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Abstract: The characteristics of tight sandstone, such as small pores, complex pore structures, low
permeability, and low porosity, make it difficult to accurately characterize its pore structure. This
represents a major challenge in the exploration and development of tight sandstone oil and gas
reservoirs. This article conducts a simulation study on the impact of characteristic parameters such
as pore size, coordination number, pore-throat ratio, and wettability on microscopic remaining oil
after polymer flooding, thereby quantifying the types of remaining oil.

Keywords: microscopic pore structure; remaining oil type; pore size; coordination number; pore-
throat ratio; wettability

1. Introduction

Many macroscopic production laws of oil reservoirs and the seepage characteristics of reservoirs
are comprehensive reflections of the microscopic structure and pore scale fluid migration in the
reservoir layers, meaning that the microscopic structure of the rocks and the properties of the fluids
are fundamental, while the macroscopic characteristics are mere appearances. To enhance crude oil
recovery in fields with high water content in the later stages, it is not only necessary to study at the
macroscopic level and production dynamics of the reservoir layers, but also essential to delve into
the internal pore structure of the reservoir layers to describe the dynamic characteristics of
multiphase fluids and to study the laws at the microscopic pore scale.

The heterogeneity of the reservoir layers greatly affects the macroscopic sweep efficiency, and
the degree to which the original oil in the swept areas is mobilized is closely linked to the
heterogeneity of the microscopic pore-throat structure. This involves the size and distribution
characteristics of pores and throats, pore-throat coordination number, pore-throat ratio, etc. Even
reservoir layers that appear homogenous at a macroscopic level will inevitably have some
microscopic heterogeneity. Conventional research methods cannot describe the impact of
microscopic heterogeneity on the mobilization process of crude oil [1,2]. For instance, basic rock slices
or glass etching models are ideal [3-7], but they cannot present the utilization of crude oil in three-
dimensional space and the distribution characteristics of remaining oil. Conventional experiments on
the heterogeneity of pore structure are basically limited to qualitative comparisons and cannot
quantitatively characterize the impact of the microscopic heterogeneity of pore-throat structure on
the mobilization of crude oil and the distribution and morphology of remaining oil.

Tight sandstone reservoirs, due to complex sedimentation and diagenesis, are characterized by
generally low porosity, low permeability, complex pore structure, development of secondary
porosity, and fine throats [8-10]. China’s tight sandstone oil and gas reservoir resources are abundant,
hence holding great potential for development. The complexity of the pore structure characteristics
of tight sandstone makes it difficult to accurately characterize them, which is a major challenge in the
exploration and development of tight sandstone oil and gas reservoirs. Therefore, accurately

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202407.1390.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024 d0i:10.20944/preprints202407.1390.v1

characterizing the pore structure characteristics of tight sandstone reservoirs is significant for
improving the exploration and development level of tight sandstone oil and gas reservoirs,
modifying tight sandstone oil and gas reservoirs, increasing the production of tight sandstone oil and
gas, and solving practical problems in civil and hydraulic engineering.

2. The Impact of Pore Size Distribution on Various Types of Remaining Oil

2.1. The Impact of Pore Size Distribution on Various Types of Remaining Oil

The throat radius is a fundamental parameter in the digital pore model. The recovery ratio value
of the model is closely related to the size of the throat radius. In this study, models built on the throat
radius distribution frequency of three actual rock cores are used to investigate the impact of pore size
distribution on recovery ratio, with all other parameters held constant. Figure 1 shows the throat
radius distribution frequency and cumulative distribution frequency for the three schemes.
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Figure 1 Throat distribution frequency curve and cumulative distribution curve of different schemes.

As shown in Table 1 below, the table presents the water flooding recovery ratio, polymer
flooding recovery ratio, and total recovery ratio for the three schemes.

Table 1. Effect of throat radius on polymer flooding recovery.

scheme 1 2 3

Core ID #1 #3 #4
Porosity (%) 25.6 31.77 27.25

Permeability (10°hm®) 370 430 568
Water flood Recovery 47,07 4912 4602

Ratio (%)
Polymer flood Recovery
Ratio (%)
Total Recovery
Ratio (%)

24.65 22.76 25.58

71.71 71.88 71.76
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Figure 2. Model of different throat distribution frequency.

Figure 2 delineates the recovery efficiency metrics and their respective variations in response to
the number of pore volumes (PVs) for distinct operational schemes. Schemes 1 and 2 exhibit
analogous permeability coefficients, albeit marginally inferior to that of scheme 3. In schemes 1 and
2, the distribution of pore-throats is notably concentrated, with the proportion of pores possessing
radii within the 6um to 14um range reaching a substantial 97%. Conversely, scheme 3 is characterized
by a more dispersed pore-throat distribution, with the fraction of pore-throats exceeding 14um in
radius nearing 13%, hence yielding a greater permeability coefficient for scheme 3. Additionally, the
water drive recovery ratio in scheme 3 is comparatively lower, attributed to the presence of over 10%
of throats with sub-6um radii, which impedes the extraction of crude oil from these minuscule
apertures during the water drive process. Consequently, schemes 1 and 2 manifest elevated water
drive recovery ratios. Owing to the influence of the viscoelastic properties of polymers on the fluid
dynamics within these diminutive pores, scheme 3 experiences a more pronounced effect, facilitating
the expulsion of a greater quantum of water-drive residuals. Ergo, upon juxtaposing the polymer
drive recovery ratios across schemes 1, 2, and 3, it is observed that scheme 3 achieves the apex in
recovery efficiency.

2.2. Study on the Distribution and Patterns of Remaining Oil

The model quantitatively assesses the oil-bearing porosity subsequent to water flooding and
polymer flooding by enumerating the number of pores containing oil in each case. Tables 2—4 depict
the proportional distribution of different oil saturation levels within the pores post water flooding
and polymer flooding. It is observed that scheme 3 exhibits the highest count of pores with a
saturation level of zero following water flooding, and similarly, the greatest number of pores with an
oil saturation level of zero following polymer flooding. An analysis based on Table 2 reveals that the
proportions of oil-containing pores post water flooding in schemes 1, 2, and 3 are 0.38, 0.39, and 0.36
respectively, and post polymer flooding, these proportions are 0.37, 0.38, and 0.35 respectively. It is
evident that scheme 3 has the lowest proportion of oil-containing pores, correlating to the highest
recovery ratio.

Table 2. Proportion of oil in pore after water drive and polymer flooding.

Pore Distribution Scheme Schemel Scheme2 Scheme 3
Total Throat Count 993 993 993
Total Throat Count Total Pore Count 512 512 512
After Water Number of Oil-bearing Throats 510 480 508
. Number of Oil-bearing Pores 280 273 284
flooding

Total Number of Oil-bearing Entities 790 753 792
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Oil Saturation in Pores 0.52 0.50 0.53
Number of Oil-bearing Throats 486 472 496
After Polymer Number of Oil-bearing Pore 275 261 283
flooding Total Number of Oil-bearing Entities 761 733 779
Qil Saturation in Pores 0.51 0.49 0.52
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Figure 3. Proportion of oil in pore after water drive and polymer flooding.

Table 3. Proportion of different oil saturation in throat.

Oil Saturation 0.8<So0<1 0.6<50<0.8 0.4<50<0.6 0<S0<0.4 0
Water Polymer Water Polymer Water Polymer Water Polymer Water Polymer
flooding Flooding flooding Flooding flooding Flooding flooding Flooding flooding Flooding

Ratio Scheme

Scheme 1 0.152 0.110  0.035  0.027  0.021 0.020 0124  0.159 0.668  0.684
Scheme 2 0.228 0.168  0.040 0.059 0.023  0.042 0.021 0.038  0.688  0.693
Scheme 3 0.165 0.159  0.051 0.029 0.062 0.054 0.039 0.081 0.669  0.677
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Figure 4. Proportion of different oil saturation in throat.
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Table 4. Proportion of different oil saturation in pore.
0Oil
Saturatio 0.8<So<1 0.65S0<0.8 0.4<S0<0.6 0<S0<0.4 0
n
Ratio Waterfloodin Polymer Waterfloodin Polym.er Waterfloodin Polymer Waterfloodin Polym.er Waterfloodin Polymer
Floodin Floodin Floodin Floodin Floodin
Scheme g g g g g
g g g g g
Scheme 1 0.404 0.326 0.006 0.020 0.014 0.018 0.123 0.174 0.453 0.463

Scheme 2 0.348 0.271 0.014 0.029 0.018 0.043 0.154 0.166 0.467 0.490
Scheme 3 0.336 0.303 0.016 0.016 0.025 0.037 0.180 0.197 0.445 0.447
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Figure 5. Proportion of different oil saturation in pore.

It can be discerned that, relative to water flooding, polymer flooding results in a reduction of
throats with oil saturation levels between 1 and 0.8, while the quantities of throats with other
saturation levels exhibit varying degrees of increase. Specifically, throats within the 0.8 to 0.6
saturation range demonstrate a decrement in schemes 1 and 2, ranging from 22.2% to 44.3%, whereas
in scheme 3, this category exhibits an increment of 46.8%. Throats in the 0.6 to 0.4 range decrease by
6.1% and 12.6% in schemes 1 and 2 respectively, and increase by 85.7% in scheme 3. Throats in the
0.4 to 0 range show an increment across all schemes, with increases varying from 28.4% to 108.3%.
Throats at 0 saturation level undergo changes of less than 3% in all schemes, which can be considered
negligible.

Analysis of Table 3 reveals that, in comparison to water flooding, polymer flooding leads to a
decrease in pores with saturation levels between 1 and 0.8 in schemes 1 and 3, while other pore
saturation levels increase. Scheme 2 exhibits the opposite trend.

Further examination of Table 4 indicates that, when comparing polymer flooding to water
flooding, the number of pores with saturation levels from 0.8 to 1 decreases across all schemes, with
scheme 3 showing a modest reduction of 6.25%, as opposed to the approximate 24% decrease in
schemes 1 and 2. Pores within the 0.6 to 0.8 saturation range decrease by 11% and 40% in schemes 1
and 3, respectively, and increase by 53% in Scheme 2. Pores in the 0.4 to 0.6 saturation range show no
significant change in schemes 1 and 3, while doubling in scheme 2. Finally, pores with saturation
levels from 0 to 0.4 exhibit varying degrees of increase in all schemes.
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2.3. Types and Quantitative Analysis of Remaining Oil

Post polymer flooding, cross-sectional images depicting the oil distribution were captured and
rendered for models with three distinct throat radius distributions, as shown in Figure 6. Specifically,
image (a) represents the remaining oil distribution in the model generated according to scheme 1,
image (b) for the model following scheme 2, and image (c) for the model based on scheme 3. Table 5
provides an analysis of these images, encompassing the identification of remaining oil types and the
quantification of their saturation levels in each scheme.

(a)Schemel

(b)Scheme2 (c)Scheme3

Figure 6. Influence of different throat radius distribution on Remaining Oil distribution.

Table 5. Influence of different throat radius distribution on Remaining Oil type.

Saturation (%)

T
ype Scheme 1 Scheme 2 Scheme 3
Clustering 42.52 37.29 32.05
Columnar 1.99 7.88 14.04
Blind-Ended 5.67 0.56 0.01
Others 0.03 1.43 1.49
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Figure 7. Influence of different throat radius distribution on Remaining Oil type.

The outcomes of the simulation indicate that alterations in the distribution of pore sizes lead to
a diminution in the prevalence of clustered remaining oil, concurrently accompanied by an
augmentation in the quantity of columnar remaining oil, with other remaining oil types manifesting
stochastic fluctuations. This observed trend is attributed to the augmented permeability resultant
from variations in the throat radius, which effectively promotes the displacement of sizeable
aggregates of clustered remaining oil into more dispersed morphologies.
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3. The Impact of Coordination Number on Various Types of Remaining Oil

3.1. The Impact of Coordination Number on Various Types of Remaining Oil

In this study, based on scheme 2, digital pore models were constructed with average
coordination numbers set at 4.3, 5.4, and 6.0, while keeping other parameters constant. The water
flooding phase concluded at a pore volume (PV) of 0.514, followed by polymer flooding until
reaching a water cut of 98%, for the purpose of calculating the polymer flooding Recovery Ratio. The
results are detailed in Table 6 and illustrated in Figure 8. Analysis of these graphical and tabular
representations indicates that an increase in the coordination number leads to an elevation in both
the polymer flooding recovery ratio and the overall recovery ratio.

Table 6. Effect of coordination number on recovery efficiency.

coordination number 4.3 5.4 6.0
Porosity (%) 25.59 25.86 25.52
Permeability (10°#m”) 243.62 375.36 483.59
Water flood Recovery
31.3 39. 44.98
Ratio (%) > 099 ?

Polymer Flood Recovery

. 24.57 27.13 30.44
Ratio (%)
Total Recovery Ratio (%) 55.92 67.12 75.42
80
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X
~60 P
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240 o
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=] ~
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S [}
coordination number -0
MW Water flood Recovery Ratio (%)
M Polymer Flood Recovery Ratio (%) 0 0.5 ! 19
Total Recovery Ratio (%) pv
Recovery Ratio Recovery Ratio Curve with Changes in Pore Volume (PV)

Figure 8. Models of different coordination numbers.

At a pore volume (PV) of 0.514, the model with a coordination number of 4.3 exhibited a water
cut of 98.78% and a recovery ratio of 31.35%. The model with a coordination number of 5.4 showed a
water cut of 79.14% and a recovery ratio of 39.99%, while the model with a coordination number of 6
had a water cut of 68.72% and a recovery ratio of 44.98%. Evidently, at the same PV, an increase in
the coordination number corresponds to an increase in the water flooding recovery ratio.
Subsequently, the recovery ratios for the three models upon transitioning to polymer flooding were
24.57%, 27.13%, and 30.44%, respectively. The augmentation in the coordination number, which
indicates a higher number of connections between pores and throats, implies improved connectivity
within the model. This enhanced connectivity facilitates the flow of crude oil within the pore
channels, thereby resulting in a higher ultimate Recovery Ratio from polymer flooding.
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3.2. Study on the Distribution and Patterns of Remaining Oil

In this model, subsequent to both water and polymer flooding, a statistical analysis was
conducted on the number of pores containing oil post water flooding and post polymer flooding. The
analysis, as delineated in the following table, was performed under the parameters of coordination
numbers at 4.3, 5.4, and 6.0. It was found that the proportions of pores containing oil post water
flooding were 0.58, 0.46, and 0.37, respectively, for these coordination numbers. Post polymer
flooding, these proportions were 0.56, 0.41, and 0.35, respectively. It is apparent that an increase in
the coordination number results in a corresponding decrease in the proportion of oil-containing

pores.
Table 7. Proportion of oil in pore after water drive and polymer flooding.
Coordination Number 4.3 5.4 6.0
Total Throat Count 822 1016 1120
Total Throat
o oa Total Pore Count 512 512 512
Count
Number of Oil-beari
umber of Oil-bearing 541 480 469
Throats
Number of Oil-beari
After vmber ot Vi-bearing 299 292 273
Water flooding Pores
Total Number .o.f Oil- 840 779 740
bearing Entities
Oil Saturation in Throats 0.63 0.51 0.45
Number of Oil-bearing 519 472 455
Throats
f Oil- i
After Polymer 1 umper of Oil-bearing 272 262 251
flooding Pores
Total Number 'o'f Oil- 791 734 706
bearing Entities
Oil Saturation in Throats 0.59 0.48 0.43
07 B After Water flooding ~ ® After Polymer flooding
o 0.6
=
o
=05
R
= 04
kS
= 03
2
T 0.2
o
2
£01
-9
0
4.3 5.4 6.0
coordination number
Figure 9. Proportion of oil in pore after water drive and polymer flooding.
Table 8. Proportion of different oil saturation in throat.
Oil Saturation 0.8<S0<1 0.6<50<0.8 0.4<50<0.6 0<So<0.4 0
Rati Polymer
Coo da, otio Water Polymer Water Polymer Water Polymer Water Flooding Water Polymer
ramation flooding Flooding flooding Flooding flooding Flooding flooding Polymer flooding Flooding
Number .
Flooding
4.3 0.253 0.159 0.034 0.029 0.030 0.061 0.035 0.090 0.648 0.662
5.4 0.228 0.168 0.040 0.059 0.023 0.042 0.021 0.038 0.688 0.693

6.0 0.201 0.199 0.042 0.048 0.029 0.029 0.033 0.020 0.695 0.704
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Figure 10. Proportion of different oil saturation in throat.

Table 9. Proportion of different oil saturation in pore.

Oil Saturation 0.8<So<1 0.6<50<0.8 0.4<50<0.6 0<So0<0.4 0
Rati
Coordairllc;tion Water Polymer Water Polymer Water Polymer Water Polymer Water Polymer
Number flooding Flooding flooding Flooding flooding Flooding flooding Flooding flooding Flooding
43 0.508 0.375 0.004 0.014 0.006 0.021 0066 0121 0416  0.469
5.4 0.381 0.314 0.020 0.033 0.020 0037 0150 0127 0430 0.488
6.0 0.348 0.271 0.014 0.029 0.018 0.043 0.154 0.146 0.467 0.510
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Figure 11. Proportion of different oil saturation in pore.
Table 10. Proportion of different oil saturation in pore.
Ratio
Coordinatio 0.8<So<1 0.6<50<0.8 0.4<50<0.6 0<S50<0.4 0
n Number
Ratio Polymer Polymer Polymer Polymer Polymer
Coordinatio Waterfloodin Floodin Waterfloodin Floodin Waterfloodin Floodin Waterfloodin Floodin Waterfloodin Floodin
n Number g g g g g
43 0.317 0.213 0.026 0.025 0.024 0.051 0.043 0.098 0.590 0.614
5.4 0.266 0.205 0.035 0.053 0.022 0.041 0.054 0.060 0.623 0.642
6.0 0.238 0.217 0.035 0.043 0.026 0.032 0.063 0.052 0.638 0.655



https://doi.org/10.20944/preprints202407.1390.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024 d0i:10.20944/preprints202407.1390.v1

10

coordination number W43 W54 mM60

Proportion of different oil saturation in pore

0<1. 00. 65, So0<0. 80.

Oil saturation interval

Figure 12. Proportion of different oil saturation in pore.

Analysis of Table 8 reveals that, in comparison to water flooding, polymer flooding with a
coordination number of 4.3 resulted in a 37% decrease in the number of throats with oil saturation
levels between 0.8 and 1, and a 15% decrease for saturation levels between 0.6 and 0.8. Conversely,
there was an increase of over 100% and 150% in the number of throats with saturation levels between
0.4 and 0.6, and 0 to 0.4, respectively. At a coordination number of 5.4, the number of throats with
saturation levels between 0.8 and 1 decreased by 26%, while those with saturation levels between 0
and 0.4, 0.4 and 0.6, and 0.6 and 0.8 increased by approximately 50%, 80%, and 80%, respectively. At
a coordination number of 6, the number of throats with saturation levels between 0 and 0.4 decreased
by 40%, and those between 0.6 and 0.8 increased by 14%.

Table 9 indicates that for polymer flooding compared to water flooding, there was a universal
decrease in pores with saturation levels between 0.8 and 1. At a coordination number of 4.3, the
number of pores with saturation levels between 0.4 and 0.6, and 0 to 0.4 increased by 112.5% and
127.9%, respectively. With a coordination number of 5.4, pores with saturation levels between 0.6 and
0.8, and 0.4 and 0.6 increased by 51.4% and 86.4%, respectively, while those between 0 and 0.4
decreased by 15%. At a coordination number of 6, the increase in pores with saturation levels between
0.6 and 0.8, and 0.4 and 0.6 was 22.9% and 23.1%, respectively.

Table 10 shows that, compared to water flooding, polymer flooding resulted in a decrease in the
number of pores with saturation levels between 0.8 and 1 across all coordination numbers. However,
at a coordination number of 6, this decrease was only 9%, which is not significant compared to the
33% and 23% decreases at coordination numbers 4.3 and 5.4, respectively. The number of pores with
saturation levels between 0.6 and 0.8 was negligibly affected at a coordination number of 4.3,
increased by over 50% at 5.4, and then decreased to a 22% increase at 6.0. The number of pores with
saturation levels between 0.4 and 0.6 increased by 112%, 86%, and 23% for coordination numbers 4.3,
5.4, and 6.0, respectively. Finally, the number of pores with saturation levels between 0 and 0.4
increased by 128% at a coordination number of 4.3, by 11% at 5.4, and decreased by 17% at 6.0.

3.3. Types and Quantitative Analysis of Remaining Oil

Subsequent to the implementation of oil displacement simulations on the model, cross-sectional
representations of oil-water distributions post-displacement were extracted and are depicted in
Figure 3.6. Analytical computations were then conducted to ascertain the saturation levels of distinct
types of Remaining Oil under the specified coordination numbers of 4.3, 5.4, and 6.0. The outcomes
of these analytical assessments are systematically tabulated in Table 11.
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(a)coordination number 4.3 (b)coordination number 5.4 (¢) coordination number 6.0

Figure 13. Influence of different coordination number on Remaining Oil distribution.

Table 11. The influence of different coordination number on the type of Remaining Oil.

Saturation (%)

T T

ype Coordination Number 4.3 Coordination Number 5.4 Coordmat;oon Number
Clustering 47.79 42.41 39.55
Columnar 10.84 7.89 4.21
Blind-Ended 0.61 0.01 0.15
Other 0.01 0.01 0.03

coordination number m4.3 m54 m6.0
60

50

40

30

20

10 I

: = _

Clustering Columnar Blind-Ended Others

degree of saturation(%)

Remaining Oil type
Figure 14. The influence of different coordination number on the type of Remaining Oil.

The outcomes of the simulations indicate an increment in the average number of throats
interconnected with each pore concurrent with an elevation in the coordination number, culminating
in an enhanced permeability of the core matrix. This increased permeability significantly augments
the efficiency of oil displacement within the pores. Data analysis from the tables reveals that the
predominant forms of remaining oil, namely clustered and columnar remaining oil, exhibit a
discernible reduction in their prevalence, while the saturation levels of other minor remaining oil
types manifest stochastic variations.

As the coordination number escalates, there is a notable decrement in the occurrence of various
types of remaining oil. The proliferation of throats in connection with the pores directly correlates to
the facilitated displacement of the remaining oil entrapped within these pores.
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4. The Impact of Pore-Throat Ratio on Various Types of Remaining Oil

4.1. The Impact of Pore-Throat Ratio on Oil Displacement Efficiency

In this study, based on scheme 2, models with pore-throat ratios of 3.2, 4.6, and 6.3 were
employed for displacement simulations. The simulation process was terminated when a continuous
water cut of 0.98 was observed at the model outlet during water and polymer injection. The models
were maintained with constant coordination numbers, shape factors, and other polymer injection
parameters. The computational results are presented in Table 12 and Figure 15.

Table 12. Effect of pore throat ratio on recovery efficiency.

Pore-Throat Ratio 3.2 4.6 6.3
Porosity (%) 25.47 25.86 25.66
Permeability (10°um) 954.43 544.12 329.05
Water flood Recovery
49.32 47.07 43.29
Ratio (%)
Polymer flood Recovery
25.02 24, 20.43
Ratio (%) >0 65 0
Total Recovery
74.34 71.72 .72
Ratio (%) 3 63
80 0.8 4
(=] 7 4
"gGO o 0.7 L
& = 0.6 1 /
Sio £ o5
> — 6.3
S o 0.4 4
o2 o 0.3 = 40
2 oz 3.2
0 S 0.
3.2 4.6 6.3 @ 014
Pore throat asios - J
W Water flood Recovery Ratio {% 0 =
_ 0 0.5 1 1.5 2
M Polymer flood Recovery Ratio (%)
Total Recovery Ratio (%) L
Recovery Ratio Recovery Ratio Curve with Changes in Pore Volume (PV)

Figure 15. Models of different pore throat ratios.

In the three models, as the pore-throat ratio increases, the simulated permeability of the models
decreases to 954.43, 544.12, and 329.05, respectively. When the water saturation reaches 98%, the
water flooding recovery, polymer flooding recovery, and total recovery decrease sequentially. This
phenomenon can be attributed to the fact that, with the pore radius remaining constant, an increase
in the pore-throat ratio results in a reduction in throat radius, leading to an increase in throat
resistance coefficient. Under the same pressure conditions, this makes fluid flow more challenging.
Therefore, a higher pore-throat ratio corresponds to a lower recovery ratio.

4.2. Study on the Distribution and Patterns of Remaining Oil

The digital pore model was used to calculate the number of oil-containing pores after water
flooding and polymer flooding, and the results are summarized in Table 13. Based on the analysis, it
can be observed that under the parameter conditions of 3.2, 4.6, and 6.3, the oil saturation of pores
after water flooding is 0.36, 0.38, and 0.40, respectively, while the oil saturation of pores after polymer
flooding is 0.34, 0.36, and 0.39, respectively. It is evident that as the throat ratio increases, the oil
saturation of pores also increases. Throat ratio is inversely proportional to recovery ratio.
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Table 13. Proportion of oil in pore after water drive and polymer flooding.

Pore-Throat Ratio 3.2 4.6 6.3
Total Total Throat Count 993 993 993
Throat Count Total Pore Count 512 512 512
Number of Oil-bearing Throats 482 494 518
. Number of Oil-bearing Pores 271 284 290
After Water flooding ) Number of Oil-bearing Entities 753 778 808
Qil Saturation in Throats 0.50 0.52 0.54
Number of Oil-bearing Throats 465 501 526
After Polymer Number of Oil-bearing Pores 222 243 282
flooding Total Number of Oil-bearing Entities 687 742 808
Oil Saturation in Throats 0.46 0.49 0.54
W After Water flooding B After Polymer flooding

0.56

0.54

0.52

o
(2}

Proportion of oil in pore

o
>
i

0.48
0.46 I
0.42
3.2 4.6

Pore throat ratios

6.3

Figure 16. Proportion of oil in pore after water flooding and polymer flooding.

Table 14. Proportion of different oil saturation in throat.

Oil Saturation 0.8<So<1 0.650<0.8 0.4<50<0.6 0<S0<0.4 0
Ratio of Pore-  Water Polymer Water Polymer Water Polymer Water Polymer Water Polymer
Throat Ratio  flooding Flooding flooding Flooding flooding Flooding flooding Flooding flooding Flooding
3.2 0255 0203 0.031 0035 0.019 0.041 0.010 0.024 0.686  0.697
4.6 0271 0207 0.025 0051 0.015 0032 0.010 0036 0678 0.674
6.3 0216 0179 0.052 0060 0.044 0.055 0.025 0.049 0.663  0.658
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Figure 17. Proportion of different oil saturation in throat.

Table 15. Proportion of different oil saturation in pore.

Oil Saturation 0.8<So<1 0.6<50<0.8 0.4550<0.6 0<So0<0.4 0
Ratio of Pore-  Water Polymer Water Polymer Water Polymer Water Polymer Water Polymer
Throat Ratio  flooding Flooding flooding Flooding flooding Flooding flooding Flooding flooding Flooding

3.2 0.438 0.277 0.002 0.027 0.008 0.025 0.082 0.104 0.471 0.566
4.6 0.350 0.256 0.018 0.027 0.018 0.039 0.170 0.152 0.445 0.525
6.3 0.330 0.262 0.010 0.037 0.020 0.047 0.207 0.205 0.434 0.449
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Figure 18. Proportion of different oil saturation in pore.

Table 16. Proportion of different oil saturation in pore.

Oil Saturation 0.8<So<1 0.6<50<0.8 0.4<50<0.6 0<So0<0.4 0
Ratio of Pore-  Water Polymer Water Polymer Water Polymer Water Polymer Water Polymer
Throat Ratio  flooding Flooding flooding Flooding flooding Flooding flooding Flooding flooding Flooding
32 0.300 0.222 0.023  0.033 0.016 0.037 0.028 0.044 0.632  0.665
4.6 0.291 0.219 0.023  0.045 0.016 0.034 0.050 0.065 0.620  0.637
6.3 0.245 0.200 0.042 0.054 0.038 0.053 0.071 0.088 0.605  0.605
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Figure 19. Proportion of different oil saturation in pore and throat.

From Table 14, it can be observed that compared to water flooding, polymer flooding results in
a varying degree of reduction in the number of throat channels with oil saturation in the range of 0.8
to 1. Conversely, the number of throat channels with oil saturation in the ranges of 0.6-0.8, 0.4-0.6,
and 0-0.4 shows an increase to varying degrees. Specifically, for throat channels with oil saturation
in the range of 0.6-0.8, there is a 104% increase at a throat ratio of 4.6. For throat channels with oil
saturation in the range of 0.4-0.6, the increase is 116% and 113% at throat ratios of 3.2 and 4.6,
respectively. For throat channels with oil saturation in the range of 0-0.4, the increase is 140%, 260%,
and 96% at throat ratios of 3.2, 4.6, and 6.3, respectively.

From Table 15, it can be seen that, compared to water flooding, polymer flooding leads to a
decrease in the number of pores with oil saturation in the range of 0.8 to 1. The reduction is 37%, 27%,
and 21% at throat ratios of 3.2, 4.6, and 6.3, respectively. Conversely, the number of pores with oil
saturation in the range of 0.6-0.8 increases, with increases of 43.5%, 95.7%, and 28.6% at throat ratios
of 3.2, 4.6, and 6.3, respectively. For pores with oil saturation in the range of 0.4-0.6, the increase is
213%, 117%, and 135% at throat ratios of 3.2, 4.6, and 6.3, respectively. For pores with oil saturation
in the range of 0-0.4, there is an increase of 27% at a throat ratio of 3.2, while at throat ratios of 4.6 and
6.3, there is a decrease of 11% and 1%, respectively. For pores with oil saturation of 0, there is an
increase of 20%, 18%, and 3% at throat ratios of 3.2, 4.6, and 6.3, respectively.

From Table 16, it can be seen that, compared to water flooding, polymer flooding leads to a
certain degree of reduction in the number of throat channels with oil saturation in the range of 0.8 to
1. For throat channels with oil saturation in the range of 0.6-0.8, there is an increase of 43%, 96%, and
29% at throat ratios of 3.2, 4.6, and 6.3, respectively. For throat channels with oil saturation in the
range of 0.4-0.6, the increase is 131%, 113%, and 29% at throat ratios of 3.2, 4.6, and 6.3, respectively.
For throat channels with oil saturation in the range of 0-0.4, the increase is 57%, 30%, and 24% at
throat ratios of 3.2, 4.6, and 6.3, respectively. It is noteworthy that the increase in the number of throat
channels with oil saturation in the range of 0.4-0.6 is significantly higher than the increase in other
oil-saturated throat channels.

4.3. Research on Remaining Oil Types and Quantities

After simulating polymer flooding in the model, three different models with varying throat
ratios were selected to capture and render the distribution of remaining oil on a specific cross-section,
as shown in Figure 20. Subsequently, the remaining oil types and their corresponding saturations in
these different throat ratio models were calculated and analyzed, as presented in Table 17.
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Figure 20. Influence of different pore-throat ratio on Remaining Oil distribution.

Table 17. Effects of different pore-throat ratios on Remaining Oil types.

Saturation (%)

Type Pore-Throat Ratio 3.2 Pore-Throat Ratio 4.6 Pore-Throat Ratio 6.3
Clustering 27.01 23.67 19.92
Columnar 14.89 20.99 27.19

Blind-Ended 2.68 2.57 2.95

Other 1.53 1.21 1.55

Pore throat ratios m3.2 m4.6 m6.3

20
15

Clustering Columnar Blind-Ended Others

(O]

degree of saturation(%)

Remaining Oil type

Figure 21. Effects of different pore-throat ratios on Remaining Oil types.

The simulation results revealed that the effect of increasing throat ratio is opposite to the
coordination number. When the pore radius remains constant, an increase in throat ratio results in a
reduction in throat channel radius, naturally leading to a decrease in core permeability.
Simultaneously, the throat channel resistance increases, causing more remaining oil to be trapped
within the throat channels, resulting in a significant increase in columnar remaining oil.

As the throat ratio decreases, the resistance within the throat channels during displacement
decreases, making it less likely for remaining oil to be trapped inside them. This is manifested by a
reduction in columnar remaining oil and an increase in cluster-like remaining oil.

5. The Impact of Wettability on Various Types of Remaining Oil

5.1. The Impact of Different Wettability Ratios on Oil Displacement Efficiency

Wettability is a critical indicator that describes the properties of the oil-water interface. In the
digital pore model constructed based on scheme 2 in this paper, a mixed wetting pattern is employed,
with some throats being water-wet and others being oil-wet. The results of changing the wettability
ratio are presented in Table 17 and Figure 22.
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Table 17. Effect of wettability on recovery efficiency.

Water-wet: Oil-wet 0.1: 0.9 0.4: 0.6 0.6: 0.4
Porosity (%) 25.47 25.47 25.47
Water flood Recovery Ratio (%) 35.63 47.07 51.35
Polymer flood Recovery Ratio (%) 27.91 26.46 24.65
Total Recovery Ratio (%) 63.54 73.53 76
80 0.9
=] 0.8
= )
s *0 D07
£ 40 S o6
2 5 0.5
g 20 5 0.4
- I : o' 3
0 g
o 0.2
0.1: 0.9 0.4: 0.6 0.6: 0.4 ~
0.1
B Water flood Reowe¢tinRatiati(s) 0
B Polymer Flood Recovery Ratio (%) 0 1 2 3
Total Recovery Ratio (%) pv
Recovery Ratio Recovery Ratio Curve with Changes in Pore Volume (PV)

Figure 22. Models with different wetting ratios.

In the three models, the ratios of water-wet to oil-wet throats are 0.1:0.9, 0.4:0.6, and 0.6:0.4,
respectively. All three models have identical pore structure parameters, resulting in the same
porosity. As the proportion of water-wet throats increases, the oil recovery during water flooding
increases. Comparing the model with a wetting ratio of 0.1:0.9 to the one with a ratio of 0.6:0.4, the
polymer flooding recovery is lower by 0.0326%. However, the corresponding water flooding recovery
is higher by 0.0621%, resulting in a total recovery increase of 0.1246%. More water-wet throats are
beneficial for oil recovery because, during both water flooding and polymer flooding, if the throats
are water-wet, capillary forces act as a driving force, reducing the possibility of remaining oil. On the
other hand, the fewer oil-wet throats there are, the smaller the probability of remaining oil in non-
circular throat corners, leading to higher recovery ratios.

5.2. Study on the Distribution and Patterns of Remaining Oil

After water flooding and polymer flooding in the digital pore model, the numbers of oil-
containing pores were separately counted for each scheme. Through Table 18, it can be analyzed that
under the parameter conditions of wettability ratios at 0.1:0.9, 0.4:0.6, and 0.6:0.4, the oil saturation of
pores after water flooding is 0.58, 0.44, and 0.36, respectively, while the oil saturation of pores after
polymer flooding is 0.56, 0.41, and 0.35, respectively.

Table 18. Proportion of oil in pore.

Water-wet: Oil-wet 0.1: 0.9 0.4: 0.6 0.6: 0.4
Total Throat Total Throat Count 993 993 993
Count Total Pore Count 512 512 512
Number of Oil-bearing 864 611 480
Throats
After Water T umber of Oil-bearing 339 295 265
flooding Pores
Total Number of Oil- 1203 906 745

bearing Entities
Qil Saturation in Throats 0.80 0.60 0.50
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Number of Oil-bearing 832 571 472
Throats
Number of Oil-beari
After Polymer oot OF HEbearing 323 269 261
Flooding Pores
Total Number .o.f Oil- 1155 840 733
bearing Entities
Qil Saturation in Throats 0.77 0.56 0.49
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Figure 23. Proportion of oil in pore.

Table 19. Proportion of different oil saturation in throat.

Oil
Saturation
Ratio
Water-wet:
Oil-wet
0.1: 09 0332 0275 0.105 0.113 0.080 0.096 0.046 0.058 0.438 0.602
04: 0.6 0290 0.194 0.058 0.068 0.033 0.068 0.018 0.041 0.602 0.676
0.6: 04 0228 0.168 0.040 0.059 0.023 0.063 0.021 0.038 0.688 0.693

0.8<So<1 0.6<50<0.8 0.4<S0<0.6 0<So0<0.4 0

Water Polymer Water Polymer Water Polymer Water Polymer Water Polymer
floodingFloodingfloodingFloodingfloodingFloodingfloodingFloodingfloodingFlooding
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Figure 24. Proportion of different oil saturation in throat.
Table 20. Proportion of different oil saturation in pore.
Oil
. 0.8<So<1 0.6<50<0.8 0.4<50<0.6 0<S0<0.4 0
Saturation
Ratio Polymer
Water-wet: Water Polymer Water Polymer Water Polymer Water Polymer Water Flooding
Oil-wet " floodingFloodingfloodingFloodingfloodingFloodingfloodingFloodingflooding Polymer

Flooding
01: 09 0434 0271 0.020 0.041 0.025 0.053 0.184 0266 0.338 0.369
04: 06 0348 0256 0.008 0.035 0.025 0.047 0195 0.188 0424 0475
0.6: 04 0248 0219 0.014 0.029 0.018 0.057 0.238 0205 0.482  0.490
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Figure 25. Proportion of different oil saturation in pore.
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Table 21. Proportion of different oil saturation in pore.

Oil

. 0.8<So<1 0.6<50<0.8 0.4<50<0.6 0<S0<0.4 0
Saturation
Rati
Wat:lr—ljvet- Water Polymer Water Polymer Water Polymer Water Polymer Water Polymer
Oil-wet " floodingFloodingfloodingFloodingfloodingFloodingfloodingFloodingfloodingFlooding

0.1: 09 0357 0274 0083 0.095 0.066 0.08 0.080 0110 0413 0.436
04: 06 0304 0209 0045 0.060 0.031 0.063 0.062 0.078 0.558 0.590
06: 04 0233 0181 0034 0.052 0021 0.061 0.076 0080 0.636 0.642

Water-wet: Oil-wet ®0.1: 0.9m 0.4z 0.6 ™ 0.6z 0.4

0.4
0.35
0.3
0.25
0.2
0.15

Proportion of different oil saturation in pore

0<So<0. 4

Oil saturation interval

Figure 26. Proportion of different oil saturation in pore.

From Table 19, it can be observed that compared to water flooding, polymer flooding results in
varying degrees of reduction in throat channels with oil saturation in the range of 0.8 to 1, while other
throat channels show varying degrees of increase. Specifically, for throat channels with oil saturation
in the range of 0.6-0.8, the increase in oil-wetness ratios of 0.1:0.9, 0.4:0.6, and 0.6:0.4 is 8%, 17%, and
48%, respectively. For throat channels with oil saturation in the range of 0.4-0.6, the increase in oil-
wetness ratios of 0.1:0.9, 0.4:0.6, and 0.6:0.4 is 20%, 106%, and 174%, respectively. For throat channels
with oil saturation in the range of 0-0.4, the increase in oil-wetness ratios of 0.1:0.9, 0.4:0.6, and 0.6:0.4
is 26%, 128%, and 81%, respectively.

From Table 20, it can be observed that compared to water flooding, polymer flooding results in
varying degrees of reduction in pores with oil saturation in the range of 0.8 to 1, while other pore
types, except for pores with oil saturation in the range of 0-0.4, show varying degrees of increase.
Specifically, for pores with oil saturation in the range of 0.6-0.8, the increase in oil-wetness ratios of
0.1:0.9, 0.4:0.6, and 0.6:0.4 is 105%, 338%, and 107%, respectively. For pores with oil saturation in the
range of 0.4-0.6, the increase in oil-wetness ratios of 0.1:0.9, 0.4:0.6, and 0.6:0.4 is 112%, 88%, and 217%,
respectively. For pores with oil saturation in the range of 0-0.4, the increase in oil-wetness ratio of
0.1:0.9 is 45%, while the decrease in oil-wetness ratios of 0.4:0.6 and 0.6:0.4 is 4% and 14%,
respectively.

From Table 21, it can be observed that compared to water flooding, polymer flooding results in
varying degrees of reduction in throat channels with oil saturation in the range of 0.8 to 1, while other
throat channels show varying degrees of increase. Specifically, for throat channels with oil saturation
in the range of 0.6-0.8, the increase in oil-wetness ratios of 0.1:0.9, 0.4:0.6, and 0.6:0.4 is 14%, 33%, and
53%, respectively. For throat channels with oil saturation in the range of 0.4-0.6, the increase in oil-
wetness ratios of 0.1:0.9, 0.4:0.6, and 0.6:0.4 is 29%, 103%, and 190%, respectively. For throat channels
with oil saturation in the range of 0-0.4, the increase in oil-wetness ratios of 0.1:0.9, 0.4:0.6, and 0.6:0.4
is 38%, 26%, and 5%, respectively..
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5.3. Research on Remaining Oil Types and Quantities

After simulating polymer flooding in the model, cross-sectional images of remaining oil
distribution were captured and rendered for three different wettability ratio models, as shown in
Figure 27. Additionally, the types of remaining oil and their corresponding saturation values in these
three different wettability ratio models were calculated, as presented in Table 22.

(a) 0.1:0.9 (b) 0.4:0.6 () 0.6:0.4

Figure 27. Influence of different wettability on Remaining Oil distribution.

Table 22. Influence of different wettability on Remaining Oil type.

Type Saturation (%)

Water-wet: Oil-wet 0.1: 0.9 0.4: 0.6 0.6: 0.4
Clustering 21.01 22.11 25.83
Columnar 8.35 7.15 5.27

Blind-Ended 10.32 8.01 7.71
Other 13.99 10.03 6.08
Water-wet: Oil-v9.1: 0.9 E04: 0.6 0.6: 04
30
S 2
g
S 20
g
=
<15
5
S 10
2
=
0
Clustering Columnar Blind-Ended Others
Remaining Oil type

Figure 28. Influence of different wettability on Remaining Oil type.

The simulation results reveal that, as shown in Figure 4.35, oil-wet models tend to form film-like
oil more easily, which is attributed to the adsorption effect of oil-wet inner walls on remaining oil.

As wettability transitions from oil-wet to water-wet, the types of remaining oil gradually shift
from the harder-to-displace columnar and film-like to the more easily recoverable cluster-like.
Regardless of whether it is under water-wet or oil-wet conditions, the predominant type of remaining
oil in the pores is cluster-like. However, under neutral wettability conditions, there is an anomalous
distribution of remaining oil types, with a higher proportion of droplet-like remaining oil. As
wettability transitions from water-wet to oil-wet, the overall trend indicates an increase in cluster-
like and film-like remaining oil, a decrease in droplet-like and throat-like remaining oil, while the
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dead-end-like remaining oil remains stable. This suggests that wettability does not affect the presence
of dead-end-like remaining oil.

In the composite displacement system under different radii, the difference in oil displacement
efficiency is smaller under water-wet conditions than under oil-wet conditions. This is because under
water-wet conditions, although smaller throat radii result in greater driving force for oil
displacement, they also increase the likelihood of trapping, leading to a higher probability of forming
remaining oil due to the trapping phenomenon. However, under oil-wet conditions, it is different.
Larger throat radii result in lower resistance to oil displacement, and the probability of trapping
decreases as well. With both factors working simultaneously, the difference in oil displacement
efficiency between different radii is greater under oil-wet conditions than under water-wet conditions.

6. Summary

This study examines the influence of pore size, coordination number, throat ratio, and
wettability on the micro-scale remaining oil recovery after polymer flooding, providing theoretical
support for the exploitation of micro-scale remaining oil. The research findings are as follows:

1. As the distribution of pore size changes, there is a reduction in cluster-like remaining oil while
columnar remaining oil increases, and other types of remaining oil exhibit random fluctuations. The
increase in permeability due to changes in throat radius makes it easier for aggregated large cluster-
like remaining oil to be displaced into a more dispersed form.

2. With an increase in coordination number, the average number of connected throats per pore
increases, leading to increased core permeability, making it easier to displace oil within the pores.
The data in the table shows varying degrees of reduction in the dominant cluster-like and columnar
remaining oil, while the saturation data for other less abundant remaining oil types exhibit random
variations.

3. Anincrease in cluster-like remaining oil corresponds to a decrease in columnar remaining oil.
The increased presence of circular components at the throat interfaces significantly reduces the
resistance within core throats, increasing core permeability and making it less likely for remaining
oil to be trapped within the throat spaces.

4. The effect of increasing throat ratio is opposite to that of coordination number. With a constant
pore radius, an increase in throat ratio results in a decrease in throat radius, leading to a decrease in
core permeability. Meanwhile, the increased throat resistance causes more remaining oil to be
trapped within the throat channels, resulting in a significant increase in columnar remaining oil.

5. As wettability transitions from oil-wet to water-wet, the types of remaining oil gradually shift
from harder-to-displace types to more easily recoverable cluster-like forms. Regardless of water-wet
or oil-wet conditions, the predominant type of remaining oil within the pores is cluster-like.
However, under neutral wettability conditions, there is an anomalous distribution of remaining oil
types, with a higher proportion of droplet-like remaining oil. As wettability transitions from water-
wet to oil-wet, the overall trend indicates an increase in cluster-like and film-like remaining oil, a
decrease in droplet-like and throat-like remaining oil, while the dead-end-like remaining oil remains
stable, indicating that wettability does not affect the presence of dead-end-like remaining oil.

6. In the polymer flooding system under different radii, the difference in oil displacement
efficiency is smaller under water-wet conditions than under oil-wet conditions. This is because under
water-wet conditions, although smaller throat radii result in greater driving force for oil
displacement, they also increase the likelihood of trapping, leading to a higher probability of forming
remaining oil due to the trapping phenomenon. However, under oil-wet conditions, it is different.
Larger throat radii result in lower resistance to oil displacement, and the probability of trapping
decreases as well. With both factors working simultaneously, the difference in oil displacement
efficiency between different radii is greater under oil-wet conditions than under water-wet
conditions.
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