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Abstract Fractured-vuggy carbonate reservoirs differ from conventional reservoirs by exhibiting characteristics such as
discontinuous spatial distribution of reservoir bodies, significant variations in effective storage space scale, complex internal
structures and fracture-cavity connectivity, heterogeneous oil-water distribution relationships among different reservoir units,
and complicated hydrocarbon flow mechanisms. Water flooding and gas injection serve as important methods for efficient
development of fractured-vuggy carbonate reservoirs. However, the unclear timing for switching between water flooding and gas
injection in fractured-vuggy carbonate reservoirs leads to difficulties in determining the optimal gas injection timing during field
gas injection operations. Meanwhile, existing physical simulation models for fractured-vuggy carbonate reservoirs worldwide
can only achieve either visualization or high-temperature-high-pressure conditions, resulting in insufficiently comprehensive
research perspectives. To address these issues, this study independently developed a high-temperature-high-pressure two-di-
mensional visual physical model of fractured-vuggy reservoirs based on similarity principles. Using this model, we conducted
water flooding and gas displacement experiments to investigate oil-gas-water flow mechanisms during the displacement process
in fracture-cavity systems, evaluate the effects of different water-gas switching timings and various water injection positions
on displacement efficiency, clarify the relationship between water and gas injection, and determine the optimal gas injection
timing and spatial distribution characteristics of remaining oil. The experimental results show that: 1) Through water flooding
followed by nitrogen injection experiments in the visual fractured-vuggy model, we confirmed that this method represents an
effective development approach for fractured-vuggy reservoirs. Under the synergistic effects of water flooding characteristics
and nitrogen gas-cap drive mechanisms, a high displacement efficiency of 67.67% was achieved. 2) Comparative experiments on
different injection-production methods demonstrated that during water flooding development of fractured-vuggy reservoirs, the
low-injection-high-production method provided larger water flooding sweep area and more effective water flooding performance
compared with the high-injection-low-production method, resulting in 2%~4% higher overall displacement efficiency. 3) By
comparing oil displacement effects under different nitrogen injection timings, the optimal development method was determined
to be low-injection-high-production with nitrogen injection initiated after 1 PV of water flooding, which yielded the highest
displacement efficiency. 4) After water flooding development in fractured-vuggy reservoirs, remaining oil primarily distributed as

99 ¢

“oil films,” “attic oil,” and “bypassed oil.” Following gas flooding, the main remaining oil distribution patterns were “interfacial

oil,” “bypassed oil,” and “oil films.” These research findings contribute to understanding the enhanced oil recovery mechanisms
of water and gas injection in fractured-vuggy carbonate reservoirs, clarifying the optimal switching timing and remaining oil dis-
tribution patterns, and providing theoretical guidance for optimizing gas flooding development plans and remaining oil potential
exploitation in fractured-vuggy reservoirs.

Keywords fractured-vuggy reservoir; high temperature high pressure visual model; timing of gas injection; flooding characters;
distribution of residual oil
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Fig. 1 Visualization physical model of fracture-cavity reservoir
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Fig.2 Schematic of experimental setup for nitrogen gas injection in fracture-cavity reservoir physical model
F1 IWITHFREXBRERFITR
Table 1 Details of the experiments and the experimental results
VE S TR TEAE TR FPINALR 1%
o VAR ot F1 1SR TR A i 5
1 a1 o s " TRARTES BIKF>80% 63.56
Ui T 2 R A ) '
2 JEHHEA FKHE>80% 62.60
3 e . . WK 1PV 67.67
RS 3 8 SR (3 10 1 2 A 7 S
4 iy s e 1Kk 0.75 PV 66.16
Yiig H 2 S TE A ) TR .
5 17K 0.5 PV 66.02
6 K 0.25 PV 65.75




SR RUBRBR L 7 IR /K 9K 5 B U U AR S IR T

=i

569

BRTR A IR SE PR e, 2 B hy AR ok
FHUESEY), A BURB RN, WhAR G
BRI, KRR IT A 07 R (IR R T
RRTE R R IT 207 30 F BRI AR, 22 th T,
LEAOKTET 1 70 AR TR 1 R ARis %, (AL Tl
FROE T B AR i R K o BUARTE R B OB T
BVERIT, st A s ke, (EOR B R e 5
KRR X TR R R IT A DT M, A I
TMGECTR, K S TEATKCKR s = A 0, R
WoeRE R, I HEACREIR, ok iiiEk. X
JEAEA I M BT, — R I T I i
Fe, ARRAEE ST, S s R BeR
(EEEIS &

SEHGTT G (R AR ) TEA BROKTT A S E, Tni&l 3

RAETSN, WAMACRZE RS, EAKLETE S0 5k
PR BEAEMBUR H A A 2R o By BE— 0 AT 43,
YTEATKRIEAE MBI AR 77 I K K, 77 Hh
FORRBESR LT, SRR LI, 95 KRikE]
80% LAJE , BUOMIESUTA, HEAR M T Bl —
FEREEE BRI, JF BT AR O RGE 2)
TRMHRRER R . BTEEA ROKFE SRR T
HIA IR 7 IR AKRATI IR B s, BEA K EF
GElEA, SOKRBETIN . B B = IR &
M T RE e, ARG B
TEFRFSHE R AT A AR R A 7K B 3K
B R, e ST R SO AR IR
R i 2R o A (A T BE b ol TR Rk
AR, ER S /N, SRR L

Fiin. SCERERERY, SERALMBIE A BT R B2 K, IERIMIZ AL B b s B s AL .
N 3AETBL. BrBe— oKk, iRl B SEHG T3 5 (MR ¥ R ) TEA BRIRIT APl anpe
A K MBI A, T AKER P 2K 4 iR, WIS RAT UG, S —Br B JoK ™=t
PIE A TTBE TR, I TAMNERRE R A B, M B BRSO  Pm L, AEIE A
100 : b : 120
—D— A% | BK>B0% TS '
8ol —0— &KEI% i ’ 1100
X : “ 180
g 60 i 160 &
'Smg 401 | 440 <’E]
He 1
Bk i 420
20} i
0 0 O0—=0 ! H0
B L L ! L L L L -20
0 0.25 0.50 0.75 1.00 1.25 1.50 1.75
SENERRIPV
B3 SLEHR NEERR)ENREEFLIFIEE
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Fig. 4 Media flooding characteristics plots for experiment scheme 3 (bottom injection and top production)
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Fig. 6 Comparison of remaining oil distribution during waterflooding phase between scenario 1 and scenario 3
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