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Abstract:

To investigate the distribution characteristics of remaining oil after polymer flooding, the
core samples of different stages of water flooding and polymer flooding were scanned and
imaged based on CT scanning technology. The oil, water and rock were divided into three
phases by image analysis method, and the corresponding digital cores were constructed.
Through the qualitative and quantitative analysis of the two-dimensional image and three-
dimensional structure at the same position, the quantitative characterization of the micro-
residual oil distribution in different displacement stages is finally realized. The results
show that, the polymer flooding can significantly improve the sweep efficiency, which can
increase the oil recovery by 11.45% compared with water flooding. The remaining oil in
the pore is mainly network and multiple, and mainly network distribution at the stage of
water flooding. After adding polymer, the proportion of multiple remaining oil increases
significantly and becomes the main occurrence state of remaining oil. Affected by Jamin
effect, multiple residual oil in the pore is difficult to be recovered because it cannot pass
through the throat. The radius of this part of remaining oil is usually 1.34~1.5 times that
of the throat radius.

microscopic remaining oil distribution
quantitative characterization

1. Introduction

Polymer flooding is usually used in oilfields to increase
affected area and improve oil displacement efficiency (Wang
et al., 2005; Clarke et al., 2016). However distribution of
remaining oil in affected area is usually very complex (Lu et
al., 1996; Sun et al., 2018). Therefore, it is very important to
know the distribution of remaining oil in the flooding affected
area for further improving the recovery of remaining oil after
polymer flooding (Li et al., 2017). Researchers have used
numerical simulation method (Dalla et al., 2002; Bryant et
al., 2004; Raeini et al., 2015; Golparvar et al. 2018) and
two-dimensional model (Sahloul et al., 2002; Chen et al.,
2007; Hossein et al., 2013; Zhou et al., 2014) to simulate
multiphase flow to study the displacement mechanism of
different displacement fluids and predict the distribution of
remaining oil. However, these methods are uncertain because
they do not consider the pore structure characteristics of real
cores. In recent years, with the introduction of a number of
high-tech imaging equipment into the petroleum industry, it
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is possible to study the occurrence pattern of remaining oil
at the pore scale. For example, Researchers have used nuclear
magnetic resonance (NMR) to study the distribution of oil and
water in cores, and shown that the distribution of remaining
oil is closely related to the pore structure characteristics (Yang
et al., 2013; Ge et al., 2018).

With its advantages of high accuracy and nondestructive
imaging, X-ray micro-computed tomography (micro CT) has
become an excellent method for capturing pore structure and
residual fluids in reservoir rocks (Armstrong et al., 2014).
Micro CT uses X-ray to irradiate samples (Guo et al., 2018;
Gu et al., 2019). Because the density of different components
in the samples is different, the absorption degree of X-
ray is different. Thus, two-dimensional or three-dimensional
gray images can be generated by attenuation degree of X-
ray and image reconstruction algorithm (Kak and Slaney.,
2002). Although the distribution of various substances can
be observed directly from CT images, the basic parameters
cannot be calculated directly and quantitatively. Therefore,
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Fig. 1. In-situ micro CT core flooding apparatus. Core flooding system: (A) brine injection pump, (B) oil injection pump, (C) polymer injection pump, (D)
hand pump, (E) micro CT, (F) X-ray transparent core holder assembly, (G) micro CT image processing, (H) reflux pump.

researchers usually use CT images to construct digital cores,
which is one of the most accurate methods to construct digital
cores (Yao et al., 2015; Liu et al., 2017). Digital core is
a good carrier to analyze pore size, shape and connectivity
(Yang et al., 2015; Yang et al., 2016). Using digital core,
it is possible to identify and measure fractures (Vandersteen
et al., 2003; Yang et al., 2017). Recently, many other ap-
plications of digital core in studying the displacement effect
and quantitatively characterizing the distribution of remaining
oil have been presented (Kumar et al., 2010; Georgiadis et
al., 2013; Riicker et al., 2015). In addition, digital core can
also predict core permeability through numerical simulation
method (Beckingham et al., 2013; Song et al., 2016; Chen et
al., 2018).

At the end of displacement of oil-bearing reservoirs, a
considerable amount of remaining oil is retained in the af-
fected area. Understanding the micro-distribution of remaining
oil in reservoir rock pore space is of great significance to
better understand the mechanism of reservoir exploitation
and design tertiary oil recovery technology. Although the
pore size structure and remaining oil distribution are very
important, there are few studies on the relationship between
remaining oil distribution and reservoir pore structure. In this
paper, we used CT scanning and digital core method to study
the displacement mechanism of polymer flooding and the
distribution of remaining oil after polymer flooding. Then
we quantitatively characterized the micro-occurrence state of
remaining oil, which could provide a theoretical basis for
further improving oil recovery.

2. Experimental materials and methods

2.1 Materials and equipment

The core of this experiment comes from a natural sand-
stone. The porosity of the core is 29.1%, and the gas perme-
ability is 500 mD, which is a middle permeability sandstone
core. In the experiment, the core should be placed in a special

carbon fiber core holder. The diameter and length of the core
are 9.8 mm and 21.8 mm, respectively. The experimental oil
is composed of crude oil and kerosene in a ratio of 1:1, and
its viscosity is 2.6 mPa-s measured at 20 °C. The injected
water used in saturated cores and displacement is potassium
iodide brine with 10% mass fraction. The potassium iodide
has strong X-ray absorption ability and can obviously improve
the image contrast between water and oil. The component of
the polymer used in the experiment is partially hydrolyzed
polyacrylamide. The concentration of the prepared polymer
solution is 800 mg/L, and its viscosity is 6.7 mPa-s measured
at 20 °C.

The main instruments of this experiment are advection
pump, carbon fiber core holder, micro XCT-400 micron CT
and Avizo image processing software (Fig. 1).

2.2 Experimental steps

(1) The oil-washed and fully dried core was placed in
the core holder for the first CT scan. (2) The dry core was
vacuumed for 24 hours and then saturated the water. (3)
The core was then flooded with oil at 2 MPa pore pressure.
The confining pressure was applied by water with a high
precision hand pump. The core was then micro CT imaged
after resting for 24 hours to simulate the reservoir formation
process. (4) The core was then flooded with brine under a
confining pressure of 2 MPa. The third and fourth groups of
CT images were obtained by CT scanning at the 1 PV and
15 PV stages of water flooding respectively. (5) The polymer
slug with 0.5 PV configuration was injected and then water
flooding was carried out again. CT scans were carried out at
the 1 PV and 15 PV stages respectively. The fifth and sixth
groups of CT images were obtained. (6) The image analysis
was processed.

The core holder was kept fixed in CT during the whole
experiment. In the displacement experiment, we shut down
the X-ray source, connected the pipeline to the core holder
and started the displacement experiment. After displacement,
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Fig. 2. 2D slices of saturating oil in core. (A) original gray scale image, black is oil, white is water and gray is rock; (B) image after applying by non-local
means filter; (C) image after applying by watershed segmentation, red is oil, blue is water and black is rock.

the pipeline was removed and the core holder was stationed
for 1 hour to ensure the stability of the fluid in the core so as
to obtain a clear CT image(Yang et al., 2019). It takes about
4 hours for a single CT scan and the image resolution is 4.18

um.
2.3 Image processing

The original CT image cannot be directly used for oil-water
phase recognition. We need to use some image processing
software to process the CT image to obtain the relevant data
for analysis.

Due to the influence of equipment and experimental envi-
ronment, a lot of noise usually appears in CT images, which
makes the phase boundary unclear. Filtering can remove the
noise in the image. Non-local mean filter is a popular filtering
method in recent years. It can effectively improve the signal-
to-noise ratio of the image, while maintaining a clear the
general steps of image processing include intercepting the
representative elementary volume (REV), filtering and image
segmentation, as shown in Fig. 2. REV is a subunit which
is intercepted from any position in the original 3D data. It is
required that the unit body should be as small as possible while
ensuring that its physical properties are consistent with those
of the whole core. It can effectively improve the computational
efficiency and save computer computing resources. Meanwhile
we can keep the same position of each interception to study the
distribution of oil and water at the same position in the core at
different displacement times, and realize the 4D observation
of the dynamic distribution of remaining oil. The size of REV
is very important for the reliability of experimental analysis
results. Some studies show that the porosity can be well
characterized when the REV size is larger than 400 um,
and the permeability can be characterized when the REV
size is larger than 800 um (Mostaghimi et al., 2013). Some
researchers also found that when the REV grid size is 300 x
300 x 300, it can characterize the porosity and permeability
characteristics of sandstone and be used in oil-water two-phase
displacement simulation (Gao et al., 2014). In this paper, the
grid size of the REV is 300 x 300 x 300, and its actual
physical size is 1254 um x 1254 um x 1254 um. and smooth
interface between two phases. This will improve the accuracy

of segmentation, so that the experimental results are more
reliable.

In this paper, watershed segmentation method was used to
segment the image (Yang et al., 2016). Image segmentation is
based on the gray scale image of CT image. Substances with
the same properties have the same gray level in CT images,
which will form a peak in the gray distribution. The minimum
value of the gray distribution frequency between the two peaks
is the segmentation threshold. By choosing the segmentation
threshold, the phase substances in the image are segmented
and recognized.

2.4 Pore network model (PNM)

Pore network model uses simple and regular geometric
shape to replace complex pore space, which could quantita-
tively analyze the geometric and topological characteristics of
pore (Yancy-Caballero et al., 2019; Song et al., 2020). The 3D
digital core consists of a series of pixels. To extract the pore
network model, we need to extract the distance feature from
each target pixel to the boundary and identify the categories
of various groups of pixels by distance feature (Jiang et al.,
2007). We use Euclidean distance formula to find the minimum
distance from each target pixel to the boundary, which is
defined as Eq. (1):

de(p,q) = \/(Xl —x2)2+ (i —y)?+(zi—2)* (D)

where dg(p,q) represents the Euclidean distance between
points p and q. x, y, z are their coordinate positions. Each target
pixel is assigned its own minimum Euclidean distance value,
thus a new “distance gray image” can be obtained. Finally, the
pore and throat can be identified by segmentation.

3. Results and discussion

3.1 Analysis of pore structure characteristics

We quantitatively analyzed the pore structure characteris-
tics of dry core based on the digital core and pore network
model (Fig. 3).

Fig. 4 shows that the pore radius distribution of the core
has multiple peaks, while the peak pore radius appears in the
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Fig. 3. 3D digital core and pore network model of dry core.
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Fig. 4. Frequency distribution of pore and throat radius.

range of 11~19 um with an average pore radius of 15.4 um.
Throat radius is mainly distributed between 5 and 14 gm with
an average throat radius of 10.5 um. The wide distribution
of pore and throat radius indicates that the core has strong
heterogeneity. The pore structure of the core is complex while
a large number of mesoporosity, fine pore and throats are
developed.

3.2 Analysis of displacement experiment results

The image processing results of different displacement
stages are shown in Table 1. After obtaining the three-
dimensional distribution view of micro remaining oil, we ana-
lyzed the relevant information of remaining oil data, including
the number, volume, remaining oil saturation and displacement
efficiency of remaining oil. The statistical results are shown
in Table 2.

From 2D slices, after saturating oil is completed, oil is
distributed in different pore sizes, while water is mainly
distributed in small pore sizes. In the early stage of water
flooding, the water phase occupies the mesoporosity preferen-
tially and forms the dominant channel, while the remaining oil
in the macroporosity or fine pore is not displaced obviously.
Remaining oil in macroporosity is due to the large resistance
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caused by Jamin effect when large oil drops pass through
narrow throat. When driving force is insufficient to overcome
resistance, these remaining oil is not easy to be displaced. Be-
cause of the strong heterogeneity of the core, water fingering
occurs during displacement and the remaining oil in the small
pore cannot be affected by water.

From the displacement effect, the displacement effect in
the early stage of water flooding is also the best. The recovery
efficiency at 1 PV of water flooding can account for 67.47%
of the total recovery efficiency of water flooding. By the
end of water flooding, the final recovery efficiency is only
43.35%. After water flooding, the remaining oil in the small
pore is basically not recovered, while the oil in the macropore
is divided into several blocks by water, which remains in
the corner of the pore. As a result, the number of isolated
remaining oil blocks in water flooding stage increases greatly
and the distribution of remaining oil in pore is more complex.

After adding polymer slug, the affecting range of subse-
quent water flooding increases obviously because the polymer
blocked part of the high permeability channel. Therefore, it
can be seen from the 2D slice image that the amount of
remaining oil in the small pore obviously decreases at this
stage. On the other hand, due to the viscoelastic effect of
polymer, the remaining oil distributed in the corner is re-
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Table 1. CT images of different displacement stages.
Displacement stage Filtered image Segmentation image 3D image of oil phase
Saturating oil
Water flooding 1PV
Water flooding 15PV
Polymer flooding 1PV
Polymer flooding 15PV
Table 2. Quantitative characterization of remaining oil.
Displacement stage Oil saturation (%) Number of oil clusters Average volume of oil clusters (um3) Recovery ratio (%)
Saturating oil 79.62 7,269 53,344.5 0
Water flooding 1 PV 56.33 9,555 27,691.5 29.25
Water flooding 15 PV 45.11 10,572 20,261.7 43.35
Polymer flooding 1PV 41.84 9,411 21,137.1 47.45
Polymer flooding 15PV ~ 35.99 8,711 19,519 54.80

Table 3.

Classification basis of remaining oil occurrence form.

Types of remaining oil

Scope of shape factor value

Range of contact area ratio

‘SSinglet

Film
Multiple

Network

G>0.3
0.1< G <0.3

0.1<G<0.3
0.01<G<0.1
G<0.01

0<C<1
C<0.45 or C>0.6

0.45<C<0.6
0<C<1
0<C<1
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Table 4. Proportion of different remaining oil occurrence forms.

Displacement stage Network (%) Multiple (%) Singlet(%) Film (%)
Saturating oil 96.22 3.5 0. 17 0. 11
Water flooding 1 PV 84.91 14.57 0. 31 0.21
Water flooding 15 PV 55.34 43.93 0. 46 0.27
Polymer flooding 1 PV 18.58 80.7 0. 46 0.26
Polymer flooding 15 PV 28.39 70.81 0. 51 0.29

A

C

Fig. 5. Quantitative characterization of remaining oil. (A) network; (B) multiple; (C) singlet; (D) film.

coalesced in the pore. Therefore, after injection of polymer,
the number of remaining oil blocks decreases significantly,
which indicates that polymer can improve the occurrence of
remaining oil in the pore and provide convenience for the next
step of stimulation measures. The ultimate recovery efficiency
of polymer flooding is 54.80%, which is 11.45% higher than
that of water flooding. The effect of enhancing oil recovery
is obvious but nearly half of the remaining oil has not been
recovered.

3.3 Quantitative characterization of remaining oil
occurrence

The occurrence patterns of remaining oil in pore is complex
and varied. Generally, we can divide the remaining oil into
network, multiple, singlet and oil film according to its shape,
size and contact with skeleton. Specific criteria are listed in
Table 3 (Hou et al., 2014).

Shape factor is a parameter representing the relationship
between the volume and area of oil clusters. It is defined as

Eq. (2).

Vrv

G=6"G

2

where G is shape factor, V is volume of single oil cluster,
um?, S is surface area of single oil cluster, um?. The smaller
the shape factor, the more complex the remaining oil is. The
contact area ratio is the ratio of the remaining oil to the rock
contact area and the remaining oil surface area. It is mainly
used to distinguish between solitary and oil-film remaining oil.
The area ratio of oil film remaining oil is about 0.5 because
one surface is attached to the skeleton surface. According to
the shape factor and the contact area ratio, the occurrence
patterns of remaining oil can be classified, as shown in Fig.
5.

Table 4 shows the distribution proportion of different

remaining oil occurrence patterns in each displacement stage.
Most of the remaining oil occurrence patterns are network
and multiple. However their proportion varies greatly. The
number of singlet and oil film remaining oil is very large.
The proportion of oil film and singlet remaining oil is small,
both less than 1%, because the volume of single remaining oil
is too small, which has no potential to be developed.

During the saturating oil stage, oil distributes continuously
in the pore and network is the main occurrence patterns of oil
phase. In water flooding stage, the oil in the high permeability
channel is first driven and these channels are occupied by
water phase. Oil, as continuous phase, is separated by water,
resulting in a continuous decline in the proportion of network
remaining oil. However, the remaining oil after water cutting
mostly exists in the form of multiple remaining oil, so it can be
seen that the proportion of multiple remaining oil in the pore
increases significantly. After water flooding, the proportion of
network remaining oil is slightly more than that of multiple
remaining oil. In the polymer flooding stage, after polymer
blocking the high permeability channel, a large number of
remaining oil in the low permeability area is driven. The
continuous distribution of oil phase is constantly blocked by
water. The proportion of network remaining oil is sharply
reduced and the remaining oil is mainly multiple distribution.
In the late stage of polymer flooding, due to the viscoelastic
effect of polymer, some multiple remaining oil is re-aggregated
to form network remaining oil. Although the proportion of
network remaining oil has risen, multiple remaining oil has
become the main form of remaining oil.

3.4 Quantitative characterization of remaining oil
size

From the above section, it can be seen that after polymer
flooding, the main occurrence form of remaining oil changes
from network to multiple. In order to study the occurrence size
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Fig. 6. Pore network model of remaining oil in different displacement stages. (A) oil saturated; (B) water flooding 1 PV; (C) water flooding 15 PV; (D)

polymer flooding 1 PV; (E) polymer flooding 15 PV.
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Fig. 7. Distribution of remaining oil occurrence in different displacement stages.

of these multiple remaining oil in the pore, we extracted the
pore network model of the remaining oil in each displacement
stage (Fig. 6) and then quantitatively studied their occurrence
size in the pore. The occurrence size of remaining oil in pore
is closely related to throat radius, as shown in Fig. 7.

After adding polymer slug, the amount of remaining oil
with radius less than 10.5 um (average throat radius) decreased
significantly, which indicated that the polymer had a good
ripple effect on remaining oil distributed in small pore and
fine throat. In addition, in the early stage of adding polymer
slug, the remaining oil distributed in the corner re-aggregates
in the pore and forms larger remaining oil due to the influence
of polymer viscoelasticity. Thus, it can be seen in the figure
that there are several obvious peaks in the radius distribution
of remaining oil when polymer flooding is 1 PV and the

radius of remaining oil corresponding to the peak is larger
than that of water flooding. However, with the development
of polymer flooding, the remaining oil is cut again by water.
Some of remaining oil are displaced and the others remain in
the pore. Up to the end of displacement, the radius distribution
of remaining oil in pore is mainly concentrated at 6, 11.5
and 17 um. Considering the distribution of throat radius of
the core, there are also three peaks, 4, 8.58 and 11.32 um,
respectively. Therefore, we think that the remaining oil is
trapped in the pore because it can’t pass through these narrow
throats. Finally, we calculate the ratio of the radius of the
remaining oil to the radius of the throat which it could not
pass, and find that the ratio is 1.34~1.5.
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4. Conclusion

The distribution of oil and water in core pore can be
observed by in-situ CT scanning technology. At the same time,
the 4D quantitative analysis of remaining oil distribution can
be realized by intercepting the REV at the same location. The
ultimate recovery factor of water flooding is 43.35%. During
this stage, the number of remaining oil clusters increases,
the network remaining oil changes to multiple remaining
oil and the remaining oil in pore becomes more complex.
Compared with water flooding, polymer flooding can im-
prove oil recovery by 11.45%, while ultimate oil recovery is
54.80%. In addition, the influence of polymer viscoelasticity
and the improvement of sweep coefficient of displacement
greatly reduce the number of remaining oil clusters. Polymer
flooding can make the remaining oil more concentrated in the
pore, which could facilitate the implementation of subsequent
stimulation measures.

The remaining oil in the pore is mainly network and
multiple. With the development of displacement, the network
remaining oil gradually changes to multiple remaining oil.
By the end of polymer flooding, the proportion of multiple
remaining oil in the pores is 70.81%. These multiple remaining
oil is usually due to additional resistance caused by Jamin ef-
fect, which prevents them from passing through the throat. The
radius of these remaining oil is usually 1.34~1.5 times bigger
than that of the throat radius. It is suggested that surfactant
flooding should be carried out after polymer flooding to reduce
the interfacial tension between oil and water, so as to reduce
the influence of Jamin effect and make the remaining oil with
larger radius pass through throat.
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