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Abstract
Gas injection serves as a main enhanced oil recovery (EOR) method in fractured-vuggy carbonate reservoir, but its effect 
differs among single wells and multi-well groups because of the diverse fractured-vuggy configuration. Many researchers 
conducted experiments for the observation of fluid flow and the evaluation of production performance, while most of their 
physical models were fabricated based on the probability distribution of fractures and caves in the reservoir. In this study, 
a two-dimensional physical model of the karst fault system was designed and fabricated based on the geological model of 
TK748 well group in the seventh block of the Tahe Oilfield. The fluid flow and production performance of primary gas 
flooding were discussed. Gas-assisted gravity flooding was firstly introduced to take full use of gas–oil gravity difference, 
and its feasibility in the karst fault system was examined. Experimental results showed that primary gas flooding created 
more flow paths and achieved a remarkable increment of oil recovery compared to water flooding. Gas injection at a lower 
location was recommended to delay gas breakthrough. Gas-assisted gravity flooding achieved more stable gas-displacing-oil 
because oil production was at a lower location, and thus, the oil recovery was further enhanced.

Keywords Gas injection · Remaining oil · Enhanced oil recovery · Geology-based physical model · Karst fault system

1 Introduction

Carbonate hydrocarbon reservoirs are attracting increasing 
interest due to the fact that they attribute to 52% of hydro-
carbon reserves and 60% of oil and gas production in the 
world (Akbar et al. 2000; Deffeyes 2008). In China, marine 
carbonate reservoirs are widely distributed in 28 basins with 
a total area of about 1.16 million square miles, a proven oil 
reserve of 1.5 billion tons and a proven natural gas reserve of 
48 trillion cubic feet. Fractured-vuggy carbonate reservoirs 

account for 30% of carbonate reservoirs and are distrib-
uted in the Tarim Basin, Qaidam Basin, etc. Tahe Oilfield, 
located in the Tarim Basin, is a typical fractured-vuggy car-
bonate reservoir with an original oil in place (OOIP) of bil-
lion tons and an annual production of nine million tons (Li 
and Fan 2011; Li 2013). In fractured-vuggy carbonate res-
ervoirs, karst caves and dissolved pores are the main spaces 
for hydrocarbon storage, and multi-scale densely developed 
fractures provide the multi-phase fluid flow path. In most 
case, the oil capacity and fluid flow in the tight carbonate 
matrix are neglected due to its extremely low permeability 
and porosity (Li et al. 2016a, b). Because of the random 
distribution and configuration of fractures, dissolved pores 
and karst caves, this type of reservoirs exhibits highly severe 
heterogeneity. During primary production in the Tahe Oil-
field, the natural supply of bottom water provides the driving 
force, and then, water flooding is switched for EOR. The 
injected water would be channeled through high-conduc-
tivity strikes, leading to a sharp rising of water cut and a 
quick decline in oil production in production wells. And it 
is also believed that water flooding creates few of new flow 
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paths compared to natural bottom water flooding (Hou et al. 
2014, 2016).

Since 2013, gas injection, as a main EOR method in car-
bonate reservoirs (Manrique et al. 2010), has been imple-
mented in the Tahe Oilfield. Up to the end of 2018, the  N2 
huff n’ puff in 490 wells and  N2 flooding in 71 multi-well 
groups have presented a great potential. The oil recovery 
increment during gas injection accounts for 2.11%. Gas 
injection enables to create more flow paths and recover the 
remaining oil (e.g., attic oil at the top of caves and bypassed 
oil) in that water injection cannot flood (Yuan et al. 2015). 
However, gas channeling occurs due to the relatively low 
viscosity of gas and the high conductivity of fractures and 
partially filled caves. And the effectiveness of gas injection 
differs greatly among single wells and multi-well groups 
because of the diverse fractured-vuggy configuration in the 
reservoir. These phenomena seriously hamper the further 
application of gas injection in the Tahe Oilfield. Besides, 
gas-assisted gravity flooding could make full use of gas–oil 
gravity difference to achieve stable gas-displacing-oil and 
thus a better sweep efficiency. This EOR method was suc-
cessfully applied in Cantarell, a complex offshore fractured 
carbonate field in Mexico, and yielded an optimized oil 
recovery via reservoir simulation runs (Sanchez et al. 2005). 
In the Tahe Ordovician reservoir with a thickness of almost 
300 m, the oil at the lower part is mainly recovered by water 
flooding and the oil at the upper part is mostly produced by 
primary gas flooding. So, gas-assisted gravity flooding is 
presented with the aim of recovering the remaining oil at the 
middle part of the reservoir. But its feasibility in the karst 
fault-controlled reservoir is still unknown. Therefore, it is 
imperative to investigate fluid flow behavior and gas flooding 
efficiency within complicated fractured-vuggy structures.

Many physical models were designed, and the relevant 
in-laboratory experiments were conducted for the observa-
tion of fluid flow and the evaluation of oil recovery. Cruz-
Hernández et  al. (2001) conducted water-displacing-oil 
experiments within a regular 2-D fractured-vuggy porous 
(acrylic) cell and calculated the water/oil saturation and oil 
recovery by taking photographs during the displacement. 
Kang (2006) designed an optical glass model by etching 
the fracture and pore network of core slices and illustrated 
that mesoscale fractures were the main channels for fluid 
flow. Li and Li (2010) fabricated a 3-D fracture-cavity sys-
tem using PVC material and investigated water-displacing-
oil behavior in isolated caves. Liu et al. (2012) constructed 
three typical visual physical models, and then, five types 
of residual oil were classified after water flooding. Li et al. 
(2013) simplified the complex fractured-vuggy system as 
the basic combination of fractures and caves and fabricated 
single fractured-vuggy organic glass models. The oil/water 
relative permeability was measured in steady-state flow tests. 
Wang et al. (2012) drilled the holes and generated fractures 

in full-diameter core samples to model the real fractured-
vuggy system and categorized remaining oil after water 
flooding tests. Wang et al. (2014) also built a fractured-
vuggy cell model for the experimental observation of oil/
water flow behavior under different conditions of injection 
rate, fractured-vuggy connection and oil viscosity. Jin et al. 
(2015) carved the fracture network and fracture-cave net-
work on the surface of full-diameter carbonate cores and 
reviewed polymer gel injection for profile control in differ-
ent well connection patterns. Yuan et al. (2015) built a 2-D 
visual fracture-cavity carbonate reservoir model based on 
the distribution and connection of fractures and caves in the 
reservoir. The remaining oil was studied after water flooding 
and  N2 flooding potential was evaluated. Rong et al. (2016) 
developed five typical fracture-cave structure models using 
white marble. The production curves were obtained and then 
matched with field data. In turn, field production curves were 
used to identify the real fracture-cave structures in the res-
ervoir. Song et al. (2016) built simple fractured models, and 
gas channeling characteristic was identified under different 
conditions of injection rate, fracture aperture and angle. Lyu 
et al. (2017) produced a series of physical models of frac-
ture and cave combinations and revealed the mechanisms 
and governing factors of  N2 injection for EOR. Hou et al. 
(2018) fabricated a 2-D vug network structure model using 
calcium carbonate powder, quartz sand and epoxy resin. A 
visualization study was conducted on the flow behavior of 
oil, water,  N2 and foam, and injection parameters were opti-
mized. Table 1 lists the physical models used in previous 
studies. Through reviewing the previous studies, most of 
physical models were fabricated based on the probability 
distribution of fractures and caves in the reservoir, and few 
of them were described based on the field geological models.

According to outcrop observations, well logging and seis-
mic data analysis, and field practices in the Tahe Oilfield, 
fractured-vuggy carbonate reservoirs can be categorized 
into three types based on its karstification, including karst 
weathering crust system (Wu et al. 2012), karst ancient river 
system (Lu et al. 2014) and karst fault system (Lu et al. 2015, 
2017). Regarding the karst fault system, it is mainly devel-
oped in the south part of the Tahe Oilfield. The karstification 
process has occurred along strike-slip faults. This type of 
reservoirs is dominated by caves, vugs and fractures that are 
developed near faults. The faults serve as not only fluid flow 
paths but also the space for hydrocarbon storage. Shunbei 
Oilfield, containing 18 strike-slip faulting zones, was first 
discovered in 2015 as a typical karst fault-controlled reser-
voir (Jiao 2018). According to the shapes and controlling 
factors of reservoir spaces, Lu et al. (2017) proposed three 
types of karst fault-controlled reservoirs including dendritic 
type, sandwich type and slab type (Fig. 1). The dendritic 
type was mainly developed along deep-seated and large-
scale faults and was “Y”- or “V”-shaped. The sandwich type 
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Table 1  Fractured-vuggy 
physical models used in 
previous studies

Reference Physical model Research objective

Cruz-Hernandez et 

al. 2001

2-D fractured-

vuggy porous 

(acrylic) cell

Identifying water-

displacing-oil 

behavior

Kang 2006 Optical glass 

model

Observation of fluid 

flow channels

Liu et al. 2012 Typical visual 

physical model

Determining residual 

oil types after water 

flooding

Li et al. 2013 Single fracture-

vuggy organic 

glass model

Measuring oil/water 

relative permeability

Wang et al. 2012 Full-diameter core 

model with 

fractures and pores 

inside

Categorizing the 

types of remaining oil

Wang et al. 2014 Fractured-vuggy 

cell model

Observation of 

oil/water flow 

behavior
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Table 1  (continued)

Jin et al. 2015 Fracture network 

and fractured-cave 

network model

Evaluating profile 

control effect by 

polymer gel injection

Yuan et al. 2015 2-D visual 

fractured-cavity 

carbonate 

reservoir model

Evaluating gas 

flooding potential

Rong et al. 2016 Typical fracture-

cave structure 

model

Identifying fracture-

cave structures

Song et al. 2016 Simple fractured 

model

Determining gas 

channeling 

characteristics

Lyu et al. 2017 Physical model of 

fracture and cave 

combinations

Revealing recovery 

mechanisms of gas 

flooding

Hou et al. 2018 2-D vug network 

structure model

Observation study of 

flow behavior of oil, 

water, N2 and foam
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was controlled by the secondary faults branching from main 
faults. The slab type presented a single line in geological 
profile and was controlled by deep faults or small faults. The 
oil plays of the latter two types were relatively smaller than 
the dendritic type.

The objectives of this study are to evaluate the effect of 
gas flooding in the karst fault system and to investigate fac-
tors governing gas flooding efficiency. First, a two-dimen-
sional physical model of the karst fault system was designed 
and fabricated based on the geological model of TK748 well 
group in the seventh block of the Tahe Oilfield. The geology-
based physical model could well represent the real fractured-
vuggy system in the reservoir. Second, to be consistent with 
the field production sequence, gas flooding was performed 
after bottom water flooding and switched water flooding. Its 
EOR potential was evaluated, and remaining oil distribution 
was demonstrated under different conditions of bottom water 
energy, gas injection location and filling degree of faults. 
Third, gas-assisted gravity flooding was conducted to study 
its effect on oil recovery increment.

2  Experimental section

2.1  Physical model of a karst fault system

The karst fault-controlled reservoirs contain complex frac-
ture-vug structures due to the selective dissolution of karst 
water and the randomly developed fractures. To better rep-
resent the geological features in the reservoir, a physical 
model in this work was described according to the geologi-
cal model of TK748 well group in the seventh block of the 
Tahe Oilfield. Firstly, the geological model was presented in 
the Petrel E&P Software, and the two-dimensional geologic 
profile of the TK7-456-TK748 well group was cut out, as 

shown in Fig. 2a. This conceptual karst fault system was the 
slab type. So the experiment in this study was conducted 
and discussed on this type of karst fault systems. The green 
zone represented the cross section of the strike-slip fault, and 
the red zone represented the dissolved caves along the fault-
ing zone. Secondly, four wellbores were designed. Every 
two adjacent wellbores marked with different numbers 
(e.g., the red lines marked with numbers 1 and 2 in Fig. 2b) 
represented the same well in the field. The difference in 
drilled depth was designed to better model the change of 
injection or production location. The blue lines in Fig. 2b 
represented the fractures that connected different cross sec-
tions of strike-slip faults. Finally, a rectangular-shaped water 
tank (blue zone in Fig. 2b) was designed at the bottom of 
the model to act as the natural bottom water supply. And 
three wellbores were designed at the bottom of the model 
to provide bottom water injection. According to the two-
dimensional diagrammatic sketch, the physical model was 
carved on a rectangular-shaped acrylic slab and covered by 
another acrylic slab. The cross section of strike-slip faults 
was carved with a depth of 0.2 cm, and the dissolved caves 
were carved with a depth of 1 cm. The fractures were carved 
with an aperture of 0.5 mm and a depth of 0.2 cm. And 
then the two acrylic slabs were fastened by bolts and nuts to 
ensure no fluid leak through the gap of two slabs. The whole 
physical model featured with a height of 130 cm, a length 
of 520 cm and a thickness of 15 cm. The height/length ratio 
of the physical model was consistent with the actual ratio 
of formation thickness and the planar length in the actual 
geological model. This ensured the geometric similarity of 
the experimental model, and the gravity effect would not be 
either exaggerated or reduced. The effective pore volume of 
the physical model was 119.4 mL. And the effective volume 
of strike-slip faults and dissolved caves accounted for about 
98% in the physical model. This was consistent with the fact 

Fig. 1  Three types of karst fault-controlled reservoirs. a Dendritic type. b Sandwich type. c Slab type (Lu et al. 2017)
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that caves contributed more than 95% of oil production in 
fractured-vuggy carbonate reservoirs (Li et al. 2016a).

2.2  Experimental fluid

The simulated oil used in the experiments was prepared by 
mixing paraffin oil and aviation kerosene with a volume 
ratio of 20:1. The mixed oil had a viscosity of 23.8 mPa·s 
under experimental conditions, which is consistent with 
the crude oil viscosity under reservoir conditions. This 

ensured the dynamic similarity of this experimental study. 
The formation water used had a density of 1.032 g/mL and 
a salinity of 22 × 104 mg/L. The injected gas was nitrogen 
with a purity of 99.99% and a viscosity of 0.0178 mPa·s 
under standard conditions. The simulated oil and forma-
tion water were dyed with Sudan red and methylene blue, 
respectively, to obtain a better observation of the oil/water/
gas distributions during the experiments. The experiments 
were carried out under room temperature and pressure 
conditions.

Fig. 2  Design of a two-dimensional physical model of karst fault-controlled reservoir. a Two-dimensional geologic profile of TK7-456-TK748 
well group. b Diagrammatic sketch of the geology-based physical model. c Photograph of geology-based physical model
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2.3  Experimental setup

The experimental setup mainly consisted of a power driv-
ing system, several high-pressure accumulators, the 2-D 
geology-based physical model and a liquid collector. Two 
syringe pumps with a working pressure range of 0–30 MPa 
and a flow rate range of 0.01–10 mL/min provided the driv-
ing force of simulated oil and formation water stored in high-
pressure accumulators. A high-pressure gas cylinder con-
nected with a gas flow meter (SevenStar Electronics, Beijing, 
China) enabled the injection of nitrogen at a designed flow 
rate. The effluent of oil and water was collected and meas-
ured using a liquid collector during the experiments. The 
fluid flow behavior in the 2-D physical model was observed 
and recorded with a Logitech Pro C922 video camera. The 
diagram of gas flooding experimental setup is shown in 
Fig. 3.

2.4  Experimental scenarios and procedures

2.4.1  Experimental scenarios

The workflow of this study was divided into two parts: (1) 
Primary gas flooding experiments were performed to investi-
gate the remaining oil distribution and its governing factors. 
(2) Gas-assisted gravity flooding experiments were carried 
out subsequently to study whether this method could effec-
tively recover the remaining oil after primary gas flooding.

During the primary gas flooding experiments, bottom 
water flooding, switched water flooding and primary gas 
flooding experiments were carried out in turn in the two-
dimensional physical model of the karst fault system. The 
distribution of remaining oil after gas injection was ana-
lyzed. In order to study the governing factors of remaining 
oil, several experimental scenarios are designed in Table 2 

Syringe pump A

Compressed
nitrogen
cylinder

Gas flow meter

Syringe pump B

2-D geology-based
physical model

1 3

2

Liquid collector

Fig. 3  Schematic diagram of the experimental setup for gas flooding. High-pressure accumulators 1, 2 and 3 are, respectively, filled with simu-
lated oil, formation water for switched water injection and formation water for bottom water supply

Table 2  Experimental scenarios of primary gas flooding

Scenario Bottom water 
injection rate, mL/
min

Switched water 
injection rate, mL/
min

Primary gas flooding Filling 
degree of 
faultsGas injection 

rate, mL/min
Location of injection well and production well

A 3 3 3 Low-location injection and high-location production (LIHP) Unfilled
B 1 1 3 Low-location injection and high-location production (LIHP) Unfilled
C 3 3 3 High-location injection and high-location production (HIHP) Unfilled
D 3 3 3 Low-location injection and high-location production (LIHP) 70%
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under different conditions of bottom water energy, gas injec-
tion location and filling degree of faults. It should be noted 
that bottom water was consistently supplied at the designed 
flow rate during switched water flooding and primary gas 
flooding. Besides, in this study the injection rate of 1 mL/
min exhibited a flux velocity of about 3 cm/min, i.e., 43.2 m/
day. This was consistent with the practical flow velocity 
of 30–150 m/day in fractured-vuggy carbonate reservoirs 
(Wang et al. 2012), which ensured the kinematic similarity 
of this experimental study.

In the physical model, every two wellbores were designed 
to represent one well with different injection or production 
locations in the field. Through producing oil at a lower loca-
tion, gas-assisted gravity flooding was carried out after pri-
mary gas flooding to achieve more stable gas-displacing-oil 
with the aid of gas–oil gravity difference. The oil-displace-
ment efficiency and its governing factors were discussed by 
performing a series of experiments. The specific experimen-
tal scenarios are designed in Table 3.

2.4.2  Experimental procedures

The experiments were performed as follows:
(1) The simulated oil was injected from the bottom of the 

model to saturate the whole physical model and the volume 
of saturated oil was recorded. The rectangular-shaped water 
tank (blue zone in Fig. 2b) in the bottom of the model was 
then saturated with the formation water, and the injected 
volume was recorded simultaneously. The effective pore 
volume of the model is the difference between the volume 
of saturated oil and the volume of saturated formation water.

(2) The formation water was injected from the bot-
tom of the model to conduct bottom water flooding. The 
relatively deeper wellbores (i.e., the wellbores 1 and 3 in 

Fig. 2) were opened for oil production, and the other well-
bores (i.e., the wellbores 2 and 4 in Fig. 2) were closed. 
The oil and water production rates were recorded. The 
well (e.g., the wellbore 1 in this experiment) was shut 
in when its water cut reached 98%, and then, the bottom 
water flooding experiment was terminated.

(3) The waterflooded well (i.e., the wellbore 1) was 
used as water injection well, and the other well (i.e., the 
wellbore 3) continued to serve as the production well. The 
switched water flooding was initiated at the designed flow 
rate. The oil and water production rates were recorded, and 
the switched water flooding experiment was terminated 
when the water cut of production well (i.e., the wellbore 
3) reached 98%.

(4) The water injection well (i.e., the wellbore 1 or 2) was 
converted as gas injection well. In the oilfield practice, the 
production location of production wells would move upward 
during gas flooding. The reason is that the oil–water contact 
had reached the previous production location at the end of 
switched water flooding. Therefore, in this study the rela-
tively shallower wellbore of the other well (i.e., the wellbore 
4) was opened as the production well to conduct the primary 
gas injection experiment. The oil and water production rates 
were recorded. The primary gas flooding experiment was 
terminated when gas breakthrough occurred, i.e., no oil was 
produced from the production well (i.e., the wellbore 4).

(5) The relatively shallower wellbore (i.e., the wellbore 
2) was shut in, and the deeper wellbore (i.e., the wellbore 1) 
of the previous injection well in step (4) was opened as the 
production well. And the deeper or shallower wellbore of the 
other well (i.e., the wellbore 3 or 4) was opened as gas injec-
tion well according to the scenarios in Table 3. Gas-assisted 
gravity flooding was performed, and the water and oil pro-
duction rates were recorded. The production well was shut 

Table 3  Experimental scenarios of gas-assisted gravity flooding

Scenario Bottom water 
injection rate, mL/
min

Switched water 
injection rate, mL/
min

Primary gas flooding Gas-assisted gravity flooding Filling 
degree of 
faultsGas injection 

rate, mL/min
Location of injection 
well and production 
well

Gas injection 
rate, mL/min

Location of injection 
well and production 
well

E 3 3 3 Low-location injection 
and high-location 
production (LIHP)

3 High-location injection 
and low-location 
production (HILP)

Unfilled

F 1 1 3 Low-location injection 
and high-location 
production (LIHP)

3 High-location injection 
and low-location 
production (HILP)

Unfilled

G 3 3 3 Low-location injection 
and high-location 
production (LIHP)

3 Low-location injection 
and low-location 
production (LILP)

Unfilled

H 3 3 3 Low-location injection 
and high-location 
production (LIHP)

3 High-location injection 
and low-location 
production (HILP)

70%



427Petroleum Science (2020) 17:419–433 

1 3

in when gas breakthrough occurred, and the gas-assisted 
gravity flooding experiment was terminated.

3  Results and discussion

3.1  Analysis of primary gas flooding in the karst 
fault system

3.1.1  Oil‑displacement characteristics of primary gas 
flooding

Figures 4 and 5 depict the fluid flow and production per-
formance during bottom water flooding, switched water 
flooding and primary gas flooding of Scenario A. The red 
part, blue part and colorless part in the model represented 
oil, water and gas, respectively. The bottom water stably 
displaced oil at the bottom water flooding stage and water 
channeling occurred in the wellbore 1 due to its relatively 

Fig. 4  Fluid distributions at different stages of Scenario A. a The end of oil saturation. b The end of bottom water flooding. c The end of 
switched water flooding. d The middle stage of primary gas flooding. e The late stage of primary gas flooding. f The end of primary gas flooding
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lower production location compared to the wellbore 3. Then, 
the wellbore 1 was switched for water injection. Accord-
ing to the comparison of Figs. 4 and 5, few of new flow 
paths were formed at the switched water flooding stage, and 
the production wellbore 3 was quickly waterflooded under 
the co-effect of switched water injection and bottom water 
drive. At the primary gas flooding stage, the injected gas 
first moved upward to form a secondary gas cap. The oil at 
the upper part of the injection well was displaced downward. 
Then with the co-effect of gas injection and bottom water 
drive (Qu et al. 2018), the oil in Fault A was displaced later-
ally to Fault B through the fractures between the two faults. 
And then, the similar process of fluid flow occurred in Fault 
B, and the oil was displaced laterally to Fault C and finally 
produced from the production well. The oil-displacement 
process in the fault was similar to that in a single cave (Qu 
et al. 2018). At the beginning of primary gas flooding, the 
oil in the near-production-well area of Fault C was mainly 
recovered with the driving force of bottom water, because 
no gas flowed into Fault C. The water cut in this period was 
lowered to zero, as depicted in Fig. 5. Finally, gas break-
through occurred in the production well and primary gas 
flooding was terminated. Comparing with water flooding, 
more of fluid flow paths were formed, i.e., the sweep effi-
ciency was improved and primary gas flooding presented a 
remarkable incremental oil recovery of 32.7%.

After the primary gas flooding, the remaining oil distri-
bution in the karst fault-controlled reservoir is mainly con-
trolled by the developed faults. It can be seen in Fig. 4f that 
the remaining oil was accumulated in the area near the injec-
tion well and the interwell area. The amount of remaining oil 
increased gradually from the production well to the injection 
well. In a single fault, the remaining oil was accumulated in 
the middle part, which was similar to the remaining oil dis-
tribution in a single cave (Qu et al. 2018). In addition, there 
was some remaining oil in the bypass zone (the red cycle in 
Fig. 4f) caused by the connected fractures.

3.1.2  Governing factors of primary gas flooding

Effect of bottom water energy Figure 6 illustrates the fluid 
distribution at the end of primary gas flooding of Scenario 
B. In Scenario B, the gas injection rate was 3 mL/min and 
the bottom water injection rate was 1 mL/min. So, the energy 
of bottom water drive was relatively weaker than that in 
Scenario A. According to the comparison of Figs. 4f and 6, 
the distribution of remaining oil was similar, which could be 
attributed to the relatively simple fracture-cavity structure in 
the karst fault system. However, in Scenario B the injected 
gas inhibited the bottom water drive in the area near the 
injection well and the interwell area. Thus, the oil–water 
contact lowered rapidly and the remaining oil in the area 
near the injection well increased significantly. The oil 

recovery was lowered by 11.31%. So, the energy imbalance 
of gas injection and bottom water drive was not conducive 
to oil production in karst fault systems.

Effect of fracture development Figure 7 demonstrates the 
effect of fracture development on primary gas flooding and 
remaining oil distribution. In the karst fault system, remain-
ing oil distribution was mainly controlled by the strike-slip 
faults. The impact of developed fractures was less signifi-
cant compared to that in the karst weathering crust system. 
However, the fractures that connected two faults determined 
the amount of gas that could be stored and the amount of oil 
that could be displaced in a single fault. The injected gas was 
firstly accumulated at the upper part of the fault and would 
flow to the adjacent fault when gas–oil contact reached the 
connection point of the fractures.

Effect of gas injection location Figure 8 depicts the effect 
of gas injection location on fluid distribution at the end of 
primary gas flooding. Under the HIHP condition in Scenario 
C, the injected gas was much easier to move laterally. There-
fore, the lateral displacement velocity of the injected gas 
was relatively higher, and the co-effect period of gas injec-
tion and bottom water drive was shortened. So, the remain-
ing oil in the near-production-well area was relatively more 
comparing with that under the LIHP condition in Scenario 
A (Fig. 4f).

Fig. 6  Fluid distribution at the end of primary gas flooding when bot-
tom water injection was 1 mL/min in Scenario B

Fig. 7  Effect of fracture development on fluid distribution at the end 
of primary gas flooding in Scenario A
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Effect of filling degree of faults In fractured-vuggy 
carbonate reservoirs, many storage spaces including dis-
solved caves, vugs and faults are fully or partially filled 
due to the collapse of cave wall in the process of reser-
voir forming (Xu et al. 2010; Chen et al. 2013). The fill-
ing degree of faults would influence the fluid flow inside 
and gas flooding efficiency (Wang et al. 2019). Scenario 
D was designed and 70% of pore volume was filled with 
glass beads in the model, and the effect of fault filling was 
discussed by comparing with Scenario A. Figures 9 and 
10 present the fluid flow and oil recovery of primary gas 
flooding in Scenario D. As shown in Fig. 4f, the gas–oil 
contact and oil–water contact were relatively even in a sin-
gle fault when the model was unfilled. However, in Fig. 9, 
the gas–oil contact was not flat even in a single fault when 
the filling degree of faults was 70%. That means not all 
the oil was recovered in the gas-swept zone, and the area 
containing remaining oil became larger. Besides, the fill-
ing in the model increased the fluid flow resistance. The 
injected gas would not only flow upward. The increased 
flow resistance diverted the fluid to create more paths, and 
the sweep efficiency was enhanced. Thus, the production 
period was much longer and the oil recovery was 8.72% 
higher, as shown in Fig. 10.

3.2  Analysis of gas‑assisted gravity flooding 
in the karst fault system

3.2.1  Oil‑displacement characteristics of gas‑assisted 
gravity flooding

As mentioned above, much oil was remained in the area 
near the injection well and the interwell area after primary 
gas flooding. Gas-assisted gravity flooding was proposed 
here to recover this type of remaining oil. Figures 11 and 
12 illustrate the fluid flow and production performance 
during gas-assisted gravity flooding of Scenario E. The 
previous injection well (i.e., the wellbore 1) and produc-
tion well (i.e., the wellbore 4) in Fig. 11a were converted 
as the production well and the injection well at the stage of 
gas-assisted gravity flooding, respectively. The objectives 
were to make full use of oil–gas gravity difference and to 
recover the remaining oil after primary gas flooding. As 
shown in Fig. 11, the energy increase associated with gas 
injection from the wellbore 4 would suppress bottom water 
drive in Fault C. So, bottom water drive mainly took effect 
in Fault A, and the liquid was firstly produced from the 
wellbore 1 with a water cut of 100%, as shown in Fig. 12. 
As the injected gas moved and accumulated in Faults A 
and B, the remaining oil was recovered with the co-effect 
of gas injection and bottom water drive. Finally, almost 
all the oil remained in the area near the previous injec-
tion well (i.e., the remaining oil in Fault A) and a part of 
the remaining oil in the interwell area (i.e., the remaining 
oil in Fault B) was recovered during gas-assisted grav-
ity flooding. The incremental oil recovery of 11.7% also 
proved its great EOR potential, as shown in Fig. 12.

Fig. 8  Fluid distribution at the end of primary gas flooding under the 
HIHP condition in Scenario C

Fig. 9  Fluid distribution at the end of primary gas flooding when 70% 
of pore volume was filled in Scenario D
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3.2.2  Governing factors of gas‑assisted gravity flooding

Effect of bottom water energy Figure 13 illustrates the 
fluid distribution at the end of gas-assisted gravity flood-
ing when the bottom water injection rate was 1 mL/min 
and the gas injection rate was 3 mL/min in Scenario F. 
In Scenario E, the balanced energy of gas injection and 
bottom water drive resulted in the remaining oil left in the 
same depth with the production location of the wellbore 1, 
as shown in Fig. 11d. However, in Scenario F, the bottom 
water was suppressed by the injected gas, and some oil 
was also displaced downward. At the end, the remaining 
oil was concentrated in a deeper area than the production 
location. The oil recovery was lowered by 5.03%.

Effect of gas injection location Figure 14 demonstrates 
the fluid distribution at the end of gas-assisted gravity flood-
ing under the LILP condition in Scenario G, and Fig. 15 
compares its oil recovery with that under the HILP condition 
in Scenario E. According to the comparison of Figs. 14 and 

Fig. 11  Fluid distributions at a the end of primary gas flooding, b the middle stage, c the late stage and d the end of gas-assisted gravity flooding 
of Scenario E
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Fig. 13  Fluid distribution at the end of gas-assisted gravity flooding 
when the bottom water injection was 1 mL/min in Scenario F

Fig. 14  Fluid distribution at the end of gas-assisted gravity under the 
LILP condition in Scenario G



431Petroleum Science (2020) 17:419–433 

1 3

11d, the distribution pattern of remaining oil was almost the 
same. However, the remaining oil in Scenario G was left in 
the relatively lower area in the physical model. That could 
be attributed to the fact that gas injection at a lower location 
(i.e., the wellbore 3) suppressed bottom water drive more 
effectively in Fault C. The effect of bottom water drive was 
enhanced, leading to an earlier water breakthrough in the 
production well. As shown in Fig. 15, the oil-displacement 
period of gas-assisted gravity flooding was shortened and its 
oil recovery was 2.84% lower when gas was injected at the 
low location (i.e., the wellbore 3) in Scenario G.

Effect of filling degree of faults Figure 16 presents the 
fluid distribution at the end of gas-assisted gravity flooding 
when 70% of pore volume was filled in Scenario H, and 
Fig. 17 compares its oil recovery with that of Scenario E 
(i.e., the pore volume was unfilled). According to the com-
parison of Figs. 11 and 16, the injected gas could flow from 
the gas injection well to the production well through the 
upper part of the model when the pore volume was unfilled. 
And the fluid interface was relatively even during the gas-
assisted gravity flooding experiment. When 70% of pore 

volume was filled, the flow resistance to injected gas in the 
lateral direction increased obviously. So, some of injected 
gas flowed vertically to displace the oil at the lower part 
of the model. Due to the existence of the filling, the fluid 
interface became uneven. Besides, as it can be seen from 
Fig. 17, gas-assisted gravity flooding achieved a much longer 
production period, and the oil recovery was 7.12% higher in 
Scenario H than that in Scenario E. That indicated the filling 
in the faults was conducive to gas flooding.

4  Conclusions

Based on a two-dimensional physical model of the karst 
fault system, the fluid flow and production performance of 
primary gas flooding were discussed, and the effect of gas-
assisted gravity flooding was examined. The major findings 
could be concluded as follows.

(1) Compared to water flooding, primary gas flooding 
could create more flow paths and improve sweep effi-
ciency. A remarkable increment of oil recovery could 
be achieved in the karst fault system.

(2) During primary gas flooding, gas breakthrough 
occurred easily because the production well was moved 
to a higher location after water flooding. The remaining 
oil distribution was mainly controlled by the developed 
faults and accumulated in the middle part in a single 
fault.

(3) The fractures that connected two faults determined the 
amount of gas that could be stored and the amount of 
oil that could be displaced in a single fault. Gas injec-
tion at a lower location was recommended to delay gas 
breakthrough during primary gas flooding.
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(4) Gas-assisted gravity flooding could achieve more sta-
ble gas-displacing-oil because oil production was at a 
lower location. The remaining oil accumulated in the 
area near the injection well and the interwell area after 
primary gas flooding was mostly recovered.

(5) An energy balance of gas injection and bottom water 
drive was more conducive to oil production in the 
karst fault system. For gas-assisted gravity flooding, 
gas injection at a higher location was recommended to 
fully take advantage of bottom water drive.
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