
energies

Article

Analysis of Controlling Factors at Separate Imbibition Stages
for Ultra-Low-Permeability Reservoirs

Hailong Dang 1,2,3,*, Hanqiao Jiang 1, Binchi Hou 2,3, Xiaofeng Wang 2,3, Tao Gao 2,3, Chengjun Wang 2,3

and Chunhua Lu 1,*

����������
�������

Citation: Dang, H.; Jiang, H.;

Hou, B.; Wang, X.; Gao, T.; Wang, C.;

Lu, C. Analysis of Controlling Factors

at Separate Imbibition Stages for

Ultra-Low-Permeability Reservoirs.

Energies 2021, 14, 7093. https://

doi.org/10.3390/en14217093

Academic Editors: Victor Calo,

Reza Rezaee, Jianchao Cai and

Rouhi Farajzadeh

Received: 25 August 2021

Accepted: 25 October 2021

Published: 30 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Oil and Gas Field Development Engineering, College of Petroleum Engineering,
China University of Petroleum, Beijing 102249, China; jianghq@cup.edu.cn

2 Research Institute of Shaanxi Yanchang Petroleum (Group) Co., Ltd., Xi’an 710075, China;
houbinchi@sxycpc.com (B.H.); wangxiaofeng@sxycpc.com (X.W.); gaotao4631@sxycpc.com (T.G.);
210104@xsyu.edu.cn (C.W.)

3 Research Center of Exploration and Development Engineering for Extra Low Permeability Oil and Gas Fields
in Shaanxi Province, Xi’an 710075, China

* Correspondence: danghailong@sxycpc.com (H.D.); 2018312057@student.cup.edu.cn (C.L.)

Abstract: Spontaneous imbibition is an important mechanism in naturally fractured reservoirs. In
our previous studies on the effect of imbibition efficiency of ultra-low permeability reservoirs, we
mostly focused on the relationship between macroscopic core recovery rate and influential factors.
Additionally, we also mainly focused on the factors that control the final imbibition recovery for
ultra-low permeability reservoirs. Through a large number of experiments, it was found that the
factors affecting imbibition are different in separate stages. However, the relative importance of those
factors in different imbibition stages was hardly studied. In this work, we tested six key factors,
i.e., the core length, RQI, salinity, interfacial characteristics, initial oil saturation, and oil viscosity,
in natural sandstone samples from Chang 6 in the Zichang area. Based on experimental results, we
divided the imbibition process into three stages (i.e., the early stage, the middle stage, and the late
stage) to quantify the effects of the controlling factors. The results show that the relative importance
of the controlling factors is changing during the imbibition process. The weight of importance is
obtained for those factors at each stage. In addition, a comparative model is established for the
dual-porosity media from Chang 6 formation. The results show that the increase of the rock size can
extend the imbibition period for the early and middle stages. Moreover, the weight of importance for
the initial oil saturation, interfacial characteristics, and salinity are also analyzed in three imbibition
stages. This study provides theoretical support to guide water injection in ultra-low-permeability
reservoirs and to understand the formation of energy supplements and oil recovery during the
imbibition process.

Keywords: ultra-low-permeability reservoirs; imbibition process; controlling factors; importance
weighting; comparative analysis model; analytic hierarchy process

1. Introduction

Spontaneous imbibition is one of the main production mechanisms for waterflooded
ultra-low-permeability reservoirs [1–3]. By using capillary forces, the wetting-phase fluid
(water) spontaneously invades into pores and extracts the non-wetting phase fluid (crude
oil) to fractures for production. The study of spontaneous water imbibition is essential to
predict the production performance in reservoirs developed by waterflooding, especially
in highly stratified formations and fractured reservoirs [4–8], and has already helped some
hydrophilic, fractured oil reservoirs to increase their oil recovery [9,10].

As spontaneous imbibition is dominated by capillary pressure, the imbibition rate is
significantly dependent on the properties of the porous media, fluids, and their interactions.
In previous studies, scholars have completed a lot of research on the influencing properties
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of imbibition. Most of the studies in the literature mainly focused on the influence of a sin-
gle factor on spontaneous imbibition as a whole process [11–15]. Hua et al. [3] summarized
the influences of the core size, RQI, initial oil saturation, salinity, interfacial characteristics,
oil viscosity, temperature, system pressure, and contacted area on the imbibition efficiency
and imbibition rate in a low-permeability sandstone reservoir, respectively [2]. Ghasemi
et al. [16] inferred a new scaling equation for the imbibition process in naturally fractured
gas reservoirs. Wang et al. [17] studied the moderate water-injection technique based
on the double effects of the imbibition-displacement mechanism, and the water injection
development effect for the ultra-low-permeability fractured reservoirs can be improved
significantly. Li and Horne [18–22] studied the mechanism of gas–water two-phase spon-
taneous imbibition under different saturation conditions and established a theoretical
model, which described a good linear relationship between imbibition rate and recovery.
Li and Liu [23] studied the effects of the core size, water saturation, interfacial tension,
wettability, and other influential factors on the efficiency of imbibition oil recovery. Meng
and Cai [24] researched various boundary conditions of spontaneous imbibition, which has
important effects on the imbibition rate and efficiency. Babadagli and Zeidani [25] deduced
the matrix-fracture dual-media interaction equation of spontaneous imbibition in different
rocks and fluids. Arihara [26] studied the flow process of matrix fracture. Hatiboglu and
Babadagli [27] studied the effect of temperature on matrix type and interfacial tension
during the imbibition process. Cai et al. [28] summarized the recent significant progress in
mathematical models about the Lucas–Washburn (LW) equation to demonstrate the modi-
fications and extensions of capillary imbibition predictions in various microchannels and
porous media. Gao et al. [29] studied the influencing factors and revealed the mechanism
of spontaneous imbibition in the gas/oil recovery from tight reservoirs.

However, few studies and methods discussed quantitative characterizations of the
main controlling factors during different imbibition processes. In this work, natural
sandstone samples with ultra-low permeability from the Ordos basin Chang 6 formation
are used to quantify the effects of the main controlling factors in imbibition stages. Previous
results indicated that the system pressure has little effect on the static imbibition [30,31];
the influence of contact area is often studied through the core length [32]; the effect of
temperature can be studied through the changing oil viscosity [33,34]. Therefore, we
minimized the testing control factors to six, which are the core size, RQI, initial oil content,
salinity, interface characteristics, and crude oil viscosity. Through a series of experiments, it
was found that the factors affecting imbibition are different in each stage, and the imbibition
performance is used to divide an imbibition process into three stages in order to analyze
the effects of those controlling factors. The analytical hierarchy process (AHP) is used
to establish a comparative analysis model for the main controlling factors. Moreover,
a quantitative study is carried out to analyze the main controlling factors in different
imbibition stages to provide new theoretical support for guiding the water injection in
ultra-low-permeability reservoirs to understand the formation of energy supplement and
oil recovery during the imbibition processes.

2. Experimental Study
2.1. Geologic Features of the Study Area

Zichang area of Yanchang Oilfield is located in the northern Shaanxi slope of the
eastern Ordos Basin. The slope is monocline with a westward dip angle of less than 1◦.
Zichang area is a typical ultra-low-permeability fractured reservoir with low permeability,
low porosity, and low-pressure coefficient. Spontaneous imbibition is an important oil
recovery mechanism for Chang 6 formation in this reservoir.

2.2. Experimental Preparation

The major experimental setup includes the Amott cell, vacuum saturation device, oven,
Brookfield rheometer (manufacterer’s location: Middleboro, MA, USA), gas-permeability
measuring instrument, electronic balance, and electronic Vernier caliper.
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The average density of surface crude oil is 0.849 g/cm3. The viscosity of surface crude
oil is 4.28~8.89 mPa·s (the average is 5.22 mPa·s), and the freezing point is −6~22 ◦C (the
average is 7.4 ◦C). Therefore, No. 5 white oil, which has similar properties to crude oil in
Chang 6 formation, is selected as the experimental oil. The formation water in the study
area is calcium chloride (CaCl2) water type, with a total salinity of 91.3384 g/L and PH
value of 6.53~7.37 (the average is 6.85). Based on the above properties, the formation water
is prepared in the laboratory. The salinity is measured as 91 g/L. The core samples are
selected from Chang 6 formation in Zichang area. The cores are processed by cutting flat,
washing oil, drying, weighing, etc., for experimental use.

There are three main steps for experiments. First, cores are saturated to No. 5 white
oil by vacuum saturation device. Then, the saturated cores are put into an Amott cell that
contains the simulated formation water for spontaneous imbibition processes. During the
imbibition, the volume of the produced oil is recorded with time. The schematic of the
experiments is shown in Figure 1.
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Figure 1. The schematic/workflow of the experiment.

2.3. Experimental Cases

In total, 29 imbibition tests are conducted. All experiments are tested at room temper-
ature (25 ◦C). Table 1 listed the petrophysical properties of cores according to the tested
controlling factors. In this work, six controlling factors for imbibition processes are studied.
They are the core length, reservoir RQI, salinity, interfacial characteristics, initial oil rate,
and viscosity. For each set of experiments, we make sure there is only one controlling factor
by keeping other petrophysical properties fixed so that the reliability of the experimental
results can be guaranteed.

Table 1. Petrophysical properties of cores and controlling factors of imbibition.

Core# Length
cm

Diameter
cm

Porosity
%

Permeability
×10−3 µm2 Controlling Factors

Z-17 3.39 2.53 8.01 0.081

Core length (cm)

3.39
Z-18 5.00 2.53 8.19 0.081 5.00
Z-19 6.01 2.53 8.04 0.084 6.01
Z-20 8.11 2.52 8.20 0.076 8.11

Q-9 8.05 2.45 11.02 0.812

RQI (µm)

0.0858
Z-12 8.08 2.53 9.57 0.503 0.0725
Z-13 8.07 2.54 8.53 0.212 0.0499
Z-14 8.09 2.53 7.56 0.110 0.0381
Z-15 8.06 2.54 5.22 0.052 0.0316
Z-16 7.95 2.54 3.54 0.011 0.0176
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Table 1. Cont.

Core# Length
cm

Diameter
cm

Porosity
%

Permeability
×10−3 µm2 Controlling Factors

Z-10 7.98 2.54 9.68 0.041

Salinity (g/L)

0
Z-24 8.29 2.53 7.94 0.016 30
Z-21 8.16 2.54 8.06 0.012 60
Q-22 8.14 2.54 7.92 0.011 91
Q-23 8.00 2.53 7.91 0.015 120
Q-5 7.95 2.54 9.62 0.035 182

Q-1 8.03 2.43 10.60 0.179

Interfacial tension (mN/m)
and contact angle

11.64 mN/m; 58.3◦

Q-2 8.04 2.45 10.42 0.151 3.27 mN/m; 38.5◦

Q-3 8.04 2.42 11.33 0.243 2.24 mN/m; 30.3◦

Q-4 8.10 2.42 11.36 0.266 1.68 mN/m; 28.7◦

Q-5 8.10 2.42 11.27 0.186 1.23 mN/m; 18.8◦

Q-6 8.07 2.42 10.72 0.182 1.02 mN/m; 14.3◦

Q-7 8.02 2.45 10.60 0.191 0.77 mN/m; 11.2◦

Q-8 8.13 2.43 10.68 0.157 0.70 mN/m; 10.8◦

T-1 5.21 2.52 10.70 0.33 Initial water saturation (%)

0
33.0
42.0
61.0

T-15 4.53 2.50 14.06 0.55

Oil viscosity (mPa·s)

0.82
T-16 4.50 2.48 13.22 0.53 2.50
T-17 4.52 2.50 13.48 0.51 5.00
T-18 4.50 2.51 13.29 0.58 10.00

2.4. Experimental Results

In short, after half an hour of an experiment, oil beads appear on the core surface.
With imbibition, continuously, oil beads become larger, detach from the core, and finally
gather in the graduated tube of the Amott cell. Figure 2 gives an example of time snapshots
in imbibition experiments for investigating salinity effects. The detailed results of oil
production profiles are summarized in Figures 3–8 for controlling factors, respectively,
which can refer to the following subsections.
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2.4.1. Effects of the Core Length

Figure 3 depicts the imbibition results for testing the effects of the core length. The final
imbibition displacement efficiencies of four cores with different lengths are approximately
equal, and the range of variation is small. A shorter core length leads to a greater peak of
the early flow velocity; the shorter the time for the imbibition front to reach the nonflow
boundary, the shorter the time to reach the stable condition and stop the imbibition.
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2.4.2. Effects of the RQI (Reservoir Quantity Index)

Figure 4 depicts the imbibition results for testing the effects of the RQI. There is a
big error in evaluating the physical properties of ultra-low-permeability reservoirs with
a single parameter of permeability or porosity, so the reservoir RQI (

√
k/ϕ) is used to

characterize the impact of reservoir physical properties on the imbibition displacement
efficiency [10,16–18]. The imbibition results in Table 2 show that a higher RQI leads to a
greater final imbibition displacement efficiency and higher imbibition speed at the early
stage of imbibition. Figure 4 shows a good positive correlation between the RQI and the
final oil displacement efficiency.
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Table 2. Imbibition results for testing effects of the number index.

Core# RQI, µm Final Imbibition Efficiency

Q-9 0.0858 27.49%
Z-12 0.0725 25.80%
Z-13 0.0499 23.22%
Z-14 0.0381 21.15%
Z-15 0.0316 16.40%
Z-16 0.0176 5.61%

2.4.3. Effects of Salinity

Figure 5 depicts the imbibition results for testing the effects of salinity. The experi-
mental cores are Z-10, Z-24, Z-21, Z-22, Z-23, Q-5, with similar length and permeability.
The salinity of the imbibition fluid is 0, 1/3, 2/3, 1, 4/3, and 2 times the formation waters,
respectively, which are 0 g/mL, 30 g/mL, 60 g/mL, 91 g/mL, 120 g/mL, and 182 g/mL.
The concrete data are summarized in Table 3. With the increase in the salinity of the imbibi-
tion fluid, the final imbibition recovery rate decreases. Under the condition of the distilled
water, the imbibition process tends to be stable after 34 h. When the salinity is 182 g/L, the
imbibition process tends to be stable after 48 h. Thus, the increase of salinity can reduce
imbibition recovery and rate and further inhibit the imbibition processes. Though the
experiments changed the salinity from 0 to 82 g/L, the variation of oil recovery is small,
which is between 22.76% and 26.29%. It can be concluded that the salinity of the formation
water strongly controls the imbibition rate but has limited effects on imbibition recovery.

Table 3. Imbibition results for testing effects of salinity.

Core# Salinity, g/mL Final Imbibition Efficiency

Z-10 0 26.29%
Z-24 30 25.76%
Z-21 60 24.79%
Z-22 91 23.43%
Z-23 120 23.13%
Q-5 182 22.76%
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2.4.4. Effects of the Interfacial Tension and Contact Angle

Figure 6 depicts the imbibition results for testing the effects of the interfacial ten-
sion and contact angle. The oil–water interfacial tension range of the eight cores is



Energies 2021, 14, 7093 7 of 16

11.64~0.77 mN/m, and the wetting angle range is 58.3◦~10.8◦. With the decrease of
interfacial tension and contact angle, the final oil recovery gradually increases from 19.52%
to 41.36%. With the decreasing interfacial tension and contact angle, both imbibition recov-
ery factor and production rate are increased. When the interfacial tension is the smallest,
the final imbibition recovery (41.36%) with the smallest interfacial tension is about twice as
high as that with the highest interfacial tension. Therefore, the reduction of the interfacial
tension can significantly improve the imbibition recovery factor and production rate.
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2.4.5. Effects of the Initial Oil Saturation

Figure 7 depicts the imbibition results for testing the effects of the initial oil saturation.
The water saturation of T-1 core is Sw = 0%, Sw = 33%, Sw = 42%, and Sw = 61%, and
the final oil imbibition displacement efficiencies are 25.01%, 11.63%, 5.06%, and 2.30%,
respectively. The increase of the initial water saturation can lead the system to reach a
stable state faster and lower the recovery factor and production rate.
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2.4.6. Effects of Oil Viscosity

Figure 8 depicts the imbibition results for testing the effects of oil viscosity. The oil
viscosity parameters used in the four cores of T-15, T-16, T-17, and T-18 are 0.82 mPa·s,
2.50 mPa·s, 5.00 mPa·s, and 10.00 mPa·s, respectively. The corresponding final oil recovery
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is 33.02%, 29.00%, 26.99%, and 19.48%, respectively. The reduction of the oil viscosity can
significantly increase the imbibition recovery factor.
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3. Discussion of Controlling Factors at Different Imbibition Stages
3.1. Dimensionless Time Scale Model

To compare the effects of the core shape, fluid viscosity, interfacial tension, rock
permeability, and porosity, and boundary conditions and sizes on imbibition performance,
many scholars have developed dimensionless time-scale theory to explain the experimental
results in the imbibition process under oil–water systems [35,36]. In 1955, Rapoport first
developed the basic theory of scaling experimental data to oilfield conditions. Then, Mattax
and Kyte [5] proposed the scale equation (MK model) for investigating the imbibition
processes in fractured oil reservoirs. In their study, dimensionless time is defined as

tD = α
σ
√

k/φ

µwL2 t (1)

where σ is the interfacial tension between oil and water, φ is the reservoir porosity, k is the
reservoir permeability, µw is the water viscosity, t is the imbibition time, L is the length of a
core, and α is the unit transformation factor (3.16 × 104).

After the MK model, many other different dimensionless time expressions are pro-
posed. Mason et al. [13] pointed out that the effective relative permeability in some natural
permeability models did not depend on the two-phase viscosity ratio. As a result, many
relevant models are only applicable to the imbibition data with a finite viscosity ratio. A
new scale model of spontaneous imbibition is proposed:

tD =
2
L2

c

√
k
φ

σ · (1 − Sw)n

µw(1 +
√

µm/µw)
t (2)

where µo is the viscosity of oil and Lc is the characteristic length of core samples. For fully
immersed cylindrical cores, the equation of characteristic length is shown below.

Lc =
rL
2

√
1

r2 + 2L2 (3)

where L is the length of core samples and r is the radius of core samples.
By using Equation (3), the dimensionless time equation for our experiments in Table 1

can be calculated, which is listed in Table 4.
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Table 4. The dimensionless time equation for each controlling factor.

Controlling Factors
(The Corresponding Tests Can Refer to Table 1) Time Scale Model

Core length tD = 4.893 t
RQI tD = 7.598 t

Salinity test tD = 2.305 t
Interfacial characters tD = 0.660 t
Initial oil saturation tD = 10.919 t

Oil viscosity tD = 4.893 t

3.2. Analysis of Controlling Factors at Different Imbibition Stages

Based on the above time-scale models, the importance degree of each parameter is
characterized by the degree of dispersion of the imbibition displacement efficiency in a
dimensionless time. The standard deviation is introduced, which is expressed as follows:

σ =

√√√√ 1
N

n

∑
i=1

(r − xi)
2

(4)

where N (i.e., n − 1) is the degree of freedom, r is the average value of samples, and xi is
the value of the i sample. The physical meaning is to calculate the dispersion degree of
the corresponding oil recovery of the tested imbibition experiments for each experimental
parameter in a dimensionless scale. The greater the degree of dispersion is, the greater the
importance of the controlling factor is.

Figure 9 shows the discreteness of the controlling factors with the dimensionless
time. According to the strength of controlling factors, the imbibition processes are divided
into three stages: the early stage, middle stage, and later stage. It can be seen from the
figure that the standard deviations of the controlling factors are inconsistent at different
imbibition stages. In the early stage, the controlling factors affecting the efficiency of
imbibition and displacement are sorted as the interfacial characteristics > salinity > initial
oil saturation/RQI > oil viscosity > core length. For the middle stage, controlling factors
are sorted as the interfacial characteristics > initial oil saturation/RQI > oil viscosity >
salinity > core length. For the late stage, the important sequences of controlling factors
are as follows: the initial oil saturation > RQI > interfacial characteristics > oil viscosity >
salinity > core length.
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4. Discussion with a Comparative Analysis Model
4.1. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) was proposed in the 1970s by Saaty, who is an
operations research scientist at the University of Pittsburgh [37]. The weight of each factor
to the target is determined to form a judgment matrix [38,39]. The comparison parameters
are, respectively, the rows and columns of the matrix. Through a unified scale, they are
compared in pairs to determine the value of the scale. In the AHP, a judgment scale (see
Table 5) is introduced to quantitatively display the importance of each factor.

Table 5. The scale of the AHP.

Scale Meaning

1 The ith factor has the same effect as the jth factor
3 The influence of the ith factor is slightly stronger than that of the jth factor
5 The influence of the ith factor is stronger than that of the jth factor
7 The influence of the ith factor is significantly stronger than that of the jth factor
9 The influence of the ith factor is absolutely stronger than that of the jth factor

2, 4, 6, 8 Represents the intermediate value of the above adjacent judgment
aij: aii = 1, aij = 1/aij

4.1.1. Construction of Judgement Matrix

By comparing the importance degree of each factor with the target, the judgment
matrix is constructed as follows:

A = (aij)n×n =


a11 a12 · · · a1n
a21 a22 · · · a2n
...

...
. . .

...
an1 an2 · · · ann

 (5)

4.1.2. Calculate the Weight of Each Parameter and Check the Procedure Consistency

Because matrix A is an orthogonal matrix (see Equation (1)), the vectors of the matrix
are geometrically averaged and normalized to form the weight vectors [13]. The calculation
steps are shown below. The geometric average of each vector of A matrix is as follows:

Wi = n

√√√√ n

∏
j=1

aij (6)

Normalization processing (Wi) can be carried out:

Wi =
Wi

N
∑

k=1
Wk

(7)

Therefore, W = [W1, W2, · · ·Wn]
T is the weight of each controlling factor on the previ-

ous level. Then, the maximum characteristic root of the judgment matrix A is calculated.

λmax =
n

∑
i=1

(AW)i
nWi

(8)

The AHP method formalizes the expression and processing of people’s supervisor
judgment and gradually eliminates the subjectivity as much as possible. Therefore, the
consistency test of the judgment matrix is an indispensable step [20]. The test method is
as follows:

CI =
λmax − n

n − 1
(9)
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CR =
CI
RI

< 0.10 (10)

where CI is the consistency index of the judgment matrix, CR is the random consistency
ratio, and RI is the consistency index. As long as CR < 0.10, the judgment matrix can be
considered to have satisfactory consistency; otherwise, the judgment matrix should be
adjusted until it has satisfactory consistency. The relationship between the consistency
index RI and n is listed in Table 6.

Table 6. The relationship between the consistency index (RI) and n.

n 1 2 3 4 5 6 7 8 9

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45

4.1.3. Establishment and Discussion of the Comparative Model

To further discuss the weight of the controlling factors, a comparative model is es-
tablished to measure the ability of each controlling factor on oil recovery. The model can
greatly reduce human factors and improve accuracy. According to the imbibition stages,
three judgment matrices (i.e., A1, A2, and A3) are constructed by including six controlling
factors. The six controlling factors—the core length, RQI, salinity, interfacial characteris-
tics, initial oil saturation, oil viscosity—are denoted as C1, C2, C3, C4, C5, and C6 in the
judgment matrixes, respectively. The three matrices can refer to Equations (11)–(13).

A1 =

C1
C2
C3
C4
C5
C6



1 1/3 1/4 1/7 1/3 1/3
3 1 1/2 1/5 1 2
4 2 1 1/3 2 3
7 5 3 1 5 6
3 1 1/2 1/5 1 2
3 1/2 1/3 1/6 1/2 1

 (11)

A2 =

C1
C2
C3
C4
C5
C6



1 1/4 1/2 1/5 1/4 1/3
4 1 3 1/2 1 2
2 1/3 1 1/2 1/3 1/2
5 2 4 1 2 3
4 1 3 1/2 1 2
3 1/2 2 1/3 1/2 1

 (12)

A3 =

C1
C2
C3
C4
C5
C6



1 1/7 1/2 1/6 1/9 1/4
7 1 5 2 1/3 4
2 1/5 1 1/5 1/8 1/3
6 1/2 5 1 1/4 3
9 3 8 4 1 5
4 1/4 3 1/3 1/5 1

 (13)

The corresponding eigenvectors are listed as follows:

W1 = [0.041, 0.112, 0.194, 0.468, 0.112, 0.072]T (14)

W2 = [0.049, 0.185, 0.067, 0.305, 0.185, 0.109]T (15)

W3 = [0.029, 0.235, 0.043, 0.165, 0.445, 0.084]T (16)

Therefore, the random consistency ratios can be calculated for the three imbibition
stages. The results are: CR1 = 0.0237, CR2 = 0.0133, and CR1 = 0.0443. Since all CR values
are less than 0.1, the three judgment matrices all satisfy the consistency criteria. According
to the corresponding feature vectors, the weights of the importance for each controlling
factor on the imbibition recovery are shown in Figure 10 according to the imbibition stages.
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4.2. Analysis of the Controlling Factors at Different Stages of Imbibition Processes in a Field

The selected target formation is the Chang 6 reservoir in the Zichang area. The
petrophysical properties are: the average porosity is 10%, the average permeability is
0.8 md, the water viscosity is 0.72 mPa·s, the oil viscosity is 5.20 mPa·s, and the oil–water
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interfacial tension is 28.50 mN/m. We assume that the shape of the formation is a cube
with the above-mentioned properties. Five different cube side lengths—which are 1 m, 2 m,
3 m, 4 m, and 5 m—are tested. The influence of core length (C1), RQI (C2), and crude oil
viscosity (C6) are deleted from the judgment matrices as constant values are set. Then, the
new matrices are obtained as follows:

Aearly =
C3
C4
C5

 1 1/4 2
4 1 5

1/2 1/5 1

 (17)

Amiddle =
C3
C4
C5

 1 1/4 1/3
4 1 2
3 1/2 1

 (18)

Alate =
C3
C4
C5

 1 1/4 1/6
4 1 1/3
6 3 1

 (19)

The corresponding eigenvectors are as follows:

Wearly = [0.200, 0.683, 0.117]T (20)

Wmiddle = [0.122, 0.558, 0.320]T (21)

Wlate = [0.085, 0.271, 0.644]T (22)

The random consistency ratios can be calculated for the three imbibition stages in the
field scenario. The results show that CRearly = 0.0212 < 0.1, CRmiddle = 0.0158 < 0.1, and
CRlate = 0.0462 < 0.1, respectively. Since all CR values are less than 0.1, all three judgment
matrices satisfy the consistency criterion. According to the average reservoir parameters
and the scale model of permeability time (Equation (2)), the specific time in the early,
middle, and late periods of the corresponding side length cube can be calculated. Table 7
summarizes the importance weights of the controlling factors and periods of imbibition
stages in different formation sizes. Figure 11 depicts the periods of imbibition stages. The
calculation results are shown in Table 7 and Figure 11.

According to Figure 11 and Table 7, the rock blocks with side lengths of 1 m, 2 m,
3 m, 4 m, and 5 m are, respectively, 0~0.27 years, 0~1.10 years, 0~2.46 years, 0~4.39 years,
0~6.94 years for the early stage, 0.27~0.99 years, 1.10~5.06 years, 2.46~11.35 years,
4.39~20.24 years, 6.94~31.95 years for the middle stage, 0.99 years, 5.06 years, 11.35 years,
20.24 years, and 31.95 years for the late stage. The importance weights of the controlling
factors at the early stage of imbibition are ordered from strong to weak: interfacial charac-
teristics (68.3%) > salinity (20.0%) > initial oil saturation (11.7%). The result indicates that
the interfacial characteristics should be given priority at the early stage of the imbibition
process. The interfacial tension should be controlled within 0.70 mN/m with a contact
angle lower than 10.8◦. For water salinity, the smaller the salinity is, the better the imbi-
bition performance is. From strong to weak, the importance weights of the controlling
factors at the middle stage are ordered as: interfacial characteristics (55.8%) > initial oil
saturation (32.0%) > salinity (12.2%). The interfacial characteristics should be given priority
at the middle stage. The interfacial tension should be controlled within 0.70 mN/m with a
contact angle lower than 10.8◦. For the initial oil saturation, the reservoir with a high initial
oil saturation should be selected for imbibition development. The importance of salinity is
weak at the middle stage. At the late stage, the importance weights of the controlling factors
are ordered from strong to weak: initial oil saturation (64.4%) > interfacial characteristics
(27.1%) > salinity (8.5%). The layers with high initial oil saturation should be selected as
the priorities for imbibition developments. On this basis, the interfacial characteristics and
the salinity of the injected water should be optimized.
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Table 7. Differentiation of imbibition stages of bedrock blocks with different side lengths.

Cube Side Length/m Early Stage/Years Middle Stage/Years Later Stage/Years

1 <0.27 0.27~0.99 >0.99
2 <1.10 1.10~5.06 >5.06
3 <2.46 2.46~11.35 >11.35
4 <4.39 4.39~20.24 >20.24
5 <6.94 6.94~31.95 >31.95

Weight of the
controlling factor

Salinity 20.0% 12.2% 8.5%
Interfacial characteristics 68.3% 55.8% 27.1%

Initial oil saturation 11.7% 32.0% 64.4%
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5. Conclusions

• By calculating the standard deviation of the dimensionless time and oil displacement
efficiency for each controlling factor, the imbibition processes can be divided into three
stages (i.e., the early stage, middle stage, and late stage) according to the strength of
the main control factors.

• By using the analytic hierarchy process, the importance weights of controlling factors
are quantitatively calculated for the three imbibition stages. The most significant con-
trolling factor at the early imbibition stage and middle imbibition are both interfacial
characteristics. For the later stage, the most significant controlling factor is initial
oil saturation.

• Based on the experiments, the theoretical model is established to evaluate the control-
ling factors during the imbibition process for dual-porosity formation in the Chang
6 reservoir.

• From the field case study, it can be concluded that at the early imbibition stage
of imbibition, the interfacial tension and contact angle play an important role. In
consideration of reducing reservoir damage, the salinity of water injection should be
reduced. At the middle imbibition stage, the interfacial characteristics should be given
priority. At the late imbibition stage, oil displacement with a high initial oil saturation
should be selected as the priority for imbibition processes.

• This study provides theoretical support to guide the water injection in ultra-low-
permeability reservoirs during different imbibition processes.
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Nomenclature

σ interfacial tension between oil and water.
φ reservoir porosity.
k reservoir permeability.
µw water viscosity.
t time.
L length of a core sample.
α unit transformation factor (3.16 × 104).
µo oil viscosity.
Lc characteristic length of core samples.
r radius of a core sample or average value of samples.
N degree of freedom.
xi value of the i sample.
Wi normalization processing.
CI consistency index of the judgment matrix.
CR random consistency ratio.
RI consistency index.
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