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A B S T R A C T   

To improve the understanding of trapping and mobilization mechanism during multiphase flow in porous media, 
long-term waterflooding experiments have been performed to capture the water–oil displacement behaviors in 
sandstone cores with different permeability and porosity. The residual oil is therefore categorized based on force 
analysis and morphological characteristics. The critical values for categorization are determined by measuring 
differences using statistical evaluation. Simplified models of five types of residual oil are established and the 
dynamic variations of types and volumes of residual oil are characterized during the long-term waterflooding in 
the sandstone cores. The results indicate that the pore structure heterogeneity impacts the force balance and 
morphology of residual oil, leading to various dominant types in the sandstone cores with different permeability. 
Moreover, for effective mobilization of the residual oil, different strategies of enhanced oil recovery are designed 
controlling the force balance of residual oil. The strategies for oil mobilization are validated by the dynamic pore 
network modeling, and the enhanced oil recovery is up to 28 %. This study provides a new classification method 
of residual oil and corresponding mobilization strategies from the perspective of force balance and morphology, 
which is vital to enhance oil recovery in the high/ultra-high water-cut stage of the oil reservoirs.   

1. Introduction 

How to accurately characterize and ultimately recover more residual 
oil is a significant issue not only in conventional mature oilfields but also 
in other unconventional and deep-buried oilfields [1]. The long-term 
waterflooding brought about preferential flow paths in the reservoir 
rocks, leading to serious channeling phenomena and crossflow in the 
subsurface. This affects the spread of injecting water, increasing the 
reservoir water production and decreasing the ultimate oil recovery, 
leading to a high water content exceeding 90 % in crude oil production 
[2]. About 25 %–50 % of the oil is left unrecovered in the sweeping zone 
during the waterflooding process, which is the residual oil saturation, 
also called the trapped oil saturation [3]. 

Previous studies have demonstrated a wide disordered distribution 
of trapped phase in the sweeping zone of heterogeneous porous struc
ture [4–8]. The trapped oil is the main object of enhanced oil recovery in 
high water-cut oilfields [9,10]. One of the challenges is to figure out the 
pore-scale distribution and saturation changes of the trapped oil in the 
reservoir rocks [11,12]. Currently, the physical experimental technique 
is the main approach to investigate the distribution and re-enrichment 

transport of trapped oil at the pore scale [13], including the 
microscopic-physical model [14] and the small-core model [15]. 
Microscopic-physical model refers to completing waterflooding experi
ments based on a micro-model generated by light-chemical etching, the 
thin section of rock core, or the three-dimensional (3D) printing tech
nique, combined with imaging techniques such as optical microscopy, to 
intuitively show the distribution of residual oil within pore structures 
[16–18]. The small-core experiment is conducted using high-resolution 
CT imaging equipment [19], which could visualize the morphology of 
the solid-water–oil phases in a 3D digital model by reconstructing the CT 
images [8,20–23]. Using the CT scanning technique, scholars discussed 
the factors on the occurrence state and trapping of residual oil, including 
the pore structure heterogeneity [21], reservoir permeability difference 
[24], rock mineral components [25], and fluid wettability distribution 
[7,26,27]. To distinguish the residual oil types, various parameters are 
used to characterize the residual oil distribution, such as shape factor, 
contact area ratio, Euler characteristic number, interface curvature, 
occupied pore number, and pore-throat number, forming versatile oil 
classification that includes film-like, droplet-like, porous, columnar, and 
continuous cluster-like residual oil [28–30]. There is still a lack of 
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understanding about how to choose the reasonable parameters to 
identify the occurrence state of residual oil and then to stimulate an 
effective recovery strategy. 

Previous research on residual oil focuses on the qualitative under
standing of macroscopic property changes, lacking effective quantitative 
characterization and corresponding insights at the pore scale, which 
cannot meet the needs of the efficient exploitation of highly dispersed 
and diversified residual oil. The residual oil is described almost based on 
the morphological characteristics [31–34], and the numerical simula
tion is used to analyze their remobilization conditions in heterogenous 
porous structure [35,36]. It is practicable to identify the residual oil by 
the morphological characteristics, while it is challenging to serve the 
understanding of the fluid dynamic behaviors including trapping and 
mobilization of residual oil. Owing to the high heterogeneity of pore 
structure in reservoir rocks, the interior residual oil after waterflooding 
is distributed within the small pores in the form of an overall scattered 
and locally enriched pattern. The heterogeneity of local structure and 
wettability in the rocks lead to various force types acting on the residual 
oil [37–39], and the force difference at the pore scale determines its 
occurrence state and subsequent mobilization conditions. The residual 
oil trapped in the pores is controlled by the combined effect of 
displacement pressure, gravity, buoyancy, capillary force, and viscous 
force [40–43]. During long-term waterflooding, the force balance state 
of the trapped phase in porous media is usually destroyed due to the 
long-term flushing shearing effect and pressure disturbance. When the 
driving force is greater than the resistance, the trapped oil will be 
remobilized. The rocks collected from different oil reservoirs have 
significantly different characteristics in terms of porosity, pore size 
distribution, and permeability [44,45], which causes uncertainty about 
the dominant driving forces and the variation of the residual oil distri
bution. Therefore, it is necessary to propose a general method to identify 
the controlling factor in the dynamic variations of residual oil during 
long-term waterflooding from the perspective of force analysis and fluid 
mechanics in porous media. Besides, a few quantitative parameters are 
used in the classification of residual oil, while it is difficult to relate these 
morphological parameters to the multiphase flow, and there is no spe
cific approach to determine the critical value of these parameters for the 
residual oil in porous media. To study residual oil in high water-cut 
oilfields, it is urgently needed to establish the dynamic characteriza
tion methods for residual oil variation in the heterogeneous porous 
structures and analyze the pore-scale forces acting on the residual oil to 
further clarify its residual state and effective mobilization. 

To characterize the dynamics of the residual oil in the heterogeneous 
porous structures, the long-term waterflooding experiments were per
formed in sandstone rocks with various permeability, and the interior 
oil–water distribution at different waterflooding stages was captured 
using micro-CT scanning technique. Moreover, this study proposes a 
novel analysis method considering the force balance and morphological 
characteristics of residual oil, including the residual oil classification, 
determination of critical values for categorized parameters, and identi
fying oil mobilization conditions. The corresponding strategies of oil 
mobilization are validated using the pore-scale simulation. Our findings 
can offer valuable insight into the effect of pore structure characteristics 
on the oil trapping in porous media, and an understanding of the dis
tribution patterns and effective remobilization of residual oil. This will 
assist in accurately evaluating the occurrence state of residual oil and 
formulating strategies for residual oil exploitation in high water-cut 
reservoirs. 

2. Materials and methods 

2.1. The sandstone rock samples 

To investigate the distribution and variation of residual oil at the 
pore scale, natural cores in the sandstone reservoir with different 
permeability were used for long-term waterflooding experiments in this 

study. The sandstone samples are selected from the different layers of 
the Lamadian Formation of Daqing oilfields in China, which is located in 
the continental river-delta sandstone reservoir with medium and high 
permeability. The rock sample (Rock 1) is classified as fine sandstone, 
and other rocks (i.e., Rock 2 and Rock 3) are silty sandstone, according 
to the particle size of sandstone rocks. The main mineral components of 
the sandstone samples are quartz and feldspar minerals, which together 
account for more than 90 %. The clay content is about 3–7 %. The 
porosity and permeability of samples measured experimentally are 
29.64 % and 7449 mD in Rock 1, 31.09 % and 1594 mD in Rock 2, and 
29.22 % and 908 mD in Rock 3 (see Table 1). 

Three-dimensional (3D) reconstruction technology based on CT 
scanning was used to extract the pore structure information from the 
natural cores. The reconstructed digital rocks of pore structure went 
through digital analysis including 3D visualization and pore size dis
tribution, as shown in Fig. 1. It is noteworthy that the voxel resolution of 
CT scanning is 1.91 μm/voxel edge for the measured samples. A wider 
pore size distribution is related to the sandstone core with higher 
permeability, and the average pore diameters of the interior pore 
structure in Rock 1, Rock 2, and Rock 3 are 71.4, 47.8, and 39.6 μm, 
respectively. 

2.2. Long-term waterflooding experiments 

The rock and fluids were imaged using an Xradia MicroXCT-400 X- 
ray Microscope. A high-resolution microscopy detector is used with a 
pixel of 2048 × 2048 and a resolution of 1.91 μm. The view field along 
the vertical direction contains 2000 image slices. During the CT scan
ning, the voltage and power of the equipment are set at 150 kV and 10 
W. The exposure time is set as 0.5 s. Fig. 2 shows the experiment process 
of long-term waterflooding in natural cores. To enhance the gray value 
contrast and allow phase segmentation in CT images, the brine fluid 
containing 10 wt % sodium iodide is used as the water phase, and the 
liquid paraffin is selected as the oil phase in the two-phase displacement 
experiments, owing to their contrast in terms of the relative X-ray in
tensity. The fluid density and viscosity are 1.12 g/cm3 and 1.2 mPa⋅s, 
0.84 g/cm3 and 7.5 mPa⋅s for water and oil phase, respectively. The oil- 
brine interfacial tension is 30 mN/m. The wettability of sandstone 
samples is represented by the average contact angle measured from the 
three-phase contact line in the rock sample saturated with oil and brine 
[46], and the calculated contact angles are 83.1◦, 80.8◦, and 76.8◦ for 
Rock 1, Rock, and Rock 3, respectively. The wettability condition is the 
weakly hydrophilic state. During the experimental preparation stage, 
the dried sandstone core was vacuumed and saturated with brine, 
pressurized to 20 MPa to age 7 days, and then the sample is put into the 
core chamber connecting to the experimental system of immiscible 
displacement. To simulate the coexistence of water–oil in the rock, the 
oil phase is injected into the rock sample saturated with brine with a 
pump flow rate of 8.3 μL/min, temperature of 25 ◦C, and confining 
pressure of 5 MPa until no water production in the outlet. After the 
experimental system stands for 12 h to reach the dynamic equilibrium 
between the rock matrix and pore fluid, the state of water–oil distribu
tion in the rock sample is recorded as the initial stage, 0PV. Finally, the 
long-term waterflooding experiment is conducted in the rock sample 
with brine injection, as shown in Fig. 2. We extracted the information of 
pore structure and water–oil distribution at seven displacement stages 
during the waterflooding experiment using CT scanning test. The 
selected displacement stages are 0PV, 0.5PV, 1PV, 3PV, 10PV, 50PV, 

Table 1 
The pore structure characteristics in different sandstone rocks.  

Samples Porosity Permeability Mean Size 

Rock 1  29.64 % 7449 mD 71.4 μm 
Rock 2  31.09 % 1594 mD 47.8 μm 
Rock 3  29.22 % 908 mD 39.6 μm  
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and 500PV. Before CT scanning, we shut off the fluid injection and 
discharge, and maintain the brine-oil distribution in the core sample 
with the confining pressure for 0.5 h, which is required to suppress the 
influence of fluid movement and ensure the accuracy of the image 
scanning. Three sequential injections with different velocities were 
performed during the whole waterflooding experiment, containing the 
first stage from 0PV to 3PV with a pump flow rate of 8.3 μL/min, the 
second stage from 3PV to 10 PV with a pump flow rate of 24.9 μL/min, 
and third stage from 10PV to 500PV with a pump flow rate of 82.9 μL/ 
min. 

2.3. Imaging process on CT data 

The 3D images reconstructed from the CT scanning test cannot be 
used directly, because uncontrollable factors such as X-ray source in
tensity, rock physical properties, and external environment will cause 
the narrow threshold distribution, noise, beam hardening, and ring ar
tifacts in the images. These issues affect the precision and accuracy of 
subsequent image segmentation. Therefore, the CT scanning data of 
natural sandstone in the waterflooding experiment will be optimized 
first, including threshold brightness adjustment, voxel noise remove
ment, and beam-hardening improvement. Herein, the non-local homo
geneous filtering was performed on the 3D images. 

The CT scanning images mainly contain information of water, oil, 

and rock matrix. The rock matrix is composed of a mixture of various 
minerals with a wide distribution of gray values in CT images. Thus, the 
gray value of the water–oil interface will overlap with the rock matrix, 
and it is not easy to identify the boundaries between different phases. 
The global threshold segmentation method is unable to effectively 
segment the water, oil, and rock matrix in the CT images. To accurately 
obtain the spatial distribution of different phases in the CT images, we 
use the watershed algorithm in the open-source code Porespy for image 
segmentation. The water–oil-solid three phases are extracted from the 
digital rocks of sandstone cores with various permeability at seven 
displacement stages (i.e., 0PV, 0.5PV, 1PV, 3PV, 10PV, 50PV, and 
500PV). We segmented each 3D gray image into the 3D pore structure 
digital rock and the residual oil digital rock, as shown in Fig. 3. These 
digital rocks could provide reliable basic data for subsequent analysis in 
the dynamic variation of residual oil, fluid displacement and trapping 
mechanism at the pore scale. 

3. Results and discussion 

3.1. Characterization of residual oil 

The digital morphology of the oil phase and its variation in the 
sample Rock 1 during waterflooding is displayed intuitively in Fig. 4, 
where the isolated oil cluster are labeled with random colors. The 

Fig. 1. The pore size distribution of various sandstone cores from the digital rock analysis: (a) Rock 1, (b) Rock 2, and (c) Rock 3.  

Fig. 2. Experimental process of long-term waterflooding (the Darcy velocity related to the pump flow rate is indicated in parentheses).  
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snapshots indicate there is a main oil cluster (blue color) through the 
porous media at 0 PV, and it is broken into numerous oil droplets from 
0.5 PV to 500 PV, and the size of the largest oil cluster becomes smaller. 
A comparison of the oil phase in the cubic subset sample indicates that 
the volume oil phase decreases and the oil cluster becomes more 
dispersed during long-term waterflooding, as shown in Fig. 4 (b). Most 
of the oil resident in the core sample was displaced in the first water
flooding stage (0.5PV), and long-term waterflooding and increasing 
injecting velocity also enhanced the displacement efficiency of the re
sidual oil in porous media. To quantify the dynamic variation of the oil 
phase trapped in the sandstone cores, the volumes of oil saturated in the 
three cores at the initial displacement stage are calculated and they are 
5.83, 5.37, 4.16 μL, as shown in Fig. 5(a). In the Rock 1, the oil volume of 
5.83 μL at the initial stage (0PV) is reduced to 2.36 μL after 0.5PV water 

injection. Ultimately, 1.38 μL of oil phase remains when applying the 
enhanced strategies of long-term waterflooding and increasing injecting 
velocity. The quantitative variation of oil volume in Rock 1 demon
strates the impact of enhanced strategies used in this study. The 
waterflooding process from 0.5PV to 3PV has a slight effect on the re
sidual oil recovery in the three sandstone rocks. When the injecting 
velocity increases to 33 μm/s, the extracted oil volume in this stage is 
larger in the lower-permeability core. The long-term waterflooding 
process also makes a slight impact on the oil volume trapped in the rock 
pore structure. Compared to the oil volume variation during long-term 
waterflooding, the number of residual oil clusters varies even more, as 
shown in Fig. 5(b). Based on the 3D binary images for oil phase 
segmented from the gray images of digital rock, the plugin MorphoLibJ 
in the opensource software Fiji (https://imagej.net/imagej-wiki-stat 

Fig. 3. Extraction of residual oil and pore structure: (a) gray distribution of digital rock,(b) residual oil distribution, (c) 3D pore structure.  

Fig. 4. Visualization of the residual oil in sandstone core Rock 1 during long-term waterflooding. The colorful parts stand for the residual oil: (a) the whole core 
sample; (b) the cube subset sample with a side size of 0.7 mm. 
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ic/Fiji) is used to identify the oil cluster by searching the connected 
components for each voxel. The initial oil phase breaks into more tiny 
droplets in the lower-permeability core, it could be ascribed to the more 
complex heterogeneity of pore structure in Rock 3. There is a significant 
change in the residual oil number from 50PV to 500PV owing to the 
long-term waterflooding, although the oil volume remains almost un
changed. We also depicted the displacement efficiency of the oil phase 
during the water–oil displacement process in Fig. 5 (c). The semi
logarithmic figure reflects that the strategies of the long-term PV in
jection and increasing the injecting velocity affected the residual oil 
mobilization, and the trapped oil varies more dramatically in the lower- 
permeability core during the whole displacement process. The normal- 
axis subfigure indicates that most of the oil phases were extracted at 
the initial waterflooding stages, and the efficiency of enhanced oil re
covery keeps almost constant. Thus, it’s vital to propose more economic 
and effective strategies in the exploitation of the subsurface hydrocar
bon resources, which requires further understanding of the residual-oil 
displacement mechanism at the pore scale. 

The heterogeneity of pore structure in the sandstone rock induces the 
complex behaviors of the water–oil interface and versatile distribution 
of residual oil during the waterflooding displacement. The residual oil 
phase in the pore structure is split into plenty of isolated oil clusters that 
are marked with different numbers. We made a statistical analysis in the 

size and volume distribution of the oil cluster at each waterflooding 
stage, as shown in Fig. 6. At the initial stage (0PV), the oil phase features 
with large size cluster and considerable small droplets. The results 
indicate that the oil phase breaks up into oil clusters with smaller sizes 
during the waterflooding. Increasing injecting velocity provides enough 
waterflooding energy, leading to the volume reduction of large oil 
clusters and the number fraction increase of small oil clusters at 10PV 
and 50PV. The long-term waterflooding from 50PV to 500PV changed 
the number fraction distribution of the oil cluster and has an insignifi
cant effect on the oil volume distribution. A comparison of the oil cluster 
size and volume distribution shows a similar displacement mechanism 
of the residual oil in the different sandstone cores. Especially, the 
dominant size of residual oil at 500PV in the Rock 3 is smaller than that 
in the Rock 1 with higher permeability, which could be ascribed to the 
constraints of the pore structure characteristics. 

3.2. Characteristics of pore space occupied by residual oil 

The morphology of the pore heterogeneity constrains the displace
ment behaviors and leads to a versatile distribution of residual oil, such 
as adhering to the pore wall and pore corners and retaining in pores and 
throats. The occurrence state of the residual oil in the subsurface 
reservoir is related to the characteristics of the rock pore structure. The 

Fig. 5. The dynamic variation of residual oil during long-term waterflooding in various heterogeneous pore structures: (a) oil volume variation, (b) oil cluster 
number variation, and (c) oil displacement efficiency variation. 
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pores and throats were extracted from the digital rock of the pore 
structure using the open-source code LoREPorTS [47], and the size 
distribution of the void space residual oil phase and the volume distri
bution of the remained oil phase were analyzed. In Fig. 7, we quantify 
the dynamic variation of residual oil and the occupying void space at the 
initial state (0PV) and final state (500PV). The figure reflects the re
sidual oil mobilization after performing increasing injecting velocity and 
long-term waterflooding in the different heterogeneous pore structures. 
In Fig. 7(a1)–(c1), the residual oil mobilization occurs in the pores with 
a wide size distribution. Owing to the constraints of the pore space in the 
different sandstone cores, the size distribution of pore space occupied by 
the oil phase is lower in the lower-permeability core. The largest sizes of 
pores containing oil phase are 240 μm, 160 μm, and 130 μm in Rock 1, 

Rock 2, and Rock 3, respectively. Similarly, the oil phase trapped in the 
large pores made a major contribution to the oil volume reduction and 
enhanced oil recovery in each rock. Moreover, the volume distribution 
of oil phase retaining in the throats and the corresponding throat size 
distribution have the same trend as those in the pores of sandstone cores, 
as shown in Fig. 7(a2)–(c2). 

The oil volumes displaced in the pore zones are 2.84, 2.15, and 2.04 
mm3 in sandstone cores Rock 1, Rock 2, and Rock 3, respectively. The 
corresponding oil volumes displaced in the throat zones are 1.62, 1.46, 
and 0.92 mm3. To quantify the displacement efficiency in the local void 
zones, we segmented the pore structure into a series of void groups with 
a certain range of void diameter and calculated the volume summary of 
residual oil occupying the segmented void groups (including pores and 

Fig. 6. The dynamic variation of number and volume distribution of residual oil during waterflooding in different pore structures: (a) Rock 1, (b) Rock 2, (c) Rock 3.  
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throats). We define the volume ratio of the oil phase between the initial 
stage and alternative waterflooding stage in the void groups as the local 
oil saturation. Fig. 8 shows a comparison of the distributions of local oil 
saturation at different waterflooding stages (3PV, 10PV, 50PV, 500PV) 
for different sandstone cores. A comparison of red and blue curves in 
Fig. 8 reflects that the increasing injecting velocity has a negligible effect 
on the local oil saturation in Rock 1 and shows a great impact in Rock 3. 
When providing enough injecting energy with a velocity of 110 μm/s 
and performing long-term waterflooding, the local oil saturation in the 
segmented void zones reduces significantly in all the sandstone cores. 
Even though performing the same strategies in the waterflooding pro
cess, the pore size trapping the oil phase is larger in Rock 1 with higher 
permeability. 

3.3. Quantitative variation of residual oil 

Owing to the occurrence of a preferential flow pathway, it is chal
lenging to recover the whole of the residual oil and improve the 
displacement efficiency in porous media. Thus, it is prevalent to cate
gorize the residual oil and pay attention to the dominant oil type. The 
dominant residual oil could be extracted by performing the targeted 
displacement strategies. The previous studies mainly focused on the 

understanding of morphological characteristics and storing location of 
the residual oil in the pore structure. The corresponding measures were 
proposed empirically to improve displacement efficiency and it lacks a 
theoretical basis. Herein, we tend to solidify the relationship between 
the forces acting on the residual oil and their geometrical characteristics, 
and then inspire the targeted displacement strategies from the 
perspective of the force balance exerted on the residual oil in the het
erogeneous pore structures. Therefore, we proposed a new classification 
of the residual oil considering their occurrence state and force balance in 
porous media. 

Fig. 9 shows the conceptual models for diverse types of residual oil (i. 
e., Type A, Type B, Type C, Type D, and Type E). The residual oil 
mobilization can be quantitatively understood by balancing the viscous 
forces exerted on the isolated oil phase with the pore-scale capillary 
forces that keep them trapped within the medium, as well as the shear 
force on the immiscible interface. The gravity could be ignored in this 
study because the Bond number (Bo =

ΔρgR2

σ ) is about 10− 4, where the 
density difference of oil and water Δρ = 280 kg/m3, we choose the 
average pore size (R = 50 μm) as the characteristic length, and the 
interface surface σ = 30 mN/m. We select three geometrical parameters 
to categorize the residual oil, including the number of water–oil inter
face, the specific surface area of oil, and the water–oil area ratio. The 

Fig. 7. Dynamic variation of pore space occupied by residual oil in heterogeneous pore structures: (a1)–(c1) for pore body, and (a2)–(c2) for pore throat in the three 
rock samples, respectively. 

Fig. 8. The effect of long-term waterflooding and increasing injecting velocity on local saturation distribution.  
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number of water–oil interface stands for the number of water–oil 
displacement pathways and describes its sweeping potential in the pore 
structure. The residual oil with a considerable number of water–oil 
interface usually occupies multiple pores and the viscous force exerted 
on the oil cluster could push a part of the oil phase, leading to a short 
preferential path. In this condition, the shear force is regarded as the 
resistance to suppress the interface motion, this kind of residual oil is 
labeled as Type A. The specific surface area is the surface area per unit 
volume of the isolated residual oil, and it reflects the force type acting on 
the residual oil. The residual oil with a large specific surface area owns 
enough surface area, such as adhering to the pore wall or retaining in a 
slit pore, wherein a single driving force is determined from the forces 
balance during waterflooding. On the contrary, the residual oil with a 
small specific area is subjected to mutual driving forces including 
viscous and shear forces. The water–oil area ratio is calculated as the 
ratio of the water–oil interface area and oil surface area, and it indicates 
the dominant type of forces driving the residual oil. The residual oil with 
a large water–oil area ratio has an adequate interface to provide a shear 
force, which means the shear force is dominant in the forces acting on 
the residual oil. Otherwise, a small water–oil area ratio indicates that the 
pore wall occupies the most surface of the residual oil, and the shear 
force is weak. We categorize the residual oil into five types and sum
marize their geometrical characteristics and force balance, as shown in 
Table 2. Each residual oil has its typical force balance. The pore-scale 
displacement criteria are based on that the driving force is large than 

the resistance. Thus, we could design different enhanced-oil-recovery 
strategies to unbalance the occurrence state of the residual oil and 
satisfy the inequal formulations. 

To categorize the residual oil during the long-term waterflooding in 
the sandstone cores, determining the critical value is vital to identify the 
different oil types. The purpose of the residual oil classification is to 
determine the major part with similar dynamics characteristics among 
them and then to design the targeted displacement strategies. In doing 
so, we obtain an approach from econometrics and statistics, i.e., an 
approximate sign test for the continuity of a density (g-order statistics) 
[48]. The construction of this test is based on a simple intuition that, 
when the density of the factor (or variable) is discontinuous at the cut- 
off (in our case, it refers to number of water–oil interface, water–oil area 
ratio, or specific surface area), the fraction of left-side and right-side 
units to the cut-off should be statistically different. In our work, we 
test whether the fraction of left-side and right-side units to the cut-off 
were statistically different at each 0.01 step forward. Taking Rock 1 as 
an example, to approximate the cut-off at C1, we tested each candidate 
cut-off from 0, 0.01, 0.02, …, to 99.98, 99.99, and 100. And we finally 
found that when number of water–oil interface equals 45, the left-side 
and right-side units to the cut-off were statistically different (p-value 
< 0.01). Hence, the critical value in terms of the number of water–oil 
interface is determined statistically to distinguish the major part and 
minor part of the residual oil. The mathematical details and steps can be 
found in the p.142 in Bugnia and Canay’s paper [48]. In practice, this 

Fig. 9. The category of residual oil (Type A–Type E). The black part represents the solid and the yellow part is for the residual oil, the blue arrow stands for shear 
force and the black one is for viscous force. 

Table 2 
The category of residual oil and its mobilization condition.  

Residual oil category Mobilization condition 

Oil Type Categorizing parameters and micro-forces Driving force >
resistance 

Type A Large number of water–oil interface Pv > Ps + Pc 

Type B Small number of water–oil 
interface 

Small specific surface 
area 

Mutual 
forces 

Large water–oil area 
ratio 

Shear force dominated Ps + Pv > Pc 

Type C Large specific surface 
area 

Single force Large water–oil area 
ratio 

Shear force dominated Ps > Pc 

Type D Small specific surface 
area 

Mutual 
forces 

Small water–oil area 
ratio 

Viscous force 
dominated 

Pv + Ps > Pc 

Type E Large specific surface 
area 

Single force Small water–oil area 
ratio 

Viscous force 
dominated 

Pv > Pc  
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test can be processed using package “RDCONT” via STATA v.16 or above 
[49]. 

Similarly, we could find the critical values for three quantitative 
parameters based on the geometrical data of residual oil at the final 
stage in different sandstone cores, as shown in Fig. 10, and the corre
sponding results are summarized in Table 3. In the sandstone core with 
lower permeability, the critical value C1 for the number of water–oil 
interface increases, C2 for the water–oil area ratio decreases, and C3 for 
specific surface area increases. 

Fig. 11 shows the dynamic variation of diverse types of residual oil in 
the different sandstone cores from the perspective of the number per
centage and volume of residual oil. We could observe that five types of 
residual oil all exist in the sandstone cores. The number percentage of 
residual oil varies slightly from 0PV to 500PV for the diverse types of oil, 
and the volume of different types of oil changes significantly. The 
dominant-oil type is determined as the oil type with the largest oil 
volume at the final stage of waterflooding. Thus, we find that the 
dominant types are Type D, Type A, and Type E in Rock 1, Rock 2, and 
Rock 3, respectively. As abovementioned, the geometrical characteris
tics of Type D of residual oil feature a small water–oil area ratio and 
small specific surface area, and its force balance is comprised of the 
viscous-driving force and capillary resistance. Hence, it is reasonable to 
enhance the viscous force or decrease the capillary force to satisfy the 
mobilization condition of Type D in Table 2. Similarly, we give the 
dominant oil type, geometrical characteristics, force balance, and the 
corresponding mobilization strategies for the residual oil in Rock 2 and 
Rock 3, as shown in Table 4. 

3.4. Validation of the residual oil mobilization 

Because of the alleviative expense on computational resources of 
direct numerical simulation in a large computational domain, the pore 
network model becomes an effective approach to simulate the multi
phase flow in porous media [50–53]. The pore network model contains 
two parts: pore network extraction and pore network modeling. The 
heterogeneous pore structure is simplified into the pore network, and it 
is composed of a series of pores and throats with a certain volume and 
flow resistance. Herein, we used the open-source code LoREPorTS to 
extract the pore network based on local hydraulic resistance equivalence 
between the real space and the pore-throat geometry, and the details are 
introduced in Liu et al.’s work [47]. The pore network segmented from 
the 3D images of sandstone cores is displayed in Fig. 12. It shows that the 
pore network in the core with higher permeability owns fewer pores and 
large size. Unlike the quasi-static pore-network model to simulate the 
equilibrium states which is controlled by entry capillary pressure only, 
here we apply the dynamic pore-network model to consider the 
competition between viscous forces, shear forces, and capillary forces on 
residual oil mobilization. The fundamentals of the dynamic pore- 
network model are introduced in the works [54,55]. 

To validate the mobilization strategies of the residual oil in different 

sandstone cores, we performed the dynamic pore network modeling on 
the three cores with different permeability. Particularly, the spatial 
distributions of water, oil, and pore structure at 500PV of the water
flooding experiment are input as the initial condition in the pore-scale 
simulations. To unbalance the force state of the residual oil at the 
final stage of waterflooding experiment in the simulations, we increased 
the injecting velocity to 220 μm/s in Rock 1 for increased viscous force, 
decreased the water-wet contact angle to 23◦ (the strong water-wet 
condition) in Rock 2 for a positive capillary force, and decreased 
interface tension to 1mN/m in Rock 3 for decreased capillary force. We 
set the fixed velocity boundary condition at the inlet and the zero 
pressure-gradient boundary condition at the outlet of the pore structure 
in the sandstone cores. The dynamic pore network modeling ends when 
the tolerance of oil saturation in the whole pore structure is smaller than 
10− 7. Fig. 13 displays the spatial distribution of the oil phase trapped in 
different cores after numerically performing mobilization strategies. The 
volume of the oil phase trapped in porous media is 1.38, 1.75, and 1.19 
μL at 500PV in Rock 1, Rock 2, and Rock 3, respectively. The corre
sponding oil volume in simulations is 0.17, 0.26, and 0.52 μL. Therefore, 
the enhanced oil recovery is 21 %, 28 %, and 17 % in Rock 1, Rock 2, and 
Rock 3, respectively. 

4. Conclusions 

This study performed long-term water–oil displacement experiments 
in the three natural sandstone cores with different heterogeneous pore 
structures, and quantitatively analyzed the dynamic variation of the 
distribution and saturation of the residual oil. During the waterflooding 
process, the volume and cluster number of the trapped oil varies more 
dramatically in the lower-permeability core. The strategy of increasing 
injecting velocity has a more muted effect on the local oil saturation in 
the higher-permeability core. The strategy of long-term waterflooding 
changes the number fraction distribution of the oil cluster and has a 
significant effect on the local oil saturation in the divided pore zones. 

To quantify the dynamic variation of the residual oil at the pore 
scale, this study presents a novel classification of oil clusters trapped in 
the heterogeneous pore structure by establishing the relationship be
tween morphological characteristics and force balance including viscous 
force, shear force, and capillary force. The residual oil is classified into 
five types, and the significant difference in statistical evaluation is 

Fig. 10. Determination of critical value for quantitative parameters in the classification of the residual oil.  

Table 3 
The critical value of quantitative parameters in different sandstone rock 
samples.  

Rock 
samples 

Number of water–oil 
interface C1 

Water-oil area 
ratio C2 

Specific surface 
area C3 

Rock 1 23  0.24  0.41 
Rock 2 40  0.15  0.47 
Rock 3 45  0.14  0.5  
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applied to determine the critical value for different types of residual oil. 
The quantitative analysis in the different types of residual oil demon
strated that the sandstone cores with different permeability feature 
various oil types dominated in the residual oil clusters after the long- 
term waterflooding, which is affected by the pore structure heteroge
neity. The experimental and numerical results in the multiphase 
displacement process showed it was challenging to extract all the oil 
clusters trapped in the heterogeneous pore structure and the dominant 
type of residual oil with large oil volume should become the primary 
object for the oil mobilization. The results from the dynamic pore 
network modeling of water–oil displacement proved that the dominant 
part with similar kinetic characteristics among the residual oil in porous 
media could be recovered and a higher oil recovery was achieved using 
the targeted strategies of oil mobilization from the perspective of force 
balance at the pore scale. 

The classification of the residual oil in porous media proposed in this 

study helps us understand the dynamic state of dominant part in the 
residual oil and has a strong capability to assist in the strategy design of 
enhanced oil recovery. From the perspective of force balance at pore 
scale, the inertial force and gravity are neglected concerning the low 
capillary number and low Bond number. We also recognize that the 
characteristics of the dominant residual oil are affected by the perme
ability and heterogeneity of pore structure, injection conditions, and 
fluid properties. At present, the change and factors of residual oil type 
have not been understood at pore scale, leading to challenges to predict 
directly the dominant characteristics of residual oil in porous media. In 
the future, based on quantitative characterization approach proposed, 
the type of oil clusters could be identified during immiscible displace
ment in porous media, and it is convenient to record the dynamic be
haviors of the trapped oil cluster in heterogeneous pore structure using 
the experimental and numerical methods. Hence, the key factor in the 
dominant characteristics of trapped fluid and its remobilization mech
anism will be revealed at pore scale. 
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Fig. 11. The dynamic variation of different types of residual oil in the sandstone cores: (a1)–(c1) represent the volume variation, and (a2)–(c2) are for the number 
percentage variation of residual oil during long-term waterflooding. 

Table 4 
The dominant residual oil and the corresponding mobilization strategies in 
different rock samples.  

Rock sample Rock 1 Rock 2 Rock 3 

Permeability (mD) 7449 1594 908 
Dominant oil type Type D Type A Type E 
Geometrical 

characteristics 
Small water–oil 
area ratio 
Small specific 
surface area 

Large number of 
water–oil interface 

Small water–oil 
area ratio 
Large specific 
surface area 

Micro-force 
balance 

Viscous force 
driving 
Capillary 
resistance 

Viscous force 
driving 
Shear and capillary 
resistance 

Viscous force 
driving 
capillary 
resistance 

Mobilization 
strategy 

Decrease 
capillary force. 
Increase viscous 
force 

Decrease shear and 
capillary force. 
Increase viscous 
force 

Decrease 
capillary force. 
Increase viscous 
force  
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