ZibSHKEE IS

Ha6 % 2 W OIL & GAS GEOLOGY 2025 4F 4 A

XEHRES:0253 - 9985(2025)02 - 0654 - 16 doi:10. 11743/02g20250221

RREEX P EH#EE T B LB RIS SEIKE
U= EA
—— L 1| MR R AT R

Boa Fad MER T ROK A
(L. PHREAHIRZE 7705 FAA T TR T 1 A 61050052, TR PO 24 ) BT 22585 . 1)1 s 610041)

WE:HTENM AR ES A LARBRL L ABRNRATABHES, LAARNBEATL, REWNAMEERTHAEF
BILRA HAA AR RARBE LR, UKBYEENER N EEATTFR Bt b ot AR ES A, BB T KB
AWMMH T E (0 =AR") . HEEREX FF AT Zfth ER B EMNARARTURREFEL, FRERHTEHFRA
SR ABH AT, RN R R EERRNKEH AL RAAREINE, TR ZNHRERBILA R Q7% 2 x4k 3H AR
TR BN AR AL HEARAE A E A Al KR B TN R A A . TR R AR R R ek ER B E AUH, A LAY L A0
TABABENENFESTH., RBREEARACIRATRERMERX R G ARG A FEEEHXK R, FHAMME, LEIT
KEH M HZ BB AR, SR AR BB A k. KRB LR AL A SE 06 4F R e D, o B Ak A e R AL S By 52
I RY R K,

KR E S B XA KR EEF KA HEE KR Z EIEARD I KRB 8k i 5
FEHEE TEI22. 3 SCERFRIRAG: A

#

Ar

Impact of gas production rate on water invasion dynamics in carbonate gas
reservoirs with varying storage spaceson: A case study of the Sinian Dengying
Formation in the Sichuan Basin

XIONG Yu',NIU Quanfeng',SUN Zewei', JIANG Jun®,ZHANG Chun’

(1. Petroleum Engineering School, Southwest Petroleum University , Chengdu, Sichuan 610500, China; 2. Research Institute of Exploration
and Development , Southwest Oil & Gasfield Company, PetroChina, Chengdu, Sichuan 610041, China)

Abstract: This study explores the relationship between gas recovery and water invasion dynamics in carbonate gas
reservoirs with varying storage spaces to achieve their efficient exploitation. Using physical simulation experiments on
vuggy, fractured, and fractured-vuggy carbonate rock samples taken from gas reservoirs in the Sinian Dengying Formation ,
Sichuan Basin, we comparatively analyze the water invasion dynamics of these reservoirs, and propose a novel equation for
predicting water invasion dynamics: @ = AR". The results indicate that the proposed method is highly effective in
predicting water invasion in rock samples with different 3D storage space structures, and applicable for both heterogeneous
gas reservoirs with bottom water and carbonate gas reservoirs. Furthermore, it provides encouraging prediction results of
apparent relative pressure and fitted water invasion volume for both vuggy cores with strong homogeneity and fractured-
vuggy cores with extreme heterogeneity. Under identical experimental conditions, carbonate gas reservoirs with varying
degrees of heterogeneity exhibit distinct variation in coefficient A (related to gas production rate) and constant B
(associated with water invasion intensity ) values. For the cores of carbonate gas reservoirs, the extent and connectivity of

pores are positively correlated with the producing reserves through water drive. Higer reservoir heterogeneity is associated
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with a more significant reduction in formation energy and a steeper decline in actual apparent relative pressure during the

late stage of reservoir exploitation. Notably, among the tested cores, water body energy produces the least impact on the

experimental results of the vuggy cores compared to the fractured and fractured-vuggy cores.

Key words: storage space type, large-scale rock sample, gas production rate, 3D physical simulation experiment on

water invasion, water invasion prediction, carbonate gas reservoir
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Table 1 Reservoir parameter statistics of different types of rock samples taken from the Dengying Formation, Sichuan Basin

RS SFLBREE % FLB AR em’ AINLA % REEE % RS % LB /% FEAE R /mL
LI 7 2.05 368 69 13 18 0.21 41352.1
Ze4E R 9.32 1678 18 73 9 0.37 162 023.9
He ] R 18.35 3303 22 47 31 0.57 380 130. 8

K1 = 4R R KR P BB S50 A R B R CT F1 4 1A (R
Fig. 1  CT scanning results of different types of large-scale rock samples involved in the 3D physical simulation experiments on water invasion
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Fig. 2 Flow chart of the 3D physical simulation experiment for

water invasion in large-scale rock samples
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Fig. 3  Diagrams showing water-invasion flow fields along wellbore sections under different injection pore volume multiples or gas production

rates for vuggy rock samples from the Dengying Formation, Sichuan Basin
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Fig. 4 Flow chart of the computer program for calculating water invasion volume in a 3D large-scale core
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Table 2 Comparison of calculated water invasion volumes

and expansion volumes under different conditions for vuggy

rock samples from the Dengying Formation, Sichuan Basin

PN FKAHE/(mL/min) A KEE/mL  EIKARY/mL
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Fig. 5 Diagrams showing water-invasion flow fields along wellbore sections under different injection pore volume multiples or gas production
rates for fractured rock samples from the Dengying Formation, Sichuan Basin
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Fig. 6 Diagrams showing water-invasion flow fields along wellbore sections under different injection pore volume multiples or gas production

rates for fractured-vuggy rock samples from the Dengying Formation, Sichuan Basin
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Table 4 Comparison of calculated water invasion volumes

4

and expansion volumes under different conditions for
fractured-vuggy rock samples from the Dengying

Formation, Sichuan Basin
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Fig. 7 Comparison of the relationship between the water invasion
volume coefficient (@) and the gas production degree (R) for
fractured rock samples from the Dengying Formation,
Sichuan Basin
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Table 5 Fitted equations for fractured rock samples from
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Fig. 8 wws. R in an injection pore volume multiple of four and at
a gas production rate of 400 mL/min for fractured rock samples

from the Dengying Formation, Sichuan Basin
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Table 6 Fitted equations for fractured rock samples from

the Dengying Formation, Sichuan Basin under different gas

production rates in an injection pore volume multiple of four

KA/ (mL/min) A AL
100 © =0.00024521R" !
200 o = 0.000 198 5R" !
300 = 0.000 141 2R"*7
400 o = 0.000081 3R"**
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Table 7 Comparison of parameter values under different injection pore volume multiples for fractured rock samples from the

Dengying Formation, Sichuan Basin

. ) PXEVICIN R/ IN
K/ (mL/min) — —
A B KAZE /L KIRBH I fif R /mL A B K A2 /mL TR 5K 3 i i /m L
100 0. 000 27 1.95 170. 68 155 904 0.00025 1.82 328.42 152197
200 0. 000 21 1.73 178.34 156 170 0.00019  1.60 345. 86 147 850
300 0. 000 16 1.58 188.72 155211 0.00014  1.37 362. 21 149 986
400 0. 000 10 1.42 197. 68 154 121 0.00008  1.23 385.90 147 485
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Fig. 9 wws. R in an injection pore volume multiple of tow and
at a gas production rate of 400 mL/min for fractured-vuggy rock
samples from the Dengying Formation,

Sichuan Basin
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S HEA RS 2 KR SRR 100 mL/min
F1400 mL/min A & 4 % 7KAK RS FE 100 mL/min #
AL (B 10) o mT LA Y, FLIR B AR A FLER &5
P A H4 5] 15 35 SR, AT P g e Ao, L&
RUAR NS K 345 52 PRAUA X TR ) S AR W) £ | 24 Rk S
M\ 100 mL/min 3 K F 400 mL/min B}, 75 IR AR, HT
BB AF X6 ) B w8 - HL A ARG FE ), 3 vl B AR A
P I AR R A R R, S UK R G R  5 K 4R
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(R B, SACHL A LR o 7 T B BB 5 24 K AR5 5
2R F] 4R A AR A /N 3 vl B AL

x8 M)IZMATHERER S48 RB AR 2EKE,
RS IEE 400 mL/min FTRINE AKX 3FLE
Table 8 Comparison of fitted equations for fractured and
fractured-vuggy rock samples from the Dengying Formation,
Sichuan Basin in an injection pore volume multiple of two and

at a gas production rate of 400 mL/minn

AR SN
S5 ® = 0.000 101 3R"**
B 1 ® = 0.000092 8R"*'

R9 W) ZHIAT 7540 REER B FNLE T B S HEFEAH B LI 5%
HTHSHEI L
Table 9 Comparison of parameter values of fractured and
fractured-vuggy rock samples from the Dengying Formation,

Sichuan Basin under identical experimental conditions

AR A B AR mL KBRS i /mL
ZAZERL 0.0001013  1.42 197. 68 154 121
ZEA 0.0000628  1.32 564.73 383 810
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pressures under varying experimental conditions for vuggy rock

samples from the Dengying Formation, Sichuan Basin
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Table 10 Comparison of parameter values under different injection pore volume multiples and gas production rates for vaggy

rock samples from the Dengying Formation, Sichuan Basin

TRIAAREL R/ (mT/min) A B IR /mL ThrK R ML AR EmL KBRS i /mL
100 0.0320  4.80 2352.72 32.83 30.28 41811
: 400 0.0370 2.10 1689.79 19.15 17.59 46 320
100 0.0280  4.01 2428. 41 57.62 54.47 42 098
N 400 0.0360 1.87 1613.44 33.81 31. 63 46 176
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Table 11 Comparison of parameter values under different injection pore volume multlples and gas production rates for

fractured rock samples from the Dengying Formation, Sichuan Basin

AREAEEC R/ (mL/min) A B HiE/mL  SPRRERE/mL ISR ER ML KIRS) A /mlL
100 0.007 5 2.75 12 066. 27 164.27 171. 42 155 904
? 400 0.006 9 1.84 22459. 85 189.7 196. 52 141 121
. 100 0.005 5 2.44 15 575.01 311.52 325.11 152 197
400 0.004 1 1.40 38 068. 33 376. 54 383.92 147 485
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Table 12 Comparison of parameter values under different injection pore volume multiples and gas production rates for

fractured-vuggy rock samples from the Dengying Formation, Sichuan Basin

IRAAE S R/ (mL/min) A B Hfg G mL SROKRE/mL EKER /ML KIS A iR /mL
100 0.0065 1.79 21584.37 477.83 496.52 377 603
? 400 0.0020  1.48 32548.75 548.62 567. 88 360 810
A 100 0.0030  1.62 29 154. 32 509. 33 525.36 365 981
400 0.0012  1.25 51247.68 656. 24 674.29 350 481

F13 AREHHRERBRRESEERRFREGF THAEMBEILL

Table 13 Comparison of A and B values of carbonate gas reservoirs with varying degrees of heterogeneity under different

exploitation conditions

ST YIS EN R KA/ (mTL/min) A B PR /mL A 7K 2 4 /mL

) 100 0.0320 4.80 2352.72 30.28

L 400 0.0370 2.10 1689.79 17.59
100 0.0280 4.01 2428. 41 54. 47

! 400 0.0360 1.87 1613. 44 31.63

100 0.007 5 2.75 12 066. 27 171. 42

s 2 400 0. 006 9 1. 84 22 459. 85 196. 52
4 100 0.0055 2.44 15575.01 325.11

400 0.004 1 1.40 38 068. 33 383.92

) 100 0. 006 5 1.79 21 584.37 496. 52

P 400 0.0020 1. 48 32 548.75 567. 88
4 100 0.0030 1.62 29 154.32 525.36

400 0.001 2 1.25 51247.68 674.29
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Table 14 Assessment index (B) value ranges for both

experimental and on-site water invasion activities
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