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Abstract: As one of the most important and economically enhanced oil-recovery technologies, water
flooding has been applied in various oilfields worldwide for nearly a century. Stratified water
injection is the key to improving water-flooding performance. In water flooding, the water-injection
rate is normally optimized based on the reservoir permeability and thickness. However, this strategy
is not applicable after oilfields enter the ultra-high-water-cut period. In this study, an original method
for optimizing water-flooding parameters for developing multi-layer sandstone reservoirs in the
entire flooding process and in a given period is proposed based on reservoir engineering theory and
optimization technology. Meanwhile, optimization mathematical models that yield maximum oil
recovery or net present value (NPV) are developed. The new method is verified by water-flooding
experiments using Berea cores. The results show that using the method developed in this study can
increase the total oil recovery by approximately 3 percent compared with the traditional method
using the same water-injection amounts. The experimental results are consistent with the results
from theoretical analysis. Moreover, this study shows that the geological reserves of each layer and
the relative permeability curves have the greatest influence on the optimized water-injection rate,
rather than the reservoir properties, which are the primary consideration in a traditional optimization
method. The method developed in this study could not only be implemented in a newly developed
oilfield but also could be used in a mature oilfield that has been developed for years. However, this
study also shows that using the optimized water injection at an earlier stage will provide better
EOR performance.

Keywords: sandstone oilfield; stratified water injection; optimized displacement; reservoir physical
property; flow characteristics

1. Introduction

As one of the most important and economically enhanced oil-recovery technologies,
water flooding has been applied in various oilfields worldwide for nearly a century (Steven,
2023 [1]). To date, water flooding is still the most widely used method for hydrocarbon
development in China. Annual oil production from high-water-cut oilfields (60% < water
cut < 90%) accounts for more than 70% of total annual oil production nationally. Further-
more, the production from ultra-high-water-cut oilfields (water cut > 90%) accounts for
nearly 30% of total annual oil production nationally (Wang, 2014 [2]). Long into the future,
oil production through water injection will still account for the most important part of
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China’s oil production. On the other hand, the large oilfields in China, such as Daqing
Oilfield, Shengli Oilfield, and Dagang Oilfield, have entered the development stage of

‘ultra-high water cut and ultra-high recovery’ (Zhu, 2015 [3]; Cui, 2016 [4]; Lu, 2020 [5]).

Among them, Daqing Oilfield has maintained a stable production of 5000 x 104 t for
27 years, and 64% of that production still comes from water flooding. Other oilfields will
gradually enter the ultra-high-water-cut development stage (water cut > 95%) sooner or
later. The inefficient and ineffective circulation of injected water in these oilfields will be fur-
ther aggravated, leading to the difficulty of injected water control being further increased.
Therefore, we need to put forward higher requirements for the efficient development of
water flooding. In water flooding, the development process and EOR performance are
greatly affected by formation heterogeneity and development conditions, which may result
in unbalanced displacement. The key task of efficient development is how to improve the
sweep efficiency—whether by balanced water injection for light oil (Liu, 2013 [6], 2023 [7])
or assisted CO, foam flooding for heavy oil (Shi, 2023 [8]; Lei, 2023 [9]; Tao, 2023 [10]).
Injection and production optimization are widely used throughout oilfields. In order to
reduce the complexity of the numerical simulation and the optimization, reduced-physics
modeling is promoted for water-flooding oilfields with relatively simple well patterns
(Zhai, 2017 [11]; Ibrahima, 2017 [12]). Moreover, some new methods, such as those using
big data and artificial intelligence, have also been introduced into the optimization of water
injection. For example, a combination of the hybrid genetic algorithm, particle swarm opti-
mization (PSO), and streamline-based reservoir simulation (Naderi, 2021 [13]; Azamipour,
2018 [14], 2023 [15]) has been studied. Furthermore, the reservoir is also approximated as
a multi-well injection—production system, and capacitance and resistant models (Yousef,
2006 [16]; Soroush, 2014 [17]; Yousefi, 2020 [18]; Huang, 2023 [19]; Guo, 2023 [20]), system
analysis models (Liu, 2009 [21]), and INSIM-derived models (Zhao, 2014 [22], 2016 [23],
2019 [24], 2022 [25]) have been developed to predict and optimize inter-well connectivity
and the water-injection rate.

For a multi-layer reservoir that has been water-flooded for years, development experi-
ences show that the joint effect of the stratified water injection and reservoir engineering is
one of the most important ways to achieve balanced displacement (Liu, 2013 [6]). The key
task is to optimize the stratified water-injection rate. Since this technology was put forward
in the 1960s, a series of stratified water-injection technologies and supporting equipment
have been developed. Fixed water injection, eccentric throwing and fishing, and cable-
based testing and adjusting are the three generations of this widely used technology. In
recent years, the fourth generation (named fine-stratified water-injection technology), char-
acterized by digitization and automation, has been developed (Liu, 2023 [7]). The concept
of balanced displacement is promoted for the optimization of the stratified water-injection
rate. Commonly used methods are based on reservoir parameters and experiences, such
as the resistance coefficient method (Du, 2004 [26]), distributing coefficient method (Song,
2000 [27]), etc. In recent years, many researchers have proposed the concept of balanced
displacement and carried out many studies on how to achieve balanced water flooding.
However, the definitions and standards of balanced displacement differ greatly, including
water breakthrough at the same time, reaching the same water cut or oil saturation or oil
recovery at each connecting oil well, etc. (Li, 2003 [28]; Feng, 2016 [29]; Cui, 2017 [30];
Chang, 2019 [31]; Chen, 2020 [32]).

The purpose of water flooding in a multi-layer sandstone oilfield is to obtain the
maximum recovery factor or net present value (NPV). The compound methods combining
numerical models and Al techniques could not meet the requirements of simplicity in
oilfield practice. Meanwhile, the balanced displacement concepts of water flooding rarely
consider the overall objectives of water flooding or lack theoretical support. Based on the
fundamental theory of reservoir engineering, a new method for the balanced displacement
of water flooding is proposed by combining interval injection distribution with the technical
and economic optimization of the well group in this paper. We hope this paper can provide
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useful guidance in the further improvement of water flooding in multi-layer sandstone
oilfields.

2. Establishment and Validation of the Water-Injection Optimization Method
2.1. Establishment of the Water-Injection Optimization Method
2.1.1. Two-Phase Flow Theory of Water Flooding

In this study, the term balanced displacement refers to maximizing the recovery factor
or NPV of well groups and blocks by optimizing and adjusting the water injection in
different injection—production directions of each layer. This could be categorized into
two different scenarios: the optimization of the entire water-flooding process and the
optimization in a given water-flooding period. According to the Buckley-Leverett water-
flooding theory, the water saturation at the outlet and the average water saturation of
the reservoir could be calculated when a given volume of water is injected. Conversely,
the cumulative water-injection volume required could then be calculated by providing a
certain water saturation at the outlet or the average water saturation of the reservoir. To
optimize the allocation of water-injection volumes to each layer, the following assumptions
should be made: (i) The flow in the reservoir follows isothermal conditions; (ii) The two-
phase (oil-water) flow in the porous media follows the generalized Darcy’s law; (iii) The
impacts of capillary pressure and gravity are neglected; and (iv) The rock and fluids are
incompressible. Under the condition of oil-water two-phase flow in porous media, the
commonly used relationship between the relative permeability of oil and water and the
dimensionless water saturation is:

Kio = a1 (1 - Swd)m (1)
Kyw = DCZSZ;d 2)
_ Sw— Siw

Swd - 1 _ Soy _ Slw (3)

where K;, and K, are the relative permeability of the oil and water, respectively; S,,; is
the dimensionless water saturation; S, is the water saturation; S;;, is the connate water
saturation; S, is the residual oil saturation; and «1, ap, m, n are the regression coefficients.
The water cut and the derivative of the water cut at the outlet could be expressed as:
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wd
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where fy, and f/,, are the water cut and the derivative of water cut, respectively, when the
water saturation at the producer is Sy; and y, and i, are the viscosity of crude oil and
formation water, mPa-s.

It should be noted that the optimization amount of the water injection in each layer
generally targets the situation that the outlet end has reached the water-cut limit (generally
98%). Based on the Buckley—-Leverett theory, the calculation formulas for the cumulative
water-injection volume and the average water saturation are:

1

i=— 8
Q=g ®
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where Q; is the cumulative water-injection volume when the water saturation at the

producer is Sy, m?3; and Sy, is the average water saturation between the injector and the
producer when the water saturation at the producer is Sy.

$25w+
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2.1.2. Optimized Displacement in the Entire Water-Flooding Process

As aforementioned, the purpose of the developed method is to achieve the maximum
oil recovery or the maximum NPV of water flooding. Assuming that the optimized water-
injection strategy is applied at an early stage of water-flooding development, the method of
optimized displacement in the entire water-flooding process could then be used to optimize
the water-injection amount in each layer.

We assume that the multi-layer sandstone oilfield can be simplified as a one-dimensional
parallel linear system. The well space is L. The sweep width of each layer is equally given
as d. Based on the one-dimensional two-phase flow theory, an optimization model to
maximize the oil recovery or NPV can be established. For the scenario of maximized oil
recovery, the objective function is equivalent to minimize the remaining geological reserves
with constraints of the total water cut and the average water saturation of each layer. Con-
sidering that the water cut of each layer is quite high when the maximum oil recovery is
reached, the minimum of the average water saturation of the constraints could then be
given as ST,f, which is the average water saturation between wells when the water-flooded
front reaches the producer. Therefore, the optimal mathematical model with the highest oil
recovery could be expressed as follows:

Objective Function : min (Zfi 1 Vpi(1 - %))

- (10)
Constraint Function : Fy, = 0.98; S5 < Sy <1 — Soyi
where

Vyi = Lid;h;g; (11)

_ 1—f. .
Sui = Sui + A (12)

swi
N .

Fy= =1l (13)

Zi:l qui + qoi

where N is the number of reservoir layers; Vpi is the pore volume of the layer i, m3; S, is
the average water saturation of the layer i; F,, is the water cut of the producer; ﬁﬂ is the
average water saturation between wells when the water-flooded front of the layer reaches
the oil well; S,,; is the residual oil saturation of the layer i; ¢; is the average porosity of
the layer i; S,; is the water saturation at the producer of the layer i; fy,; and f/ ; are the
water cut and the derivative of the water cut respectively when the water saturation at the
producer of the layer i is S;,; and q,,; and g,; are the water production and oil production
of the layer i, respectively, m3/d.

For the scenario of maximizing NPV, we assume that the injection and production
ratio is unit. Meanwhile, the crude oil price, the water-injection cost, and the produced
water treatment cost remain constant during the development process. The injection cost
I,, the cumulative water-injection volume I;, and the cumulative revenue of crude oil R are:

N
I, = 2 Li(ci+cp) (14)

I = —— (15)
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i=1 i=1 swi
where ¢; and ¢, are the water-injection cost per unit water volume and the treatment cost
per unit produced fluid respectively, CNY/m3; ¢, is the crude oil price, CNY/m?; I, is the
injection cost, CNY; I; is cumulative water-injection volume, m?3; and R is the cumulative
revenue of the crude oil, CNY.

The optimization model while maximizing NPV could then be given as:

Objective Function : min (Zi 1 (Vpi(cijricr’) _ (5 S+ = fsuu) ))

swi f swi

Constraint Function : F, = 0.98; Sy, < Swi <1 -5,

(17)

For a parallel linear system that adopts a water-injection optimization strategy for
displacement from the original state, after providing the relative permeability curves of each
layer, the aforementioned optimization method could then be used to optimize the average
water saturation required for each layer to maximize the oil recovery or NPV. Considering
the characteristics of multi-parameter and non-linearity, MATLAB 2023b is used and the
interior-point algorithm is adopted to solve the nonlinear optimization problem in this
paper. The nonlinear constraints are converted into penalty terms and incorporated into the
objective function in the algorithm so that the original constrained problem is transformed
into an unconstrained one. Subsequently, the optimal cumulative injection volume required
for each layer and the water-injection rate for different vertical layers can be calculated.

2.1.3. Optimized Displacement in a Given Water-Flooding Period

Compared with the optimization in the entire water-flooding process, the optimization
in each water-flooding period needs to consider two additional factors: the initial water cut
of each layer or the average water saturation at the beginning of the given period and the
water cut of the producer at the end of the period. Either factor can be given as a constraint
condition when developing the corresponding model.

For the scenario of maximizing the oil recovery, it is the same the optimization in the
entire water-flooding process, except the water cut of the producer at the end of the period
should be taken into account:

Objective Function : min (Zfi 1 )
(18)
Constraint Function : Fy, = Fjimit; Sw f — Sori

where F,jii¢ is the water cut of the producer at the end of the period.

When optimizing the water-injection rate, the model should be used to optimize the
cumulative water-injection volume and the initial water cut of each layer. The optimal
water-injection volume for each layer in a given water-flooding period could then be

given as:

Iiperiod =1I— /L (19)
swio

where Jjperioq is the optimized water-injection volume of layer i in the water-flooding period,
m3; I; is the optimized cumulative water-injection volume of layer i, m?3; and fs’wi , is the
derivative of the initial water cut of layer i at the beginning of the water-flooding period, m?.
For the scenario of maximizing NPV, it is necessary to consider the water-injection
volume required for each layer to reach the water cut at the end of the period and the oil
production of each layer during the water-flooding process. The water-injection cost, the
water-injection volume at the end of the water-flooding period, and the crude oil revenue

could be given as:

N
I, = Z((Ii - Iio) (Ci + CP)) (20)
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where I}, is the cumulative water-injection volume of layer i at the beginning of the given
water-flooding period, m3; S, is the water saturation at the producer of layer i at the
beginning of the period; and f,;, is the water cut of layer i at the beginning of the period.

The optimization model in each water-flooding period while maximizing NPV could
then be given as:

Vﬂ(ﬁ — ﬁ) (Ci + Cp)
- (Swi — Swio + 1}/71(544” — Ww)co (23)

swi f swio

ObjectiveFunction : min | YN,

ConstraintFunction : Fy = Fylimit; Swfi < Swi <1 — Sori

Similarly, as it is in the scenario of the entire water-flooding process, the cumulative
water-injection volume of each layer in the given period is firstly optimized by using of the
mentioned models, and then the water-injection volume of each layer at the beginning of
the period is subtracted to obtain the optimized water-injection volume of each layer for
the period.

2.2. Establishment of the Water-Injection Optimization Method
2.2.1. Experimental Materials and Equipment

Experimental materials: Three Berea core samples (Cleveland Quarries, Vermilion,
OH, USA) with a permeability of 0.1 um?2, 0.5 um?, and 1.2 pm?, respectively, were used
in the experiments. These core samples had the same diameter and length of 2.5 cm and
8 cm, respectively. Simulated oil with a viscosity of 9.8 mPa-s and simulated formation
water with a TDS of 6778.7 were used (Table 1). In addition, 120# gasoline was also used in
the experiments.

Table 1. Water quality analysis data of experimental water.

Ion Type Na* Mg?* Ca%* Cl- HCO3~ S0O42~ TDS
on Concentration (mg/L) 2316.4 11.6 10.1 2464.7 19130 62.9 6778.7

Experimental equipment: KD-II type of high-temperature and high-pressure displace-
ment device (Zhongjing Machinery Co., Ltd., Natong, China), core holder (Zhongjing
Machinery Co., Ltd., Natong, China), hand pump (Zhongjing Machinery Co., Ltd., Natong,
China), electric mixer (Lichen Instrument Technology Co., Ltd., Shanghai, China), electronic
balance (accuracy: 0.0001 g, Lichen Instrument Technology Co., Ltd., Shanghai, China),
Soxhlet extractor (Jiangsu Hua’an Scientific Research Instrument Co., Ltd., Natong, China),
and thermostatic heater (Jiangsu Hua’an Scientific Research Instrument Co., Ltd., Natong,
China). The schematic of the apparatus used in the water-flooding experiments are shown
in Figure 1.
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Figure 1. Schematic of the apparatus used in the water-flooding experiments.

2.2.2. Experimental Scheme

The paralleled water-flooding experiments using Berea cores with different permeabil-
ity were first conducted with constant pressure. The relative permeability of each Berea
core was measured in this process. The cores were then saturated again by simulated oil.
The optimized single-core experiments were conducted with different optimized flow rates,
as shown in Table 2.

Table 2. Schemes of generalized water-injection and optimized water-injection experiments.

. . Low Medium High
Displacement Displacement o1 o o1
Scheme Condition Permeability Permeability Permeability
0.1 um?) (0.5 um?) (1.2 um?)
., Constant
Traditional Pressure (MPa) 0.25
Optimized Constant Flow 3.8 6.1 8.4

Rate (cm®/min)

2.2.3. Experimental Procedure

The temperature of the core flooding experiments remained at 45 °C, while the other
experiments were conducted at room temperature (25 °C). The experimental procedure is
listed as follows:

1.  The Berea cores with different permeability levels were saturated by formation water
using a vacuum pump. The pore volume and the porosity of each core were measured.

2. The flooding was conducted at a flow rate of 0.5 mL/min for 2 PV, 2.0 mL/min
for 5 PV, and 10.0 mL/min for 30 PV sequentially until the residual oil saturation
was reached.

3. The flooding was conducted at a pressure of 0.25 MPa with water injection using the
traditional method. The oil-water relative permeability of cores was given according
to the national standard (GB/T 28912-2012 [33]).

4. The Berea cores were placed in a Soxhlet extractor to conduct oil flooding using 120#
gasoline until the extract in the upper part was clear enough, and the cores were then
placed in an 80 °C drying oven to be dried to a constant weight, which makes sure
that all experiments were conducted under the same relative permeability curve.

5. We repeated experimental steps (i) to (ii) until all Berea cores reached the residual
oil saturation.

6.  Optimized water flooding was conducted on each core with different flow rates. The
water production and the oil production were recorded during the process.
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3. Results and Discussion
3.1. Analysis of Influencing Factors on the Optimized Water-Injection Rate

For the sake of discussion, the scenario of maximizing oil recovery is discussed in this
paper. Taking Daqing Oilfield as an example, the effective thickness and the permeability
of a single layer range from 0.2 to 10 m and 0.02 to 5.0 um?, respectively. In order to reach
a better development result, the reservoirs are divided into three categories according to
sedimentary type, permeability, and sand body thickness (Li, 2007 [34]; Wu, 2018 [35]).
Generally speaking, the reservoirs with permeability larger than 0.5 um? are classified as
Type I, and the reservoirs with permeability less than 0.1 um? are classified as Type IIL
In order to understand the effect of optimizing flooding, the three-layer water-injection
optimization mathematical model is established based on the three types of reservoirs of
Daging Oilfield, in which layer #1 has the worst property, layer #2 has a better property,
and layer #3 has the best property. The pore volumes of the three layers are 269 m>, 538 m?,
and 2152 m3, respectively. The viscosities of the crude oil and the formation water are
8.0 mPa-s and 0.6 mPa-s, respectively. The parameters of reservoir physical properties and
the relative permeability curves are shown in Table 3.

Table 3. Basic parameters of each layer of the conceptual model.

Reservoir Permeability Pore Volume Connate Water  Residual Oil “ « " .
Layer Number (um?) (m3) Saturation (%)  Saturation (%) 1 2
#1 0.1 269 35.85 28.22 1.0 0.3675 2.9049 1.2931
#2 0.4 538 31.30 29.76 1.0 0.4033 2.2010 1.4317
#3 0.8 2152 23.68 29.38 1.0 0.4919 2.3739 1.6903

Based on the optimization methods developed in this paper, the stratified water-
injection rate is optimized with a water-cut limit of 98% at the producer. For the convenience
of comparison, the cumulative water injection given by the optimization of layer #1 is taken
as unit 1, and the water-injection proportion of layer #2 and layer #3 is then given by
optimization. The evaluation results show that the final water cut and the cumulative
water-injection volume of each layer differ when the optimal target is reached. Taking
the water cut as an example, it is lower than the given water-cut limit in layers #1 and #2,
with relatively poorer physical properties, while it is the opposite in layer #3, with the best
properties. Taking the cumulative water injection required for each layer as an example, it
is also lower in layers #1 and #2 compared with layer #3. The water-injected ratio for each
layer is not directly related to the pore volume or the permeability, which is commonly
taken as the fundamental parameter in stratified water injection (Table 4).

Table 4. Optimized water-injection scheme for each layer in the conceptual model.

Layer #1 Layer #2 Layer #3
Water Cut 0.9534 0.9645 0.9883
Recovery of OOIP 0.3683 0.4336 0.5043
Injected PV of Water 0.9324 1.3581 3.6809
Water-Injected Ratio 1.0 29 31.6

3.2. Influence of Reservoir and Fluid Properties

From the derivation process of the optimized water-injection method, it is clear that
the objective function contains the total pore volume of each layer (OOIP) and the oil—-
water viscosity ratio. However, this method does not contain the permeability of each
layer regardless of whether the optimization is oil recovery or NPV. This means that the
optimized water-injection rate is not directly related to permeability unless it is connected
with the parameters of the relative permeability curve.
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For the reservoir property of the pore volume of each layer, the study is conducted by
analyzing the impact of the geological reserves of each layer on the optimization results.
The study shows that the water-injection percentage of layers #2 and #3 with relatively
better reservoir properties decreases dramatically while increasing the pore volume of
layer #1. Layer #3, with a larger geological reverse, decreases more rapidly. Similarly, the
water-injection percentage of layer #2 increases significantly, and the percentage of layer
#3 decreases slightly while increasing the pore volume of layer #2. The water-injection
percentage of layers #1 and #2 remains essentially unchanged, and the percentage of layer
#3 increases sharply while increasing the pore volume of layer #3. The analysis indicates
that the pore volume or geological reserves of reservoirs with relatively poorer properties
have a greater impact on the proportion of the stratified water-injection rate during water
flooding of the sandstone oilfield (Figure 2).

1000
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Figure 2. The influence of changes in pore volume of the layers.

For the reservoir fluids, which are mainly concerned with the oil-water viscosity ratio,
the study is conducted by analyzing the impact of ratio changes on the optimization results.
The results show that the oil-water viscosity ratio could be neglected for thin layers with
smaller reserves (layers #1 and #2), while the effect could reach 25% for layer #3, with better

reservoir properties and larger geological reserves (Figure 3).
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Figure 3. The influence of changes in the oil-water viscosity ratio.
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3.3. Influence of Relatively Permeability Curve

The flow characteristics of oil and water in porous media are the key internal factors
affecting the effect of water flooding, which could be characterized by the oil-water rela-
tive permeability curve obtained from sample experiments. The influence of the relative
permeability curve on the water-injection rate is further studied by changing the curve
parameters of layer #1, with the poorest reservoir properties, and layer #3, with the best
reservoir properties (Figure 4).

50
—@— Layer #2 (a)
a7 29 —a— Layer #3 (a)
~ 40 - —@— Layer #2 (m)
i\i —@— Layer #3 (m)
o 35+ o O\\\ Layer #2 (n)
= 301 P % %9950 Layer #3 (n)
o o/ —o - Layer #2 (S,,)
225 a9 9 —@— Layer #3 (S;,)
£ 20l —9— Layer #2 (S,
8 —@— Layer #3 (S,,)
g 15
g
s 10+
=
5+ )
PRS2 T 29-00e00
0 n n ool n n n ol n n n P
0.1 1 10 100

Parameter value

Figure 4. The influence of the relative permeability curve of layer #1.

The results show that the influence of the parameter changes of layers #1 and #3
on thin and poor layers (layers #1 and #2) with small reserves can be ignored. It has a
greater impact on layer #3, with better properties and larger reserves. The endpoint of the
relative permeability curve has the greatest impact on the original geological reserves of
the reservoir. Thus, it has a greater impact on the optimized water-injection rate of layer #3,
while the influence of parameters m, n, and «; follows (Figure 5).
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Figure 5. The influence of the relative permeability curve of layer #3.
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3.4. Influence of the Optimization Timing

The model of the balanced displacement in each water-flooding period indicates that
the initial average water saturation of each layer determines the optimized water-injection
rate. Moreover, the average water saturation of each layer is determined by the cumulative
injection volume of each layer. The reservoir thickness and permeability are the most widely
used parameters in determining the water-injection rate in the field. For the convenience of
comparison, the water is injected according to the proportion of the reservoir thickness and
permeability of each layer before the producer reaches the given water cut, and then the
optimized water-injection rate is applied. There are four different water-cut scenarios in
this paper, including 0, 0.6, 0.8, and 0.9 for layer #1, as the comparison benchmark. The
basic information on the water cut, the average water saturation, and the water-injected
volume under different scenarios is listed in Table 5.

Table 5. Basic information of the 4 different given water-cut scenarios.

Layer #1 Layer #2 Layer #3
No. Water Average V.Vate:r- Water Average V.Vate.r- Water Average V.Vate:r-
Cut Water Injection Cut Water Injection Cut Water Injection
Saturation Volume Saturation Volume Saturation Volume
1 0.00 0.3585 0.0000 0.0000 0.3130 0 0 0.2368 0
2 0.60 0.5033 0.1605 0.9082 0.5122 0.6421 0.9552 0.5121 1.2842
3 0.80 0.5346 0.2748 0.9552 0.5504 1.0993 0.9769 0.5476 2.1987
4 0.90 0.5649 0.4932 0.9788 0.5861 1.9730 0.9892 0.5829 3.9460

The better the property of the layer is, the higher the water cut will be. The water
cuts of layers #2 and #3 reach the water-cut limit while the water cut is only 0.9 in layer
#1. The optimization of water injection is shown in Figure 6. The results show that the
water required in the layers with better physical properties decreases gradually to 0 along
with the later application of the optimized water injection. Further analysis shows that
the water cut in those layers has already exceeded the water-cut limit, and the water cut
of the producer with all layers would exceed the limit if one of those layers continued to
be injected or produced. At the same time, the water-injection volume could be further
increased based on the actual situation for the thin and poor layers since other reservoirs
with better properties have already stopped water injection.

6 45
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Figure 6. Optimization results in given water-flooding periods.
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3.5. Result Analysis of the Experimental Verification
3.5.1. Generalized Water-Flooding Experimental Results

The oil-water relative permeability curves of the Berea cores with different permeabil-
ity levels are shown in Figure 7. It could be concluded that the connate water saturation
decreases, the relative permeability of water increases, and the iso-saturation points of
the curves shift to the right as the permeability increases, which is consistent with the
previous experimental results. Based on the oil-water relative permeability curves and the
methods mentioned in this paper, the experimental schemes of traditional water injection
and optimized water injection are given in Table 2.
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Figure 7. Relative permeability curves of the Berea cores.

The curves of the oil recovery and the water cut in experiments using Berea cores
with traditional water flooding show that cores with a higher permeability could reach a
relatively higher oil recovery of 61.9%, while cores with the lowest permeability could only
reach an oil recovery of 32.0% (Figure 8a). The result shows that the water cut rises sharply
as more water is injected into the cores with higher permeability at the beginning of the
flooding experiments. Further analysis reveals that the flooding capacity of the cores with
different permeability levels at the same pressure gradient strongly depends on the value
of the permeability, which means the higher the permeability of the core is, the stronger
the flooding capacity it will be. Once the water breakthrough occurs at the producer, the
flow resistivity of oil and water reduces even further and the flooding capacity is further
enhanced, resulting in more water being injected into cores with higher permeability. Then,
the oil recovery is further increased (Figure 8b).
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Figure 8. Results of generalized water-flooding experiments.
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3.5.2. Optimized Water-Flooding Experimental Results

The curves of the oil recovery and the water cut in experiments using Berea cores
with optimized water flooding are shown in Figures 9a and 9b. The core with the highest
permeability has the highest oil recovery of 61.9%, the core with medium permeability
reaches an oil recovery of 51.8%, and the core with the lowest permeability reaches an oil
recovery of 38.9% (Figure 9a), which is higher than in the generalized scenario. This is
primarily because the cores with different permeability levels are flooded independently
in the optimized water-flooding scenario, leading to the flooding being conducted at a
constant injection rate in each core and the flowing capacity being much stronger than
that in generalized flooding, and the flooding is more balanced in each core. Meanwhile,
due to the complexity of the pore structure in the cores with the lowest permeability, the
volume of the saturated crude oil is lower than others, and the water cut rises more sharply
(Figure 9b).
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Figure 9. Results of optimized water-flooding experiments.

3.5.3. Comparison of the Traditional and the Optimized Results

The curves of the total oil recovery and the water cut versus the total injection pore
volume of the traditional and optimized experiments are shown in Figure 10. The com-
parison of the total oil recovery shows that the curves are quite similar when the injection
pore volume is less than 0.2 PV. However, after 0.2 PV of water is injected, the trend of
the total oil recovery increasing becomes significantly more pronounced during optimized
water injection. Notably, the total oil recovery of the optimized flooding with the same
water-injection volume is 3 percent higher than that of the traditional flooding, where
the stratified water-injection rate is determined based only on reservoir permeability and
thickness. This result is consistent with the theoretical analysis. The comparison of the
water cut of the producer shows that it is much higher in traditional flooding (generalized)
than in the optimized flooding in the late period of the experiments, which means the
water cut increases more slowly and higher oil recovery is reached. This indicates that
the optimized water injection proposed in this paper could enhance the water-flooding
performance of a multi-layer sandstone oilfield significantly. However, there still exist
many challenges when scaling laboratory findings to field-scale applications. Moreover, it
is important to consider how best to determine key factors such as the geological reserve
and relative permeability curves, which could be obtained using numerous experiments
and production analyses combined with geological descriptions. The heterogeneity of the
porosity and permeability of each layer is incorporated into the relative permeability curve
of each layer.
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Figure 10. Comparison of the traditional (generalized) and the optimized results.

4. Conclusions

1. A new method of optimizing water flooding in multi-layer sandstone oilfields in
the entire water-flooding process and in a given water-flooding period is proposed
based on reservoir engineering theory and optimization technology. Optimization
mathematical models for maximizing oil recovery and NPV are developed. The
stratified water-injection rate for each layer could then be optimized based on the
overall water-flooding performance rather than reservoir permeability and thickness.

2. The new method is verified by water-flooding experiments using Berea cores. This
method is also compared with the traditional method based on reservoir permeability
and thickness. The total oil recovery using the new method is increased approximately
by 3 percent after the injection of the same PV of water, which is consistent with the
theoretical analysis.

3. The results show that the overall water-flooding performance can be significantly
improved by optimized water injection in a multi-layer sandstone oilfield. The geo-
logical reserves of each layer and the endpoints of the relative permeability curves
have the greatest influence on the optimized water-injection rate, rather than the reser-
voir permeability and thickness, which are the primary considerations in traditional
water-injection-rate optimization.

4. The method proposed in this paper could not only be implemented in a multi-layer
sandstone oilfield developing from beginning to end but also could be used in an
oilfield that has been developed for years. This study also shows that the earlier the
optimized water injection is conducted, the better the water-flooding performance
will be.
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