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Abstract Compared with the traditional gas injection method, gas-assisted gravity drainage is an emerging development
of enhanced oil recovery. It has attracted more and more attention from domestic oilfields due to its unique displacement
advantages. At present, there are many prediction models for the recovery of GAGD immiscible reservoirs at home and abroad,
but most of the models are simple nonlinear relationships and their prediction accuracy is poor. In recent years, machine learning
has been widely used in the petroleum engineering industry and artificial neural networks have become the most potential method
for dealing with complex nonlinear regression problems. Based on dimensional analysis, this paper proposes an artificial neural
network model that can effectively predict the recovery of GAGD immiscible development reservoirs. In view of the fact that the
dip angle of the reservoir is rarely considered in other studies, the Bond number of one of the dimensional parameters is corrected
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by the reservoir inclination. On this basis, a genetic algorithm and a particle swarm optimization algorithm are used to optimize

the model parameters, and an optimization model with the highest prediction accuracy is obtained. By comparing this with the

prediction results of other nonlinear regression models proposed in the literature, it is found that the optimized neural network

model has higher precision for numerical simulation, physical simulation and actual oilfield recovery.
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swarm optimization
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Fig.2 Nonlinear model prediction results
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Table 4 Dimension calculation of physical simulation and actual oilfield"**"!
AL N, N, N, N, N,
Pl 1 0.5556 0.0015 87 0.208 93 3.21x107° 6.43x107
PrsEi 2 0.5556 0.0015 87 0.208 93 3.50%107 9.64x1077
Yy 3 0.5556 0.0015 87 0.208 93 3.12x10° 1.28x107°
Hawkins Dexter jifi [ — 0.0222 22 0.005 081 3.27x107° 2.93x107°
Weeks Island jii i — 0.2492 89 0.041 778 2.87x107° 1.76x107
x5 HERDIHEMITEE
Table 5 Dimension calculation of numerical simulation'’!
AL N, N, N, N, N, Vip
1 10 0.1849 0.0259 3.26x107° 3.11x107* 0.05
2 5 0.0339 0.0004 2.53x107 8.89x10°° 0.16
3 1 0.1054 0.0314 4.61x107 1.49%x107° 0.62
4 2.5 0.1776 0.0533 8.94x107* 1.31x107" 0
5 0.5 0.0103 0.0001 1.59x107° 1.08x1077 0.14
6 0.8 0.2561 0.0339 6.11x107° 5.93x107° 0.62
7 4 0.0869 0.0472 3.67x107 3.90x107* 0
8 6 0.0458 0.0053 5.14x107 6.31x10°° 0
9 12 0.2297 0.0031 2.29x107 433x107° 0.30
10 0.6 0.2490 0.0023 1.77x107 3.05x107 0.05
11 15 0.0931 0.0023 1.25%x107° 4.05%x107° 0.08
12 0.8 0.1766 0.0027 4.89x1077 8.81x107 0
13 1 0.0507 0.0010 2.69x1077 1.08x107 0.85
14 0.5 0.2980 0.0039 2.07x107* 3.24x107 0.62
15 8 0.1040 0.0017 2.59%x1077 1.12x107 0.29
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Fig. 4 PSO-BP prediction result when the number of hidden nodes is 30
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Table 6 Different model prediction results
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5 &

P T —F T30 GAGD AR TR AR A& TR
AP ERAAY , ZRALLISE I GAGD TF RS2
B0 ) T e B A AT, SR ST S R o H
4TI B A PSR A A T T B IE . TR T
PRUEASTRY P S0 ERG =, 230 R FH A% Sk MOk 11

CEPUIN

B2 BRI S BT, SRR, BT
ARG ) A 2 TN 4 TN ASE AR ] FH A ST AT 25 2
TEAFIHIFEC %) SR 7 o DAL IS b 28 0 245 T30 4S5 76 ]
DAAR I HoAE R GAGD JE TR A R MOR A, 1 A T
Bt (HAERENIE, ASCUrE i AR AGE T
GAGD AFIRHHHI . %t T GAGD 1R AH I 5 R W R 1) 7
W, AAERUAFAEAR K SR B, TR R 7 TSR e 1 56
S B BN EEAE IR AN S5 T 0] LA SR ANAF
PR

(11 ZAfe, B, tgor, 45 RN AME R S 0 MR BB R EE (7], il BT 5 2RI , 2002(02): 1-5. [LI S L, ZHOU



298

FIMELEER  20194F9 H SH 4B 3 )

(2]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

(18]

[19]

(20]

(21]

[22]

(23]

[24]
[25]

S X, DU J F, et al. Retrospect and prospect of domestic and foreign gas injection enhanced oil recovery technology[J]. Petroleum
geology and recovery efficiency, 2002(02): 1-5.]

i, IR, KO, A5 ARG B I BRI LR KA R 3R (], # BRI R , 2013, 32(06): 80—85. [GAO J, YANG
SY, YUAN Y W, et al. Mechanism and controlling factors of GAGD technology[J]. Geological Science and Technology Information,
2013, 32(6): 80—84.]

BUTLER R M. A new approach to the modelling of steam-assisted gravity drainage[J]. Journal of Canadian Petroleum Technology,
1985, 24 (3): 42-51.

HAGOORT J. Oil recovery by gravity drainage[J]. Society of Petroleum Engineers Journal, 1980, 20(3): 139—-150.

KANTZAS A, CHATZIS I, DULLIEN F A L. In enhanced oil recovery by inert gas injection[J]. SPE/DOE Enhanced Oil Recovery
Symposium, Tulsa, Oklahoma, 1988.

NOROLLAH K, BASHIRI A. Gas-assisted gravity drainage(GAGD) process for improved light oil recovery[J]. International Petroleum
Technology Conference, Doha, Qatar, 2009.

PAIDIN W R. Physical model study of the effects of wettability and fractures on gas-assisted gravity drainage (GAGD) performance[D].
Baton Rouge: Louisiana State University, 2007.

VRURMG, B, SAEE, 25 R CT HARWFIE H R i AR R ICR L [7]. Al 2#4ik, 2013, 34(02): 340—345. [LENG Z
P,LV W F, MA D S, et al. Research of enhancing oil recovery mechanism of GAGD using CT scaning method[J]. Acta Petrolei Sinica,
2013, 34(2): 340—345.]

KA, ERET, ZREUR, AF L ST AU D SR BEIAT I (0], IS AR (A RBRED), 2006, 30(04): 58—
62. [ZHANG Y Y, WANG K Y, LI H J, et al. Study of numerical simulation for gravity drive of crestal nitrogen injection in gas-cap
reservoir[J]. Journal of China University of Petrolem, 2006, 30(6): 58—62.]

KANTZAS A, CHATZIS 1, DULLIEN F A L. Mechanisms of capillary displacement of residual oil by gravity-assisted inert gas
injection[J]. Polski Przeglad Chirurgiczny, 1988, 44(7).

GRATTONI C A, JING X D, DAWE R A. Dimensionless groups for three-phase gravity drainage flow in porous media[J]. Journal of
Petroleum Science & Engineering, 2001, 29(1): 53—65.

KULKARNI M M. Multiphase mechanisms and fluid dynamics in gas injection enhanced oil recovery processes[D]. Louisiana State
University, 2005.

KULKARNI M M, RAO D N. Characterization of operative mechanisms in gravity drainage field projects through dimensional
analysis[C]. 2006 SPE Annual Technical Conference and Exhibition, San Antonio, Texas, USA, 2006: 24-27.

RN, BT, A, AF U DI W T A il BRG0P SR, 2012, 19(06): 61-65. [WU K L,
LI X F, WANG X, et al. Prediction method of oil recovery in gas-assisted gravity drainage process[J]. Petroleum Geology and Recovery
Efficiency, 2012, 19(6): 61—65.]

MOSHIR FARAHI M M, REZA RASAEI M, ROSTAMI B, et al. Scaling Analysis and Modeling of Immiscible Forced Gravity
Drainage Process[J]. Journal of Energy Resources Technology, 2014, 136(2): 022901.

RAO D N. Development of Technologies and capabilities for development of Coal, Oil and Gas energy resources[C]. United States
Department of Energy Research Proposal, Jun 2001.

WYLIE P, MOHANTY K K. Effect of wettability on oil recovery by near-miscible gas Injection[J]. SPE Reservoir Evaluation &
Engineering, 1996, 2(6): 558—564.

KHORSHIDIAN H, JAMES L A, BUTT S D. Demonstrating the effect of hydraulic continuity of the wetting phase on the performance
of pore network micromodels during gas assisted gravity drainage[J]. Journal of Petroleum Science and Engineering, 2017.

MASON G, MORROW N R. Capillary behavior of a perfectly wetting liquid in irregular triangular tubes[J]. Journal of Colloid &
Interface Science, 1991, 141(1): 262—-274.

RAO D N, GIRARD M, SAYEHG S G. The Influence of reservoir wettability on waterflood and miscible flood performance[J]. Journal
of Canadian Petroleum Technology, 1992, 31(06): 47-55.

SALATHIEL, R A. Oil recovery by surface film drainage in mixed-wettability rocks[J]. Society of Petroleum Engineers, 1973, 25(10):
1216—-1224.

KOVSCEK A R, WONG H, RADKE C J. A pore-level scenario for the development of mixed-wettability in oil reservoirs[J]. Aiche
Journal, 1992, 39(6): 1072—1085.

JACKSON D D, ANDREWS G L, CLARIDGE E L. Optimum WAG ratio vs rock wettability in CO2 Flooding[C]. SPE Technical
Conference & Exhibition. Society of Petroleum Engineers, Nevada, Sept 22—25, 1985.

RAO D. Gas injection EOR-a new meaning in the new millennium[J]. Journal of Canadian Petroleum Technology, 2001, 40(2): 11—19.
DELALAT M, KHARRAT R. Investigating the effects of heterogeneity, injection rate, and water influx on GAGD EOR in naturally
fractured reservoirs[J]. Iranian Journal of Oil&Gas Science and Technology, 2013(1): 9-21.



FET A AT LA 22 0 25 SR TN GAGD AR AT A i eR i 299

[26]
[27]

(28]

(29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

(38]
[39]

[40]

[41]

[42]

(43]

JOSHI S D. Cost/Benefits of horizontal wells[J]. Society of Petroleum Engineers, 2003.

MAHMOUD T, RAO D N. Range of operability of gas-assisted gravity drainage process[J]. SPE Symposium on Improved Oil Recovery
Tulsa, Oklahoma, US, 2008.

AI-MUDHAFAR, WATHEQ J. From coreflooding and scaled physical model experiments to field-scale enhanced oil recovery evalua—
tions: comprehensive review of the gas-assisted gravity drainage process[J]. Energy & Fuels, 2018.

DUMORE J M, SCHOLS R S. Drainage capillary-pressure functions and the influence of connate water[J]. Society of Petroleum
Engineers Journal, 1974, 14(5): 437—444.

SHARMA A, RAO D N. Scaled physical model experiments to characterize the gas-assisted gravity drainage EOR process[C]. SPE
Symposium on Improved Oil Recovery, Tulsa, Oklahoma, 2008.

RAO D N. The Concept, Characterization, Concerns and Consequences of Contact Angles in Solid-Liquid-Liquid Systems[J]. Invited
paper presented at the Third International Symposium on Contact Angle, Wettability and Adhesion, Providence, Rhode Island, May 20—
23,2002.

OREN P E, PINCZEWSKI W V. Effect of wettability and spreading on recovery of waterflood residual oil by immiscible gas flood—
ing[J]. SPE Formation Evaluation (Society of Petroleum Engineers), 1994, 9: 2(2): 149—-156.

MESZAROS G, CHAKMA A, JHA K N, et al. Scaled model studies and numerical simulation of inert gas injection with horizontal
wells[C]. SPE Technical Conference & Exhibition, 1990.

HILL D G. Clay stabilization-criteria for best performance[J]. SPE Formation Damage Control Symposium, Lafayette, Louisiana, 1982.

DIETZ D N. A theoretical approach to the problem of encroaching and bypassing edge water[J]. Koninkl Ned Akad Wetenschap, 1953,
B56: 83-92.

RUTHERFORD W M. Miscibility relationships in the displacement of oil by light hydrocarbons[J]. Tetrahedron Letters, 1962, 7(21):
2277-2281.

SLOBOD R L. The effects of gravity segregation in laboratory studies of miscible displacement in vertical unconsolidated porous
media[J]. Society of Petroleum Engineers Journal, 1964, 4(01): 1-8.

BLYTH T S. Module theory: An approach to linear algebra[M]. University of St Andrews, 2018.

SHOOK M, LI D, Lake L W. Scaling immiscible flow through permeable media by inspectional analysis[J]. In Situ(United States),
1992, 16: 4(4): 311-349.

BAUTISTAE V, BARILLAS J L M, DUTRA TV, et al. Capillary, viscous and gravity forces in gas-assisted gravity drainage[J]. Journal
of Petroleum Science and Engineering, 2014, 122: 754—760.

ROSTAMI B, KHARRAT R, POOLADI-DARVISH M, et al. Identification of fluid dynamics in forced gravity drainage using dimen—
sionless groups[J]. Transport in Porous Media, 2010, 83(3): 725—740.

LEPSKI B, BASSIOUNI Z, WOLCOTT J M. Screening of oil reservoirs for gravity assisted gas injection[C]. SPE/DOE Improved Oil
Recovery Symposium. Society of Petroleum Engineers, 1998.

TR, AL, W, S5 TS BRI L A (0], A1 TheER, 2013, 34(05): 938—946. [YANG C, LI Y L, HAN J, et al.
Quantitative evaluation and screening method for gas assisted gravity drainage reservoirs[J]. Acta Petrolei Sinica, 2013, 34(05): 938—
946.]

(8 BHR)



