equilibrium of CO»-
Hydrocarbon-Water System. Petroleum Exploration and Development, 19(03):48-56. (in Chinese)

[24] Sun,G.L.,Zhao,Z.Y.,Sun,S.J. et al.2023.Vapor-Liquid Phase Equilibria Behavior Prediction of Binary Mixtures
Using Machine Learning. Chemical Engineering Science, 282:119358. doi: 10.1016/j.ces.2023.119358.

[25] Wagner,W.,Pruss,A.,1987.International Equations for the Saturation Properties of Ordinary Water Substance.
Journal of Physical and Chemical Reference Data, 16(4): 893-901. doi: 10.1063/1.555926.

[26] Xue,Y.A.,Hu,A.W.,Wan,L.,et al.,2025.Accumulation Process and Phase Control Factors of Large Natural Gas
Reservoirs in the Oil-Prone Bohai Bay Basin, East China. Earth Science, 50(2):377-387. doi:
10.3799/dqkx.2024.013. (in Chinese with English abstract)

[27] Yi,S.H.,2019. The Study on CO>+ crude oil+water phase equilibrium(Dissertation).China University of
Petroleum, Beijing(in Chinese with English abstract).

[28] Yu,H.Y.,Yang,Z.L.,Liu,J.H.,et al.,2019.EO R Method by the Carbonated Water Injection (CWTI) for Tight Oil
Reservoirs. Petroleum Geology and OQilfield Development in  Daqging, 38(2):166-174. doi:
10.19597/J.1SSN.1000-3754.201807019. (in Chinese with English abstract)

[29] Zheng,Z.X.,D1,Y.,Yu,E.Y.,2023.DL-KF Modeling for Acceleration of Flash Calculations in Phase Equilibrium
Using Deep Learning Methods. Frontiersin Earth Science, 10:1041589.doi: 10.3389/feart.2022.1041589.

[30] Zhu,G.Y.,Li,J.F.,Zhang,Z.Y.,2025. Origin of Deep Oil and Gas Phase State Diversity and Evaluation of
Secondary Geochemical Intensity:A Case Study of Marine Oil and Gas in Tarim Basin. Earth Science,
50(6):2163-2178. doi: 10.3799/dqkx.2021.177. (in Chinese with English abstract)

H LS SOER

[1] ERRE, M, BERE, 55, 2021 4B RESIREARRAL TUS BT & AR IR B —— DARA I 2t 75 L
F2H & A LT DUA B A 5 KRR ST, 42(06):1389-1400.

[4] K76, 5k[E, Wu Yu-Shu, 2015.Gibbs H HREH /ML TR A IR-1- /K R GAH P4l A T 4k, 36(05):
593-599.

(6] SBYeHE, 2012 K0P A 22 BT R (LA 3035 B 5 BBHR S

[7] #6755, 2004. S A0HK S EANEE R 0 R G0 SR AT IR FE (il 52008 30). R B REER S

[14] Mg, BAERE, HIEE, %, 20148800 2 AT L OV TUES 07 B TR 2% 14 S 398 70 A 5 R AR
A ML, 35(02): 280-285.

(18] ¥&7Kb, Mk, BAHR, 5, 2025.% B TIRAR B UUA SO A RRIE K BUAE ML —— DA =3 A — S
FP YR ) AT S RAR S, 1-20.

20



[20] BRE5MG, 20204048 M 2% SR FE 2 2] b HLR Tl i it

[23] JiSC, AEEA=, FBMGSF, 1992, “AALER-1E-/K R G T N 28 1 H 57 v 7T A R 5T R, 19(03):
48-56.

[26] BEKZZ, $1225C, JiBk, 25, 20255 I R B R 2 R R AR R S A A i D R SRR 2,
50(2): 377-387.

[27] WS, 2019. COJEIH+/KFH AT 78 (il = A0 18 50 b5 EU A R 2.

(28] TV, Mk, XMRME, &5, 2019.80% sl i A6 K 3R 52 & R 5 VE ] K PR Th H i 5 F
38(02): 166-174.

[30] A, ZiEdE, TRERE, 202558 Z MRS Z AR S IR AE RS VE R B8 BEVRAY . DUSS BLR 2
Hh A SO BB RS2, 50(6): 2163-2178.

21



