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Abstract: The flow field is the fluid dynamic flow path in strongly heterogeneous reservoirs, and
its evolution significantly affects the distribution of remaining oil, showing a disordered and highly
dispersed mode caused by long-time water injection. By combining traditional flow-field evaluation
with flow diagnostics, this paper proposes a methodology to quantitatively characterize and adjust
the flow field in real time during the late stage of waterflooding in strongly heterogeneous reservoirs.
In the study, the fluid velocity, abundance of predominant remaining oil, and Lorenz coefficient are
preferred as the characteristic parameters to evaluate the effect of reservoir and flow heterogeneity
on the flow field. Taking the minimization of the Lorentz coefficient as the objective function, the
optimal injection and production parameters are obtained by dynamic adjusting the flow field.
The results show that as water injection continues, the shape and variation of the flow field are
jointly influenced by the reservoir rhythm, vertical permeability contrast, and lateral permeability
distribution. The larger the permeability contrast, the greater the influence of the lateral permeability
distribution. When the permeability contrast is large, the Lorenz coefficient strongly depends on the
lateral permeability distribution. Finally, this method is applied to an actual heterogeneous reservoir,
and a better effect of oil increase and water reduction is achieved.

Keywords: waterflooding; reservoir heterogeneity; flow field; potential tapping; remaining oil

1. Introduction

Most of the developed reservoirs in China belong to continental deposits with serious
lateral and vertical heterogeneities. After extensive water injection, most of oil fields
have come into a high or extra-high water-cut period, and the remaining oil is strongly
disordered, showing an overall highly dispersed and relatively enriched local distribution.
It is a great challenge during the late stage of waterflooding to describe the remaining oil
distribution and determine reasonable strategies to further improve oil recovery. The flow
field is the dynamic flow path of reservoir fluids, and its evolution significantly affects the
distribution of remaining oil. The evolution of the flow field is very complicated, affected
by the geological conditions, well pattern, and fluid properties. In some areas, it tends to
form a dominant flow field due to excessive water injection. The uneven distribution of
the flow field typically leads to a highly scattered distribution of remaining oil and severe
ineffective water circulation. Accurate description of the fluid flow field in reservoirs is of
great significance to understand the underlying dynamics of multiphase flow, optimize the
well pattern, and enhance oil recovery.
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During water flooding, fast movement of the waterfront is usually caused by tectonic
fractures, faults, and lateral permeability distribution, which indicates ineffective water
circulation, low sweep efficiency and oil recovery. Extensive water injection will affect
the rock pore structure and mineral composition, causing obvious variations in reservoir
properties, e.g., porosity, permeability, and wettability [1]. Jiang et al. concluded that the
variation of reservoir properties is typically proportional to the cumulative injected pore
volume of water, which is more distinct during the high or extra-high water-cut period [2].
In-depth study of fluid flow paths is beneficial to accurately describe the flow field during
the late stage of waterflooding in strongly heterogeneous reservoirs. Flow-diagnostics
tools can be utilized to efficiently characterize the reservoir connectivity and dynamic
evolution of the fluid flow path [3-6]. In contrast to the full-physics simulation, flow
diagnostics have the advantages of a fast calculation speed, high calculation efficiency,
and low model complexity. As a popular technique, streamline-based simulation [7-13]
is widely used to estimate parameters such as the time of flight and steady-state tracer
distribution. Moreover, great efforts have been made to describe the flow heterogeneity
and several characteristic properties are then proposed, such as the sweep region, drainage
region, well-pair region, and Lorenz coefficient, which are helpful to describe the fluid
flow dynamics in a reservoir. Thiele and Batycky employed streamline-based simulation
to calculate the flux between well pairs and obtained the optimal injection-production
parameters [10]. Jia and Deng developed a flow-field identification method based on
streamline simulation [14]. By Python programming, streamline clusters are analyzed to
identify the ineffective water circulation region. Tanaka et al. combined streamline-based
simulation and genetic algorithm to obtain the preliminary development schemes [15]. The
response surface is then coupled to achieve the optimal scheme of a typical waterflooding
reservoir, which can reduce the model complexity to a great extent.

Previous studies showed that the streamline-based models with a hexahedral grid
are computationally efficient, but the computational efficiency decreases significantly
when extended to more complex unstructured grids. The finite volume method was typ-
ically utilized to simulate fluid flow on structured and unstructured grids to calculate
the time of flight and tracer distribution. Some scholars presented a family of implicit
discontinuous Galerkin schemes for advective multiphase flow simulation in porous me-
dia, which are more suitable for complex grids and more accurate than streamline-based
simulation [16-19]. Shahvali et al. also solved the time of flight and tracer distribution
equations using the finite volume method [20]. To avoid numerical diffusion, a multi-
dimensional weighting method was introduced to solve the steady transport equation.
The results were then compared with those of streamline-based simulation to validate the
method. Meyner et al. extended the method to corner-point grids and then used the finite
volume method to solve the incompressible fluid pressure equations [21]. Zhang et al.
further developed a control-volume finite element method to solve hyperbolic transport
equations for the time of flight and tracer distribution [22]. To improve the computational
efficiency, Rasmussen and Lie introduced two methods for numerical discretization, a
multi-dimensional upwind method and a higher-order discontinuous Galerkin method [23].
Except for flow diagnostics, the flow-field strength is also used to describe the flow field;
Zhang et al. presented surface flux as a flow-field-evaluation index and further established
a relationship between the flow-field strength and oil saturation [24]. Jiang et al. also
utilized the surface flux to evaluate the flow field [25].

Flow diagnostics tools can also be utilized to optimize the injection-production pa-
rameters. Compared with the traditional full-physics simulation method, flow diagnostics
tools show considerable improvement in computational efficiency. However, the flow
diagnostics tools are mainly used to describe the overall state of fluid flow in a reservoir.
Full-physics simulation is preferred to understand the local flow state and explain the
effect of reservoir heterogeneity on the flow state. Research on the evolution of the flow
field affected simultaneously by flow heterogeneity and reservoir heterogeneity is still
insufficient, and it is more difficult to exploit the remaining oil potential during the high or
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extra-high water-cut period. Moreover, when the reservoir geological model is complex,
the selection of an optimization scheme requires a lot of computing resources. To solve the
above problems, we combine the full-physics simulation and flow diagnosis to describe the
flow field, and distinguish the flow regions with different capabilities of waterflooding. We
aim to establish a novel characterization and adjustment method of the flow field in the late
stage of a waterflooding reservoir with strong heterogeneity. This method can reproduce
the historical state of subsurface fluid and put forward more targeted adjustment strategies
for oilfield development.

The structure of this article is as follows: (1) the flow characterization of the flow field
is performed by estimation of the flow-field strength and flow diagnostics; (2) the dynamic
evolution of the flow field affected simultaneously by flow heterogeneity and reservoir
heterogeneity is further discussed; (3) taking the Lorenz coefficient minimization as the
objective function, a dynamic adjustment method of the flow field is developed; (4) finally,
the proposed methodology is applied to study the fluid-flow behavior, analyze the spatial
distribution of the remaining oil, and achieve optimal injection-production parameters for
a typical continental sandstone reservoir with strong heterogeneity.

2. Flow-Field Characterization of Waterflooding Reservoir

The flow field is a complex system with multiple factors interacting with each other.
Various dynamic and static properties should be considered to evaluate the flow field. The
widely used static parameters consist of porosity, permeability, effective thickness, etc.,
while dynamic factors typically denote the fluid pressure, saturation, and flow velocity. The
existing methods mainly map the grid attributes to the flow field without considering the
dynamic variation of the reservoir flow path. Combining grid attribute mapping with flow
path characterization, the dynamic evolution of the flow field considering the influence of
reservoir heterogeneity and flow heterogeneity is explored here. The flow field properties
and flow heterogeneity are realized through MATLAB programming, and the calculation
process will be described in this chapter.

2.1. Grid Attribute Mapping-Based Flow Field Properties

The dynamic properties of reservoir flow field evaluation can be categorized into
adjustment and displacement parameters. The adjustment properties typically include
the fluid pressure, fluid velocity, etc. These properties can be used to understand the
instantaneous behavior of the reservoir flow field by describing the adjustment ability of
injection and production. The displacement parameters typically consist of the pore volume
of water injected, water saturation, and oil saturation, mainly reflecting the cumulative
variation of the reservoir flow field over time.

In this study, the fluid velocity is first selected as one of the adjustment properties.
Fluid velocity refers to the fluid flow capacity per unit time and cross-section, which can
be regarded as a local indicator reflecting the relative variation of velocity between grids
without considering the change in fluid velocity along a certain flow path. Due to the
gradually increasing resistance along the flow path, there may be a situation in which
the local velocity is low but the velocity along a certain flow path is high. Therefore, the
fluid velocity has some inherent limitations regarding its ability to characterize the actual
flow field.

The abundance of remaining reserves is typically treated as a displacement parameter
of the reservoir flow field. The abundance of remaining reserves refers to the geological
reserves of the remaining oil per unit area, which characterizes the influence of multiple
parameters such as the effective thickness, porosity, oil saturation, and fluid properties but
cannot accurately reflect the complicated fluid distribution of oil and water in a reservoir
during a high or extra-high water-cut period. Geng et al. introduced the abundance of the
predominant remaining oil to characterize the dominant distribution of remaining oil at a
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high water-cut stage [26]. The parameter couples the abundance of remaining oil reserves
and the diversion capacity of the remaining oil, which can be expressed as:

O- 100A3h(pp0’ 1)
By
Kro]/lw
Az = So, 2
3 Krw]/lo 0 ( )

where () is the abundance of the predominant remaining oil; A3 is the diversion capacity
coefficient; yy, is the water viscosity, mPa s; and j, is the oil density, mPa s.

For this study, the fluid velocity and abundance of the predominant remaining oil
are screened to classify and evaluate the reservoir flow field. Because of the difference in
units and orders of magnitude of these two indicators, two parameters are first converted
into [0, 1] for further analysis. The instantaneous behavior of the flow field and cumulative
effect after a long period of water injection are analyzed.

2.2. Evaluation of Flow Heterogeneity

Time of flight was widely used to characterize the reservoir flow heterogeneity [27].
The characteristic parameters of the flow field, Lorenz curve, and Lorenz coefficient can be
estimated using the time of flight.

Tracer dynamic monitoring technology has been used to trace injected water by means
of adding a mixture tracer into the water injector. It can give information by monitoring the
water flow velocity, direction, path, and other properties. Time of flight can be calculated in
a similar way to the tracer dynamic monitoring technology, where the time of flight is the
time required for a neutral particle to move from the nearest source or inflow boundary to
a certain point in the reservoir. The time of flight includes the forward time of flight and
backward time of flight. The forward time of flight is the time required for a tracer injected at
the source or inflow boundary to reach a specific location of a reservoir, reflecting the sweep
volume of the injected fluid. The backward time of flight is the time required for a tracer
released at a given location in a reservoir to reach the source or inflow boundary, reflecting
the sweep volume of the producer [28,29]. The time of flight is generally calculated using
the finite volume method [30], which can be calculated as follows:

N
—v XVt = P Ty |out flow = 0, 3)

—
-V XVTb:q},Tb

outflow = 0, 4)

where ¢ is the porosity; ¥ is the velocity, m/s; Ty is the forward time of flight; and 7 is the
backward time of flight.

By adding the forward time of flight and the backward time of flight, the total time
of flight will be obtained. It reflects the dynamic variation of fluid movement over time,
which can explain more details of the flow field. Areas with longer flight times usually
show a lower sweep volume and more remaining oil.

The Lorenz curve was originally proposed to characterize reservoir heterogeneity and
inequality in the vertical water injection and production profile [31]. Shook and Mitchell
extended the traditional Lorenz curve to flow heterogeneity and introduced the storage-
capacity—flow-capacity graph and Lorenz coefficient to characterize flow heterogeneity [32].
The storage capacity is the pore volume as a function of the time of flight, and the flow
capacity is the cumulative flow under a specific time interval. To eliminate the effect of
the magnitude, the storage capacity and flow capacity need to be normalized. The storage
capacity is chosen as X coordinate and the flow capacity as Y coordinate to plot the Lorenz
curve. In general, the Lorenz curve is used to evaluate the degree of flow heterogeneity.
The closer the curve is to a straight line, the weaker the flow heterogeneity is, and the better
the displacement efficiency is. For one-dimensional displacement, the Lorenz curve shows
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the variation of fractional flow with saturation, and when the case is homogeneous, the
curve will be a straight line, as shown in Figure 1.
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Figure 1. Typical storage-capacity—flow-capacity Lorenz curve.

Once the Lorentz curve is plotted, the Lorentz coefficient can be computed by integra-
tion, and the expression is described as:

L= 2/01 [F(®) — ®|d®, 5)

The Lorenz coefficient is a decimal between 0 and 1. The smaller the Lorenz coeffi-
cient, the weaker the flow heterogeneity. The Lorenz coefficient is usually regarded as an
important evaluation index of flow heterogeneity in a waterflooding reservoir.

3. Dynamic Evolution of Flow Field in Waterflooding Reservoir

In order to explore the dynamic evolution of the flow field in a waterflooding reservoir
with strong heterogeneity, a synthetic model with a positive rhythm of permeability is
established for oil-water flow simulation. The simulation time is 10 years. There are a total
of 30 x 30 x 15 =13,500 grids, and the grid size is 10 m x 10 m x 5 m. The permeability
distribution is shown in Figure 2, the vertical permeability contrast (PC, expressed as the
ratio of maximum permeability to minimum permeability) of which is set to 5.0. One
injector and four producers are located in the synthetic model. Water is continuously
injected at a fixed rate of 240 m3/d, and liquid is produced at a fixed rate of 60 m3/d.
Rock and fluid physical properties of the synthetic model are summarized in Table 1. The
oil-water relative permeability curve for two-phase fluid flow is displayed in Figure 3.

P4 1500

479

300

Permeability
(107 pm’)

Figure 2. Permeability distribution of the positive—rhythm synthetic model.
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Table 1. Rock and fluid physical properties used in the positive-rhythm synthetic model.

Parameter Value Parameter Value
Initial pressure/(MPa) 8.0 Oil density / (kg- m?) 866.5
Initial oil saturation 0.7589 Qil viscosity /(mPa-s) 5.0
Porosity 0.235 Oil Volume coefficient/(m3/m?) 1.1
Average permeability, 103 um? 760 Oil compressibility /(MPa™1) 0.002
Permeability contrast 5.0 Water viscosity/(mPa-s) 1.0
Irreducible water saturation 0.2411 Water volume coefficient/(m?3/m?) 1.0
Rock compressibility /(MPa~1) 0.00032 Water compressibility /(MPa~1) 0.0005
Reservoir rhythm Positive Water density/ (kg-m3) 1000
1.0
—— K
08| —*—Kw
0.6 |
N
04
02F
0.0 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 1.0
S

w

Figure 3. Oil-water relative permeability curves used for two-phase flow simulation.

3.1. Effect of Vertical Heterogeneity on Flow Field Evolution

Here, we mainly investigate the effects of rhythm and vertical permeability contrast
on the dynamic evolution of the flow field. When the effect of rhythm change is evaluated,
the positive-rhythm model and reverse-rhythm model are considered. When the effect of
vertical permeability contrast is discussed, three positive-rhythm synthetic models with
permeability contrasts of 5.0 (basic model), 15.0, and 30.0 are considered.

Figure 4 shows the fluid velocity profiles of synthetic models with different rhythms.
It indicates that the fluid velocity profiles between the basic model and the reverse-rhythm
synthetic model are opposite along the vertical direction. For the basic model, injected water
flows downward preferentially and bursts along the high-permeability layer, resulting in a
higher fluid velocity at the bottom of the positive-rhythm model. Due to lower permeability
and higher flow resistance, the fluid velocity profile near the injector in the positive-rhythm
model resembles a funnel. For the reverse-rhythm synthetic model, the fluid velocity profile
near the injector resembles an inverted funnel.

B 0.30pm’ 1.50pum’
0.48pum’ 0.48pm’
1.50um’ 0.30pm’

Velocity(m*/day) Velocity(m'/day)
0 1 2 3 4 0 1 2 3 4
(a) (b)

Figure 4. Fluid velocity profile near injector with different rhythm models. (a) Positive rhythm;
(b) reverse rhythm.

The effect of the reservoir rhythm on the abundance of the predominant remaining
oil is displayed in Figure 5. In the positive-rhythm synthetic model, the abundance of the
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predominant remaining oil is distributed in a “U” shape. The area with a higher abundance
of predominant remaining oil is located at the top, while the abundance of the predominant
remaining oil reserves in the bottom high-permeability layer is almost zero. Due to the
remarkable stratification, oil exploitation is severely unbalanced. The vertical degree of
producing reserves in the reverse-rhythm synthetic model is more balanced. This is due
to the influence of gravity, enabling the injected water to enter the lower layers with low
permeability, which effectively inhibits water fingering along the upper high permeability
layers. Compared with the reverse-rhythm model, it is much easier to form a large amount
of remaining oil in the top region of the positive rhythm model.

T 0.0y e |50
0.48um’ 0.48um’

Abundance of predominant remaining oil(10*t/km")

[

0 10 20 30 40 0 10 20 30 40

(a) (b)

Figure 5. Abundance of predominant remaining oil for synthetic models with different rhythms.

Abundance of predominant remaining oil(10*t/km")

(a) Positive rhythm; (b) reverse rhythm.

Figure 6 shows the Lorenz and flow heterogeneity curves when numerical simulation
is accomplished. It is referred that there exist two stages of fluid flow from the flow
heterogeneity: the unsteady stage and steady stage. The calculated Lorenz coefficient in
the steady stage can reflect the degree of dynamic heterogeneity. The larger the Lorenz
coefficient, the higher the degree of dynamic heterogeneity. When vertical permeability
contrast is identical, the flow heterogeneity curve of the positive-rhythm model shows a
similar trend to that of the reverse-rhythm model. The Lorenz coefficient of the positive
rhythm model is higher with a value of 0.4018; the Lorenz coefficient of the reverse rhythm
model is relatively smaller, 0.3925, indicating that dynamic heterogeneity of the positive
rhythm model is stronger even if the same permeability contrast is encountered.

1.00 0.50
Positive thythm
Reverse thythm
0.75 | _ 045F
i=}
g 3
& %
S 0.50 S 040
E
= 8
025 F = 035}
Positive rhythm
Reverse rthythm
000 L 1 L 1 030 1 1 L 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100 120
Storage capacity Time step
(a (b)

Figure 6. Flow heterogeneity evaluation of synthetic models with different rhythms. (a) Lorenz curve;
(b) flow heterogeneity curve.

Figure 7 reflects the effect of vertical permeability contrast on the flow velocity profile
near the injector. Affected simultaneously by gravity and pressure drop, injected water
prefers to flow downward, causing the velocity to be distributed in a funnel shape. The
remaining oil is mainly enriched in the low-permeability layer of the positive-rhythm
synthetic model; the larger the permeability contrast, the narrower the funnel shape distri-
bution and the greater the difference in velocity between layers.
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Velocity(m/day) Velocity(m’/day) Velocity(m/day)
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
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Figure 7. Fluid velocity profiles in the basic model with different permeability contrasts. (a) PC = 5;
(b) PC = 15; (c) PC = 30.

Thereafter, the effect of vertical permeability contrast on the abundance of the pre-
dominant remaining oil is analyzed. As displayed in Figure 8, when the permeability
contrasts are 5.0 and 15.0, respectively, the abundance of predominant remaining oil shows
a U-shaped distribution, but it shows a layered distribution when the permeability contrast
reaches up to 30. This indicates that, with the increase in vertical permeability contrast, it is
more difficult to exploit the remaining oil in low-permeability layers of the positive-rhythm
synthetic model.

I

0.48 pr ¥ 1.00pm?
E—— - I I
Abundance of predominant remaining oil Abundance of predominant remaining oil Abundance of predominant remaining oil

(10't/km’) (10't/knm’) 10°tkm’)
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
(a) (b) (c)

Figure 8. Abundance of predominant remaining oil under different permeability contrasts. (a) PC = 5;
(b) PC = 15; (c) PC = 30.

Figure 9 further compares the flow heterogeneity and Lorenz curves of synthetic
models with different vertical permeability contrasts when the end of the simulation is
achieved. As can be seen from Figure 9, for the positive-rhythm synthetic models, the
trend in the unsteady stage of the flow heterogeneity curve is consistent, and the calculated
Lorenz coefficients in the steady stage are 0.3918, 0.4204, and 0.5688, respectively. It can
be concluded that the reservoir rhythm significantly affects the variation trend in the
unsteady stage of the flow heterogeneity curve and has little effect on the Lorenz coefficient
in the steady stage. For the positive rhythm synthetic model, the vertical permeability
contrast exerts a great impact on the degree of flow heterogeneity. The larger the vertical
permeability contrast, the higher the Lorenz coefficient in the steady stage and the stronger
the flow heterogeneity.

3.2. Effect of Lateral Heterogeneity on Flow Field Evolution

Lateral heterogeneity refers to the reservoir heterogeneity caused by geometry, scale,
continuity, areal variation of porosity, and permeability in the sandbody. To explore the
effects of lateral permeability distribution and permeability contrast on the flow field, a
single-layer homogeneous synthetic model with a permeability of 0.3 um? is established.
The grid size, injection-production pattern, working scheme, and rock and fluid physical
properties are the same as the above-mentioned basic model. Three heterogeneous synthetic
models with different permeability distributions were established, as shown in Figure 10. To
study the effect of the lateral permeability contrast, the flow fields of single-layer synthetic
models with lateral permeability contrasts of 5.0, 20.0, and 30.0 were further analyzed.



Energies 2023, 16, 831 9 of 21
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Figure 9. Flow heterogeneity evaluation of synthetic models with different vertical permeability
contrasts. (a) Lorenz curve; (b) flow heterogeneity curve.
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Figure 10. Permeability distribution of four single-layer synthetic models. (a) Homogeneous distri-
bution; (b) vertical distribution; (c) diagonal distribution; (d) block-like distribution.

v

As shown in Figure 11, the permeability distribution greatly affects the lateral fluid
velocity distribution. The high permeability distribution leads to a non-uniform velocity
profile, the fingering of the waterfront is severe, and the sweep efficiency is relatively low.

As shown in Figure 12, the influence of the lateral permeability distribution on the
abundance of the predominant remaining oil is displayed. It demonstrates that the abun-
dance of predominant remaining oil around the high-permeability distribution and near
the injector is lower. This is because of the higher reservoir properties around the high-
permeability distribution and the larger mechanical scouring induced by water injection.
A dominant flow is formed along the high permeability strip, leading to seriously inef-
fective water circulation between injector—producer pairs and an unbalanced degree of
producing reserves.
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20 20
15 15
10 10
5 5
0 0
Velocity Velocity
(m’/day) (m’/day)
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I 20 20
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’ Velocity Velocity
' (m'/day) (m’/day)
(c) (d)

Figure 11. Lateral velocity profiles of synthetic models with different permeability strips. (a) Homo-
geneous distribution; (b) vertical distribution; (c) diagonal distribution; (d) block-like distribution.

30 30
20 20
10 10
(10°/kn1’) (10%t/kn’)
(b)
30 30
20 20
10 10
(10*t/kn1) (10*t/kn1)
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Figure 12. Abundance of predominant remaining oil with different permeability strips. (a) Homoge-
neous distribution; (b) vertical distribution; (c) diagonal distribution; (d) block-like distribution.

Figure 13 displays the Lorenz and flow heterogeneity curves of the synthetic models
with different lateral permeability distributions when the simulation is ended. It indicates
that the lateral permeability distribution has a significant effect on the flow heterogeneity
curves. The Lorenz coefficients of the synthetic models with a diagonal or block-like
permeability strip decrease sharply at the early stage. The initial Lorenz coefficient of the
single-layer synthetic model with a diagonal permeability strip is the highest. When the
fluid flow reaches a steady state, the calculated Lorenz coefficient is far higher than that of
the homogeneous synthetic model, showing the most severe flow heterogeneity.
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Figure 13. Comparison of flow heterogeneity under different permeability distributions. (a) Lorenz
curve; (b) flow heterogeneity curve.

Taking the single-layer synthetic model with a vertical permeability strip as an ex-
ample, the effect of lateral permeability contrast on fluid velocity is compared. As shown
in Figure 14, the larger the lateral permeability contrast, the more obvious the influence
of permeability distribution on fluid velocity. Figure 15 shows the Lorenz and flow het-
erogeneity curves with different lateral permeability contrasts. It can be seen that, for the
synthetic model with a vertical permeability strip, the effect of permeability distribution is
more significant as the lateral permeability contrast becomes larger. Increasing the perme-
ability contrast will exert a great impact on the Lorenz coefficient. The variation trends of
the flow heterogeneity curves under different permeability contrasts are clearly different.
When the lateral permeability contrast is higher than 20.0, there is almost no difference in
the Lorenz coefficient. It concludes that the permeability distribution has an important
influence on the dynamic evolution of the flow field during waterflooding. The larger the
lateral permeability contrast is, the greater the influence of permeability distribution is.
The flow heterogeneity curve and Lorenz coefficient are synergically affected by the lateral
permeability distribution and permeability contrast. When the permeability contrast is
large enough, the Lorentz coefficient is more dependent on the permeability distribution.

600
400
200

Velocity
(m’/day)

(@) (b) (©)

Figure 14. Fluid velocity profiles under different lateral permeability contrasts. (a) PC = 5; (b) PC = 20;
(c) PC =30.
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Figure 15. Effect of lateral permeability contrast on the flow heterogeneity. (a) Lorenz curve; (b) flow
heterogeneity curve.

4. Dynamic Adjustment of Flow Field

During waterflooding, the liquid production rate needs to be continuously optimized
to improve the oil recovery as much as possible. Determining the optimal liquid production
rate is a complicated least-square optimization problem. A lot of work has been conducted
on intelligent optimization algorithms [33-36]. Great efforts have been made to develop
reduced-order models for fast simulation because traditional reservoir production opti-
mization requires a large number of numerical simulations, which are time-consuming and
computationally highly demanding [37—41]. Park and Datta-Gupta used a streamline-based
model to optimize injection and production schemes by maximizing the reservoir sweep
efficiency and balancing the distribution of the time of flight [42]. From the previous
studies on the flow field in heterogeneous reservoirs, it is clear that the Lorenz coefficient is
a characteristic parameter of the flow field with clear physical meaning, which can easily
reflect the difference in flow heterogeneity and the change in flow field caused by reservoir
heterogeneity. In this paper, the minimum Lorentz coefficient is taken as the objective
function to optimize the liquid production rate of each producer in real time, so as to
dynamically adjust the flow field of a heterogeneous reservoir.

To further improve the efficiency of the production optimization, the pore volume
weighted by oil saturation is introduced to replace the original pore volume. The modified
formula of the Lorenz coefficient is expressed as follows:

1
Leo =2 [F(@) — (@)]50d, ©

The modified formula makes the method applicable to regions with large residual oil
enrichment rather than ineffective water circulation. To minimize the Lorenz coefficients
during waterflooding in heterogeneous reservoirs, the steepest descent method is adopted
in this study, which is one of the most widely used methods for solving unconstrained
optimization problems, having the advantage of simple iterations and fewer requirements
for prior estimates. Figure 16 shows the optimization procedure of the Lorenz coefficient
during waterflooding for a strongly heterogeneous reservoir.
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Figure 16. Schematic of Lorenz coefficient optimization in waterflood reservoir.

In the iterative process, the prior estimate is set first, including the initial point X, the
iteration error 0 < ¢ < 1, and the number of iterations k = 1. The iteration error under the
prior estimate is calculated as follows:

gk = Vf(Xk), 7)

If the error of two iterations satisfies the condition ||gx|| < ¢, the calculation is ter-
minated and the optimal solution will be obtained; if the convergence condition is not
satisfied, the negative gradient direction dy = —gj is used as the step size of the next
iteration, which is the local fastest descent direction of the least-squares objective function.
The solution arrived along the negative gradient direction must be better than that of the
previous iteration. Then, the step size factor ay, the formula Xj 4+ 1 = Xy + a;dj, and the
number of iterations k = k + 1 are updated. The iteration calculation is repeated until the
convergence condition is satisfied to obtain the optimal solution.

Taking the single-layer heterogeneous synthetic model with a block-like permeability
strip as an example, the Lorentz coefficient during waterflooding is gradually minimized,
and the optimal liquid production rate scheme can be obtained. As shown in Figure 17,
all the initial liquid production rates of producers are set at 60 m>/d. The optimal liquid
production rates are obtained after seven iterations to minimize the Lorentz coefficient.
The liquid production rates of producers 1, 2, 3, and 4 are 75.4624 m3/d, 45.8296 m3/d,
42.4474 m3/d, and 76.2605 m>/d, respectively.
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Figure 17. Production optimization in the single-layer model with a block-like permeability strip.

Figure 18 displays the oil recovery and Lorenz curves before and after flow-field adjust-
ment of the single-layer synthetic model with a block-like permeability. The results show
that after real-time production optimization, the Lorenz coefficient decreased from 0.1892
to 0.1692, but the performance of enhanced oil recovery merely by dynamic adjustment
of flow field is still limited. The oil saturation distribution of the single-layer synthetic
model before and after the adjustment of the flow field was further compared, as shown in
Figure 19. It indicates that the flow-field adjustment can activate the enriched remaining
oil around injector, but the overall remaining oil distribution does not change significantly.
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Figure 18. Flow-field adjustment of the single-layer model with a block-like permeability strip.
(a) Recovery curve; (b) Lorenz curve.
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Figure 19. Remaining oil distribution before and after flow-field adjustment in the single-layer
synthetic model with a block-like permeability strip. (a) Before adjustment; (b) after adjustment.
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5. Case Study

Taking a continental heterogeneous reservoir in China as an example, the proposed
method is used to characterize and adjust the reservoir flow field. The reservoir belongs to a
fluvial deposit with a cemented sand and mud content of 17.8%, average reservoir thickness
of 7.1 m, and porosity of 31%. The reservoir heterogeneity is strong, whose permeability
distribution is shown in Figure 20. The lateral permeability contrast is approximately
4.0 and the vertical permeability contrast is up to 30, which shows a typical positive-
rhythm distribution. This reservoir has gone through four stages of development—elastic
drive, water injection, encryption adjustment, and comprehensive management—and it
has entered the extra-high water-cut stage. The water cut reached 96.29%. The lateral and
vertical contradiction lead to an uneven production degree and imperfect well pattern,
which significantly affects the waterflooding effect.

8000
6000
4000
2000

B lii;i.il

Permeability
107 um*

Figure 20. Permeability distribution of a typical continental heterogeneous reservoir.

The Petrel software was used to construct the reservoir simulation model in the
corner point gird system. There were a total of 184 x 57 x 24 = 2,517,112 grids, in which
798,956 grids were effective. The grid size in X and Y directions was set to 10 m. In total,
84 producers and 8 injectors were in service. Since it was originally developed in October
1965, the actual cumulative oil production is 171.5 x 10* t. The predicted cumulative oil
production is 168.4 x 10* t. The fitting error is 1.8%, indicating that the reservoir simulation
model after history matching can reflect the complicated fluid flow dynamics accurately.

Using the proposed method, the Lorenz coefficients of each layer are computed as
displayed in Figure 21. It shows that the Lorenz coefficients are between 0.65 and 0.8, in
which the 1st and 21st layers show the highest flow heterogeneity. Therefore, we select
these two layers to analyze the effect of reservoir heterogeneity on the flow field.
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Figure 21. The Lorenz coefficients of each layer in an actual waterflooding reservoir.



Energies 2023, 16, 831

16 of 21

The velocity and abundance of predominant remaining oil distribution in the 1st
and 21st layers are calculated to characterize the reservoir flow field. The characteristic
parameters are normalized and categorized into six groups so as to accurately evaluate the
remaining oil potential in different hydrodynamic regions. The classification criterion is
summarized in Table 2.

Table 2. Classification of reservoir flow field based on grid attribute mapping.

Flow Abundance of
Type Velocit Predominant Description
y Remaining Oil

Both the abundance of predominant remaining oil and
the instantaneous flow-field strength are low, indicating

1 0-04 0-0.33 effective water injection to displace oil. The existing
measures can be maintained to control the evolution of
the flow field.

The abundance of predominant remaining oil is high, but
the instantaneous field strength is low, indicating a
relatively weak adjustment ability of well pattern and a
locally enriched distribution of remaining oil. More
measures should be carried out to enlarge the degree of
producing reserves.

2 0-0.4 0.33-1

Both the abundance of predominant remaining oil and
the instantaneous field strength are high, indicating

3 0.6-1 0.33-1 effective water injection to displace oil. The existing
measures can be maintained to control the evolution of
the flow field.

The abundance of predominant remaining oil is high,
and the instantaneous field strength is medium. In order

4 0.4-0.6 0.33-1 to achieve a good waterflood effect, water injection
should be strengthened to improve the degree of
producing reserves.

The abundance of predominant remaining oil is low, and
the instantaneous field strength is medium, so the

> 04-0.6 0-0.33 evolution of flow field should be dynamically controlled
and adjusted.
The abundance of predominant remaining oil is low, but
6 0.6-1 0-0.33 the instantaneous field strength is high, indicating that a

satisfactory displacement effect in this area has been
achieved.

Figure 22 shows the flow-field-strength distributions in the 1st and 21st layer of
the actual heterogeneous reservoir. It indicates that most areas in the 1st layer typically
have high abundance of predominant remaining oil and strong instantaneous flow-field
strength. Flow-field adjustment is essential to maintain effective water circulation and
further tap the remaining oil potential. When the flow field with a high abundance of
predominant remaining oil and low instantaneous field strength is dominated, a large
amount of remaining oil is still unexploited due to an unreasonable well pattern. The
flooding pattern should be improved by perforation to increase the flow-field strength
and enlarge the degree of the producing reserves. For the southeast and northwest areas
of the 21st layer, a low abundance of predominant remaining oil and high instantaneous
flow-field strength can be observed, implying a good waterflooding effect. In addition, a
highly scattered distribution with a low abundance of predominant remaining oil and low
instantaneous flow-field strength can be found, which indicates that the previous measures
controlled the flow-field evolution effectively.
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Figure 22. Flow-field strength distribution of certain layers during late stage of waterflooding: (a) 1st
layer; (b) 21st layer.

By calculating the time-of-flight distribution, the flow heterogeneity curves of each
layer are plotted to obtain the Lorenz coefficients, as displayed in Figure 23. The results
show that the Lorenz coefficient rises sharply in the early stage of waterflooding. As
water injection continues, it gradually becomes stable. The obvious increase in the Lorenz
coefficient in the unsteady stage of the 1st layer and 21st layer is caused by reservoir
heterogeneity. There may be a complicated distribution of the permeability strip in the
1st layer and 21st layer, which leads to the distinct fluctuation of the Lorenz coefficient in
the stable stage ranging from 0.6 to 0.8. As can be referred from Figure 23, great efforts
were made to minimize the Lorenz coefficient as much as possible in order to improve the
oil recovery, but the Lorenz coefficient was increased gradually at a later stage, implying
that it is of great importance to characterize and adjust the flow field in real time during
waterflooding for actual strongly heterogeneous reservoirs.
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0.0
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Time step

Figure 23. Variation of flow heterogeneity curves during waterflooding.

As can be seen from the above analysis, the flow field with a high abundance of
predominant remaining oil and low flow-field strength is widely distributed in the 21st
layer, and the flow heterogeneity is high. Dynamic adjustment of the flow field during
waterflooding is further carried out. The remaining oil distribution before and after flow-
field adjustment in the 21st layer is illustrated in Figure 24. The blue region represents the
flow field with a low abundance of predominant remaining oil and high instantaneous
flow-field strength, and there is no obvious change in the distribution of remaining oil.
However, oil saturation in the area with a high abundance of predominant remaining oil
and low instantaneous flow-field strength was decreased slightly.
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(b)

Figure 24. Remaining oil distribution before and after flow-field adjustment in the 21st layer.
(a) Before adjustment; (b) after adjustment.

The production performance before and after the adjustment of the flow field in the 21st
layer is plotted in Figure 25. The oil recovery ratio and water cut are consistent with each
other in the early stage of flow-field adjustment, and an obvious effect of oil increasing and
water decreasing in the middle and later stages can be achieved. The optimized injection
and production parameters have effectively improved the water flooding performance, but
the magnitude of enhanced oil recovery is limited. When the reservoir enters a high or
extra-high water-cut period, the injection of chemical agents, e.g., polymer and cross-linked
gel, can be treated as a good alternative to further tap the remaining oil.
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Figure 25. Oil recovery effect before and after flow-field adjustment in the 21st layer. (a) Oil recovery
ratio; (b) water cut.

6. Conclusions

For strongly heterogeneous waterflood reservoirs, the flow velocity and abundance of
the predominant remaining oil were selected as grid-attribute-mapping-based flow-field
properties, and the Lorenz coefficient was utilized to characterize the flow heterogeneity.
The influence of reservoir and flow heterogeneity on the dynamic evolution of the flow

field during the late stage of waterflooding has been explored. The main conclusions are
as follows:

(1) The shape and variation of the flow field are jointly affected by the reservoir rhythm,
vertical permeability contrast, and lateral permeability distribution. The larger the
permeability contrast, the greater the effect of the lateral permeability distribution.

(2) For vertical heterogeneity, the permeability contrast exerts a significant impact on
the Lorentz coefficient; when the permeability contrast increases by 6 times, the
Lorentz coefficient increases by about 1.5 times. For lateral heterogeneity, when the
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permeability contrast is large, the Lorentz coefficient strongly depends on the lateral
permeability distribution.

(38) To realize the flow-field adjustment, a dynamic adjustment method for the flow field
in a strongly heterogeneous reservoir is established with the objective function of
minimizing the Lorentz coefficient. Mechanistic modeling shows that the method
can effectively improve the waterflooding development effect, but the magnitude of
improving oil recovery is usually limited.

(4) Using the proposed method, the flow field of a continental heterogeneous reservoir is
characterized and adjusted. The flow-field areas with a high abundance of predomi-
nant remaining oil and low flow-field strength have been effectively exploited. After
the flow-field adjustment is achieved by real-time optimizing the production scheme,
a better effect of oil increasing and water decreasing is achieved.
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