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Abstract: We propose a novel workflow to investigate the complex flow behaviors and remaining
oil distribution related to the oil–gas–water three-phase system based on information from typical
outcrops of fractured-vuggy reservoirs. A refined geological model is built to represent the size,
geometry, and spatial distribution of the karst caves and fractures extracted from the field outcrop
photographs. The combination of the perpendicular bisector (PEBI) grid technique and the control-
volume finite difference method is adopted for space discretization. We have validated the numerical
model against experimental data. Numerical simulations were performed to explore the impacts of
the permeability of karst cave and natural fractures and the position of natural water bodies upon oil
production performance. Numerical results indicate that (1) the cave permeability has few impacts
on the oil production, yet the fracture permeability plays a significant role in determining the oil
recovery; (2) a higher permeability of the fractures will lead to a longer period of time for no-water oil
production and, thus, a higher oil recovery; (3) the position of natural water body shows significant
impacts on oil recovery, e.g., a short distance between the natural water body and the production well
tends to form preferential passages, causing severe reduction of water flooding range; and (4) the
distribution of remaining oil is controlled by spatial patterns of the fractured-vuggy system and
reservoir development schemes. We found that the remaining oil is mainly distributed along the
model boundaries and at the corner of the caves with single or multiple connection/s to fractures.

Keywords: fractured-vuggy reservoirs; filed outcrops; numerical simulations; PEBI grid technique;
control-volume finite difference method; carbonate reservoirs

1. Introduction

Carbonate reservoirs account for approximately 70% of global oil and gas reserves,
of which 2/3 are fractured-vuggy reservoirs [1]. It is estimated that the proved oil and
gas reserves from carbonate reservoirs were approximately 2.93 Gt and 3.37 × 103 billion
cubic meters [2]. Therefore, the development of fractured-vuggy carbonate reservoirs
has received attention worldwide. Since the 1960s, many efforts have been made in
characterizing the complex fluid flow processes in fractured-vuggy reservoirs [3]. It was,
however, not until the 1970s that China began research on fractured and vuggy reservoirs [4].
The discovery of the Tahe Oilfield stimulated Chinese scholars and experts to conduct
systematic research on fractured-vuggy reservoirs, covering various aspects, such as reserve
estimation, connectivity calculation, laboratory experiments, and numerical simulations.
The technique of X-ray-computed tomography enables engineers to reconstruct and classify
the fractured-vuggy formations at the lab scale [5], while at the field scale, the tracer
monitoring would facilitate the detection of inter-well connectivity. In particular, numerical
models play a central role in understanding complicated flow behaviors at various scales

Water 2023, 15, 3687. https://doi.org/10.3390/w15203687 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15203687
https://doi.org/10.3390/w15203687
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-0862-7898
https://doi.org/10.3390/w15203687
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15203687?type=check_update&version=1


Water 2023, 15, 3687 2 of 19

associated with fractured-vuggy reservoirs [6,7]. However, the development mechanisms
of fractured-vuggy reservoirs are not yet fully understood. The major challenge stems from
the complexity of the porous media of the fractured-vuggy reservoir itself. A vast variety of
fractures (cemented or uncemented) and caves (filled or unfilled), ranging from micrometers
to several hundred meters, exist in the reservoir rock, which introduces high heterogeneity
and anisotropy into the system and, thus, impede the characterization, modeling, and
simulation of the porous rock (cf. Figure 1). As a result, researchers can hardly fully
comprehend the fluid flow behaviors and the petroleum engineers are incapable of coming
up with a proper development scheme to minimize the remaining oil.
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Figure 1. Schematic of the characteristics of the fluid flow through multiscale fractures and caves
within the fractured-vuggy reservoirs.

To unveil the development mechanisms of fractured-vuggy reservoirs, many scholars
analytically/numerically and experimentally investigate the impact of the coexistence
of fractures and caves on oil recovery based on synthetic distributions of fractures and
caves. Pioneering work in the field was performed by Neale and Nader [8], where they
investigated how the caves influence the permeability of the porous media. Guo et al. [1]
used 3D printing technology to experimentally study the production improvement effect
during water flooding. Their results suggest that the oil–water gravity differentiation
plays a significant role in changing the remaining oil distribution. To investigate the
characteristics of oil–water flow, the oil–water interface, and residual oil distribution,
Liu et al. [9] carried out flooding experiments in a two-dimensional visual model. They
argued that the remaining oil in fractured-vuggy reservoirs tends to reside in the tops
of the structures and peripheral areas with poor connectivity. Other experiment analysis
related to fractured-vuggy reservoirs focuses on water/nitrogen-flooding efficiency [10],
oil-trapping mechanisms [11,12], the potential of fracturing treatments [13], multiphase
flow through 3D-printed analogs [14,15], etc. Because of boundary effects and difficulties
in strictly adhering to similarity criteria, experimental results are significantly affected by
the dimension of the tested samples and, to some extent, represent real field sale cases.

Analytical and numerical approaches prevail in the petroleum industry [16], mining
engineering [17,18], and geothermal engineering [19,20] due to their merits of simplic-
ity, time-saving, and repeatability. Based on CT-scanning images, Fadlelmula et al. [21]
employed a multi-point geostatistical modeling technique to generate multiple fractured-
vuggy realizations, which can be used for reservoir modeling prior to multi-phase fluid
flow simulations. Lei et al. [22] proposed a novel analytical model to explore the flow char-
acteristics in acidized fractured-vuggy reservoirs, suggesting six flow stages (i.e., wellbore
storage stage, radial flow stage, fractured-vuggy inter-porosity flow stage, transition flow
stage, fracture-matrix inter-porosity flow stage, and external boundary response stage).
Limited by the scale issue, the combination of the CT-scanning method and multi-point
geostatistics modeling is unable to deal with the case, containing a large-scale cave with
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tens of meters or larger. Analytical methods work well only when assuming a quite sim-
ple geometry of the studied domain and the fracture-cave system. A three-dimensional
hydromechanical model was established to investigate how the karst fractured-vuggy
reservoirs evolve under natural conditions [23]. A triple-/multiple-continuum model
was utilized to investigate single-/multi-phase flow and displacement in fractured-vuggy
reservoirs [6,24,25]. A multiscale modeling framework was recently proposed to simulate
fluid flow through fractured vuggy porous media [26,27]. Guo et al. [28] employed a dual
permeability model to model horizontal well production and found that there exist seven
flow regimes with a constant rate and five flow regimes with constant wellbore pressure.

Nevertheless, previous studies attach limited importance to integrating field outcrops
of fractured-vuggy reservoirs with experimental and numerical analyses. Most experimen-
tal studies adopted simple, synthetic fracture-cave geometries due to limited knowledge
regarding invisible subsurface formations. Additionally, experimental studies tend to be
expensive, time-consuming, and of poor repeatability. Field outcrops contain sufficient
information for reservoir modeling, although some unknown reconstruction activities
(e.g., weathering processes, dissolution process, and/or tectonic movements) may alter
the shape and geometry of the fractures and caves to some extent. We argue that it still
constitutes a viable means to represent the subsurface fractured-vuggy reservoirs using
field outcrops. The prime objective of this work is to establish a workflow for explor-
ing multi-phase flow behaviors related to fractured-vuggy reservoirs based on relatively
reliable input data. In this study, we focus on typical field outcrops of fractured-vuggy
formations and establish a numerical model using actual geological data and measured
fluid physical parameters from Tahe Oilfield. A fine geological model is built to characterize
the dimension, geometry, and spatial distribution of fractures and caves, which is in line
with the field outcrops. The combination of the PEBI grid technique and the control-volume
finite difference method is employed to discretize the physical domain. Numerical simula-
tions were conducted to explore the effects of the permeability of fractures and caves and
the positions of natural water bodies upon displacement efficiency. We elucidate how these
factors affect the remaining oil distribution and the production performance, as well.

2. Methods
2.1. Basic Assumptions

Fractured-vuggy reservoirs have complex media systems with random distribution of
fractures and caves, multiple length-scale fractures and caves, complicated morphology
of the karst caves, various filling types, and filling degrees [1,29,30]. In order to capture
the first-order effects that control the flow processes of fluids within porous media and
facilitate numerical processing, the following assumptions are made [31]:

• Assuming that the system consists of three phases—oil, gas, and water—with each
phase containing multiple components, they are treated as a single “pseudo compo-
nent” with average fluid properties, and the two liquid components of oil and water
only exist in the accompanying phase; gases not only exist in the gas phase but can
also be dissolved in oil;

• The fractured vuggy reservoir is considered an isothermal medium system without
considering the impact of heat exchange;

• Heat transport through the porous media is neglected in this study;
• The caves studied in this work are assumed to be filled-type, such that Darcy’s law is

satisfactory in describing the flow behaviors in the cave;
• Geomechanical and geochemical effects on the rock porosity and permeability are not

considered in this study;
• The influence of capillary force is not considered in fractures;
• Fractures and karst caves are the main storage spaces, while fractures also serve as

connecting channels, neglecting the self-absorption and oil drainage effect of the matrix.

In the current model, we do not take the turbulent flow into consideration in both
fractures and caves. Also, this study only focuses on two-dimensional scenarios. The third
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dimension is significant for modeling the cave since the volume and potential connection
play a vital role in contributing to the well performance. It is satisfactory to describe the
fluid flow behaviors associated with caves since we focus on filled caves in this work.
However, both laminar and turbulent flow regimes may occur in the fracture. This is a
methodological shortcoming of our study. In our future work, we will solve a complete
Navier–Stokes equation to account for the turbulent flow in fractured-vuggy reservoirs.

2.2. Governing Equations

Based on the above assumptions, the three-phase material balance equations for any
flow region are given as follows [31,32]. For gas phase:

∂

∂t

[
φ
(

Soρdg + Sgρg

)]
= −∇·

(
ρdgvo + ρgvg

)
+ qg (1)

for water phase:
∂

∂t
(φSwρw) = −∇·(ρwvw) + qw (2)

for oil phase:
∂

∂t
(φSoρo) = −∇·(ρovo) + qo (3)

where the velocity of the β phase fluid (β = g is gas; = w is water; = o is oil) is defined as
follows, according to Darcy’s law:

vβ = −
kkrβ

µβ

(
∇pβ − ρβg∇D

)
(4)

where ρβ is the density of the β phase under reservoir conditions, kg/m3; ρo is the density
of the oil phase that removes dissolved gas under reservoir conditions, kg/m3; ρdg is the
density of dissolved gas in the oil phase under reservoir conditions; φ is the effective poros-
ity of the formation; vβ is the viscosity of the β phase; Sβ is the saturation of the β phase;
pβ is the pressure of the β phase, Pa; qβ is the sink point/source point term per element
volume of the β component in the formation, kg/

(
m3·s

)
; g is the gravitational acceleration,

m/s2; k is the absolute permeability of the formation, m2; krβ is the relative permeability
of β phase, dimensionless; and D is the burial depth, m. As the control equations for the
conservation of three-phase mass, it is necessary to supplement the constraint equation
and constitutive equation, which represent secondary variables as functions of the basic
main thermodynamic variables. Capillary force and relative permeability can usually be
expressed as a function of fluid saturation. The density and viscosity coefficient of oil,
water, and gas can be expressed as functions of fluid pressure.

2.3. Control Volume Finite-Difference Method

The control volume finite-difference method [31–33] (Figure 2) is used for spatial
discretization, the backward first-order difference is used for time discretization, and the
equation in element i after discretization is as follows [34]:[(

Mβ

)n+1
i −

(
Mβ

)n
i

]Vi
∆t

= ∑
j∈ηi

Fn+1
β,i,j + Qn+1

β,i (5)

where M is the mass of the β phase per element volume, kg/m3; The superscript n repre-
sents the quantity from the previous moment; The superscript n + 1 represents the quantity
at the current time; Vi is the volume of element i, representing matrix, fractures, or caves,
m3; ∆t is the time step; ηi is the set of elements j connected to the same element i; Fβ,i,j is
the mass flow term of the β phase between element i and element j, kg/s; and Qβ is the
source or sink term of the β phase in element i, kg/s.
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According to the form of Equation (5), governing Equations (1)–(3) can be discretized
and rewritten into the residual form for the gas phase [34,35]:

Rg, n+1
i =

{[
φSoρdg + φSgρg

]n+1

i
−
[
φSoρdg + φSgρg

]n

i

}
Vi
∆t

− ∑
j∈ηi

(
ρdgλo

)m

ij+1/2
γij

[
Ψn+1

oj −Ψn+1
oi

]
− ∑

j∈ηi

(
ρgλg

)m
ij+1/2γij

[
Ψn+1

gj −Ψn+1
gi

]
−Qn+1

gi

(6)

for the water phase:

Rw, n+1
i =

{
[φSwρw]

n+1
i − [φSwρw]

n
i

}
Vi
∆t − ∑

j∈ηi

(ρwλw)
m
ij+1/2γij

[
Ψn+1

wj −Ψn+1
wi

]
− ∑

j∈ηi

(ρwλw)
m
ij+1/2γij

[
Ψn+1

wj −Ψn+1
wi

]
−Qn+1

wi

(7)

for the oil phase:

Ro, n+1
i =

{
[φSoρo]

n+1
i − [φSoρo]

n
i

}
Vi
∆t − ∑

j∈ηi

(ρoλo)
m
ij+1/2γij

[
Ψn+1

oj −Ψn+1
oi

]
− ∑

j∈ηi

(ρoλo)
m
ij+1/2γij

[
Ψn+1

oj −Ψn+1
oi

]
−Qn+1

oi

(8)

where i = 1, 2, 3, . . ., N; m can be n or n + 1. If m = n, element i applies the implicit
pressure-explicit saturation (IMPES) approach [36,37]; if m = n + 1, then the fully implicit
method should be used, and N is the number of iterations of the grid. n represents the
previous time point; n + 1 represents the existing time points that need to be addressed;
the subscript ij + 1/2 represents an appropriate average value at the interface between
elements i and j, related to the β phase mobility, which can be defined as follows [34]:

λβ, ij =

(
krβ

µβ

)
ij+1/2

(9)

The definition of the sink/source point term for element i is as follows:

Qn+1
βi = qn+1

βi Vi (10)

The conductivity coefficient of the flow boundary is defined as follows:

γij =
Aijkij+1/2

di + dj
(11)
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and
Ψn+1

βi = pn+1
βi − ρn+1

β,ij+1/2gDi (12)

where Aij is the area of the common interface between connected elements i and j, m2;
di is the distance from the center of element i to the interface between elements i and its
neighboring element; kij+1/2 is the permeability along the junction of elements i and j, m2;
and Di is the burial depth of the center element i, m.

2.4. Treatments of Boundary Conditions
2.4.1. First Type of Boundary Conditions

The first type of boundary condition refers to a constant pressure and constant satura-
tion condition. In finite volume methods, the large volume method is typically used, which
specifies a mesh volume of 1050 orders of magnitude on the boundary [31,34] and ensures
that other mesh geometric features remain unchanged. This method is also based on the
principle of material balance.

2.4.2. Second Type of Boundary Conditions

The second type of boundary condition refers to the flow boundary type condition,
which depends on the production/injection conditions and treats it as a source/sink term;
that is, the flux terms related to the produced/injected fluid are added to the material
balance equation.

2.4.3. Well Boundary Conditions

The “virtual node” method [34] is used to handle the well boundary conditions, which
treat the wellbore as single or multiple computational nodes connected to multiple critical
nodes of the well. For well node i, the reference Equations (6)–(8) include gas phase [34]:

Rg, n+1
i =

{[
φSoρdg + φSgρg

]n+1

i
−
[
φSoρdg + φSgρg

]n

i

}
Vi
∆t − ∑

j∈ηi

(
ρdgλo

)m

ij+1/2
PIij

[
Ψn+1

oj −Ψn+1
oi

]
− ∑

j∈ηi

(
ρgλg

)m
ij+1/2PIij

[
Ψn+1

gj −Ψn+1
gi

]
−Qn+1

gi

(13)

water phase:

Rw, n+1
i =

{
[φSwρw]

n+1
i − [φSwρw]

n
i

}
Vi
∆t − ∑

j∈ηi

(ρwλw)
m
ij+1/2PIij

[
Ψn+1

wj −Ψn+1
wi

]
− ∑

j∈ηi

(ρwλw)
m
ij+1/2PIij

[
Ψn+1

wj −Ψn+1
wi

]
−Qn+1

wi

(14)

and oil phase:

Ro, n+1
i =

{
[φSoρo]

n+1
i − [φSoρo]

n
i

}
Vi
∆t − ∑

j∈ηi

(ρoλo)
m
ij+1/2PIij

[
Ψn+1

oj −Ψn+1
oi

]
− ∑

j∈ηi

(ρoλo)
m
ij+1/2PIij

[
Ψn+1

oj −Ψn+1
oi

]
−Qn+1

oi

(15)

where PIij refers to the production index or injection index connected to well node i and
adjacent node j, m3; Qn+1

βi refers to the total mass flow rate of well production or injection
(β = g, w, o), kg/s. The production index PIij for the vertical well is calculated using the
following formula [38]:

PIij =
2πk∆Zi

ln
(

re
rw

)
+ s− 0.5

(16)
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where ∆Zi is the thickness of layer j, m; re is the effective radius of grid j, m; rw is the
wellbore radius, m; and s is the skin coefficient, dimensionless. The phase injection rate of
the injection well Qβ (β = g, w, o) is estimated as follows [34,35]:

Qβ,w = ∑
j∈ηi

(
ρβλβ

)
ij+1/2PIij

[
pβj − pW − ρβg

(
Dj − DW

)]
(17)

where DW is the depth of the pump inside the wellbore, m; and pW is the bottom hole flow
pressure, Pa. When using a constant liquid production rate, the bottom hole flow pressure
is determined by the following equation [34,35]:

pW = −
{
−QL + ∑

j∈ηi

∑
β

(
ρβλβ/ρo

β

)
ij+1/2

[
pβj − pW − ρβg

(
Dj − DW

)]}
÷ ∑

j∈ηi

∑
β

(
ρβλβ/ρo

β

)
ij+1/2

(18)

Bottom hole flow pressure constraint conditions:

pW ≥ pW,min (19)

where pW,min is the minimum allowable bottom hole flow pressure, and when the pressure
is lower than the lower limit pressure, it automatically switches to constant pressure
production at that pressure. Constant pressure production pW is considered a known
quantity, and the total mass flow rate of each phase is calculated according to Equation (17)
and then added to Equations (6)–(8) for calculation.

2.5. Solution Methodology

Selection of the primary variables is crucial for a successful solution of the three-phase
problems, especially for variable bubble point ones. In this model, we have three primary
variables: oil pressure po, oil saturation So, and gas saturation Sg or saturation pressure
ps. The selection of the third primary variable depends on the reservoir conditions. If the
in situ pressure exceeds the bubble point pressure (i.e., no free gas), saturation pressure
becomes the primary variable; otherwise, the third primary variable would be switched to
gas saturation. To solve the governing Equations (6)–(8), the Newton–Raphson scheme is
employed and leads to the following formula:

∂Rβ, n+1
i

(
xk,p

)
∂xk

·δxk,p+1 = −Rβ, n+1
i

(
xk,p

)
, k = 1, 2, 3 (20)

where xk denotes the primary variable; p is the iteration level. The primary variables are
updated after each iteration:

xk,p+1 = xk,p + δxk,p+1 (21)

The Newton–Raphson iteration is repeated until the convergence criteria associated
with the prescribed residual tolerances are satisfied:∥∥∥∥∥xk,p+1 − xk,p

xk,p+1

∥∥∥∥∥ < εk, k = 1, 2, 3 (22)

where xk is the primary variable vector, εk = 1.0 × 10−4 (k = 1, 2, 3) is the prescribed
tolerance, and the symbol “‖·‖” is the operator for root-mean-square. In this study, we also
force the absolute increment of the primary variables to be small enough:{

|δpo| < 1.0 kPa; |δps| < 1.0 kPa
|δSo| < 10−4;

∣∣δSg
∣∣ < 10−4 (23)
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3. Model Validation

The prototype of this model, called MSFLOW code, was originally developed by
Wu [35]. Subsequently, various scholars were dedicated to extending this model as a
more general simulator for oil and gas development [6,34,39,40]. The numerical model
has been validated against experimental data [34], analytical solutions [40], and a widely
acknowledged commercial software, CMG [39]. However, the validity of the MSFLOW
code used for fractured-vuggy reservoirs is undetermined. In this section, we verify
the in-house simulator against laboratory experimental results. As shown in Figure 3, a
constant flow rate (i.e., 1.0 mL/min) of gas with a density of 1.1648 kg/m3 and a viscosity
of 1.757 × 10−2 cP was injected from the inlet point (see Figure 3a) into a cylinder. A
standard atmospheric pressure of 0.1 MPa was kept at the outlet point, connected to
the other cylinder. A tiny tube connects the two cylinders, both of which are full of oil
whose density and viscosity are 913.1 kg/m3 and 5.0 cP, respectively. The two cylinders
are analogs of the filled caves, whose total porous volume was 70.0 mL. After 90 min
gas injection, the oil production rate observed from the outlet became so low and the
cumulated oil production was 54.94 mL. The processes described above were simulated
with the MSFLOW code, keeping the initial and boundary conditions consistent with the
experiment. Figure 4 displays the comparison of oil production rate and oil recovery
between numerical and experimental results, which exhibits good agreement with each
other. This comparison indicates that the MSFLOW code could lead to satisfactory modeling
results when simulating multiphase flow through the fractured-vuggy reservoir.
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4. Numerical Results
4.1. Discretization of Field Outcrop of Fractured-Vuggy Reservoirs

To reflect the flow processes of fluids in fractured-vuggy reservoirs, as far as possible,
AutoCAD was used to depict the morphology and size of fractures and caves in detail,
as shown in Figure 5. The depicted fractures and caves were data-driven and imported
into a specialized gridding software, WinGridder [41]. During gridding, parameters such
as the strike angle, dip angle, and the width of fractures were assigned based on actual
measurement data. The entire simulation area was discretized into a series of irregular
local orthogonal grids, as shown in Figure 5b,d [41,42]. Although the numerical model
itself is three-dimensional, we would like to set up a two-dimensional model to simulate
the multiphase flow through the outcrop-like reservoir due to the lack of knowledge on
the third dimension of the outcrop. Namely, we use a unit-length scale (i.e., 1.0 m) in
the third dimension. Considering the neglect of the self-suction and oil drainage effect of
the matrix, the matrix grid was removed from the grid system, and the final mesh only
includes fractures and karst caves, as shown in Figure 5d. The model dimension is 10.0 m
(length) × 1.0 m (width) × 6.77 m (depth), with a total of 14,127 grids. Among them, the
matrix is discretized as a 0.2 m × 0.2 m rectangular grid, and the karst cave is discretized
as a 0.06 m × 0.06 m regular hexagonal grid (see Figure 5d). It should be noted that the
outcrop only represents the subsurface vuggy reservoir to a certain extent since the outcrop
may have suffered from various unknown reconstruction activities, such as weathering
processes, dissolution processes, and/or tectonic movements. We still believe that it
constitutes a satisfactory way to characterize the invisible underground fractured-vuggy
formations based on field outcrops.
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Figure 5. The workflow of modeling and discretization of a typical outcrop of fractured vuggy
reservoirs: (a) an outcrop picture of a fractured-vuggy reservoir; (b) digital description of the
fractures and caves; (c) domain discretization; and (d) digital extraction of the fractures and caves
using computational grids.

4.2. Numerical Results and Discussion

We establish a geological model based on typical outcrop patterns of fractured-vuggy
reservoirs in Tahe Oilfield and provide petrophysical parameters based on relevant data
from the Tahe Oilfield. Under standard conditions, the viscosities of oil, gas, and water
are 24.0, 0.01, and 0.898 mPa·s, respectively, and the corresponding densities are 960, 0.7,
and 1147.3 kg/m3, respectively. The compression coefficients are 1.1 × 10−3, 0.998 × 106,
and 1.0 × 10−4 MPa−1, respectively. The bubble point pressure of the reservoir is 20.2 MPa,
the bound water saturation and residual oil saturation are both 0.05, and the residual gas
saturation is 0. At the initial time of simulation, the fractures and caves were full of oil, and
the bottom pressure of the model was 59.0 MPa (see Figure 6). Figure 7 shows the relative
permeability curve for fractures and filled caves. The pressure field in the simulation area
is distributed according to a gravity gradient. By default, the model boundaries are all
zero-flow boundary conditions, with an oil well liquid production rate of 0.1 m3/d, an
initial time step of 1.0 h, and a maximum time step of 100 h. The time step is automatically
adjusted according to the speed of convergence during the simulation.
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4.2.1. The Impact of the Location of Natural Water Bodies on Oil Recovery Efficiency

The location and energy level of natural water bodies are important parameters. This
is because, given the location of the production well, the water body location partially
determines the sweep areas of the oil, and the magnitude of the water-energy decides
how much fluid one can extract from the reservoir. This subsection studies the impact of
different natural water conditions on oil recovery efficiency by setting different water body
positions (see Figure 8).
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The total liquid production rate of the production well is 0.1 m3/d; the fracture
permeability is given by the cubic law and the cave permeability is 5 D; the simulation
time is based on the production shutdown standard of the production well with the
water cut reaching 98%; the water bodies are located at the edge (Figure 8a) and the
bottom (Figure 8b) of the model; and the oil saturation distribution, water cut curve,
and cumulative oil production curve at the last moment are obtained. The simulation
results show that the location of water bodies has a significant impact on oil recovery,
with bottom water conditions resulting in a long period of anhydrous oil recovery, high
cumulative oil production, and high extraction efficiency. When the water body is close
to the production well, it can easily form a preferential channel, and the water body’s
sweep range decreases. Oil in the fractures and caves located below the water body is
difficult to extract. Figure 8 shows that the fractured-vuggy reservoirs have a complex
oil–water contact relationship. Curves shown in Figures 9–11 reflect the oil production
performance, which implies that the displacement efficiency relies on the distance and
the connected passages between the water body and the production well. Particularly,
space connections between fractures and caves determine the shape of the waterflooding
frontiers and, thus, longitudinal and transverse oil displacement efficiency. Fluctuation
characteristics associated with water cut and oil production curves can be observed after
approximately 200 d. This is because the permeability contrast between the fracture and
the caves will amplify the contribution of individual caves to the fluid production. The
caves have various volumes and, thus, present differing potentials for providing oil even
under the same conditions. The fluctuation characteristics reflect the geometry and volume
differences between the cave/s that contribute to the oil production in time sequence.
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4.2.2. The Influence of the Cave Permeability on Oil Recovery Efficiency

Generally speaking, karst caves in fractured-vuggy porous media are either fully filled
or partially filled, and the properties of the filling material can be characterized by porosity
and permeability. This subsection mainly conducts a parameter sensitivity analysis on
permeability to consider the impact of the filling degree, represented by cave permeability
here, of karst caves on oil recovery efficiency.

Under the condition of bottom water, the production is carried out according to the
above-mentioned 0.1 m3/d fluid production rate. The perforation depth and location of
the oil well are shown in Figure 12. The fracture permeability is prescribed according
to the cubic law. The simulation time is based on the shutdown standard of 98% water
cut in the production well, and the cave permeability is set as 100 mD, 5 D, and 10 D,
respectively. The oil saturation distribution, water cut curve, and cumulative oil production
curve at the last moment can be calculated. The simulation results show that the higher the
permeability of karst caves, the higher the degree of recovery (see Figure 13) and the longer
the anhydrous oil recovery period (see Figure 14). When the permeability reaches a certain
level, the influence of karst cave permeability on oil recovery efficiency becomes weaker (see
Figure 13); the gravity capture effect is significant, and the bottom water roughly advances
smoothly in a horizontal manner. After the production well is affected, it is immediately
flooded with explosive water; the remaining oil is mainly distributed at the top and edges
of the model, as well as at the top of single-fracture connected karst caves and multiple-
fracture connected karst caves. Overall, the cave permeability does not have a significant
impact on the water cut evolution and the oil production rate (see Figures 14 and 15).
Moreover, the remaining oil distributions of different cave permeabilities have a similar
pattern. We believe that caves are mainly responsible for oil/gas storage, yet they have
limited influence on oil displacement efficiency and production performance.

4.2.3. The Influence of the Fracture Permeability on Oil Recovery Efficiency

As we know, the fracture serves as a vital passage that connects one cave to another,
such that during waterflooding or nitrogen flooding, hydrocarbons can be extracted from
caves far away from the production wells. If the production well was drilled into an isolated
cave, one may lose the chance of tapping oil/gas from other caves, even in the vicinity of
it. Under this circumstance, human-made fractures, through hydraulic fracturing or acid
fracturing treatments, are desired to create connectivity among caves/fractures or between
the cave and the fracture [43]. In this subsection, we have a single production well, and
the driving force comes from the bottom water. The permeability of the caves is 5 D, and
the total production rate is 0.05 m3/d. Different fracture permeabilities (i.e., 100 mD, 1 D,
and 5D) were prescribed for three simulation cases with the intention of elucidating the
influence of fracture permeability on oil recovery efficiency.
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Figure 16 shows oil distributions with different fracture permeabilities at the end of
960 days. During the first 200 d of the production, we observe few differences among the
three cases; that is, we have the same oil production rate without water produced and
the same cumulative oil production (Figures 17–19). Subsequently, however, a dramatic
decrease in the oil production rate occurs due to a sharp increase in the water cut. The
comparison results of Figures 17–19 demonstrate that a lower fracture permeability would
result in an earlier water breakthrough (see Figure 18) and a more rapid increase of the
water cut. For fractured-vuggy reservoirs, the permeability of the fracture determines the
degree of cave connectivity, which affects both transverse and longitudinal flows. A lower
fracture permeability severely impedes the transverse flow but strengthens the longitudinal
flow, such that the bottom water fails to sweep the oil residing in the cave with a relatively
large burial depth. Consequently, the fracture permeability exhibits a positive relationship
with the oil production rate, as well as the cumulative oil production. Modeling results
indicate the dominant role fracture permeability played in oil production. This is because,
during oil production, a higher fracture permeability secures a timely energy supplement
from the bottom water, which further guarantees a steady oil displacement from the bottom
to the up. In contrast, it becomes very harsh for the bottom water to sweep the oil from
every corner of the caves, resulting in more remaining oil undeveloped.
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5. Conclusions

In this work, we propose a novel workflow, integrated with an in-house multiphase
simulator, to investigate the complex flow behaviors and remaining oil distribution based
on typical outcrops of fractured-vuggy reservoirs in Tahe Oilfield. Our simulation results
lead to the following conclusions:

• The cave permeability has few impacts on the oil production, while the fracture
permeability plays a significant role in determining the oil recovery;

• The higher the permeability of fractures, the longer the anhydrous oil recovery period
and the higher the degree of recovery. When the permeability reaches a certain level,
the impact of fracture permeability weakens;

• The location of the water body has a significant impact on the oil recovery effect. When
the water body is close to the production well, it can easily form preferential channels,
reduce the water body’s coverage, and thus, have a low oil recovery;

• The distribution of remaining oil is influenced by the connection mode of fractures
and caves and the development scheme, usually distributed at the top and edges of
the model, as well as at the top of single- and multiple-fracture connected caves.
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