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To address the issues of reservoir blockage and sharp decline in fluid output of production wells in the polymer injection zone of the
Henan oilfield, physical modeling has been used to study the blockage mechanism and blockage locations of the polymer-flooded
reservoir based on oil reservoir characteristics and blockage knowledge. The results show that all the constant pressures in the low,
moderate, and high permeability cores subjected to polymer injection and subsequent waterflooding were higher than the constant
pressure during primary waterflooding; hence, polymer retention and blockage phenomena were obvious in the cores; in the high
permeability core, the pore surface adsorbed more polymer molecules though pore throat radii were still much greater than the size
of the polymer molecule, suggesting that polymer blockage is mainly caused by adsorption and retention. For the low permeability
core, the specific surface area of the inlet end was much larger than that in the high permeability core, leading to more serious
capture of polymer molecules at the small pores, indicating that blockage under polymer injection is mainly caused by capture
and retention; for the lower permeability (91.81 mD) core, as compared with the case prior to polymer injection, the polymer-
injected core had fewer large pores and throats, the mean pore throat radius decreased from 42.2 ym to 39.9 ym, and the mean
throat-to-pore coordination number decreased from 3.36 to 3.19; thus, polymer capture and retention led to core blockage; the
leftward shift of the curve corresponding to the porosity component, high porosity peak weakening after polymer injection,
moderate and low porosity peaks appearing after polymer injection, and enhancement of lower porosity peaks indicate that,
after polymer injection and subsequent waterflooding, polymer adsorption and capture led to blockage of some large pores; the
highest pressure gradient, i.e., 6.3 MPa/m, was achieved at the P2-P3 segment; thus, the worst blockage occurred at the P2-P3
stage, or 1/8-1/4 of the sandpack length. In this paper, Nanbaxian oil and gas field, China, was taken as an example to
investigate the interpretation method of gas saturation in a complex pore structure. The “four properties” relationship of the
formation reservoir in the Nanbaxian oil and gas field was studied in depth according to the conventional logging data and core
analysis data. The neural network algorithm was used to reconstruct the resistivity curve of the water layer to eliminate the
influence of lithology, shale content, and pore structure on the resistivity. The difference between the reconstructed curve and
the measured resistivity curve was used to identify the gas and water, and the ratio of the two was used to calculate the gas
saturation, and good results were achieved. It was found that the sedimentary types of the Nanbaxian oil and gas field cause the
reservoir to be thin, numerous, and dispersed; the lateral correlation is difficult. In addition, the structural features lead to the
reservoir types being various in the vertical direction, which makes the identification of reservoir fluid more difficult. The results
revealed that the rock compaction, poor physical properties, complex pore structure, high resistivity of surrounding rocks, and
low formation water salinity make the water layer with high resistivity and difficult to identify gas and water.

1. Introduction

In most of the oilfields exploited by waterflooding for a long
time in China, the reservoirs become increasingly heteroge-
neous, with water cuts increasing constantly [1-3]. Use of
polymer flooding is able to improve effectively the water-to-

oil mobility ratio and expand the macroscopic sweeping vol-
ume so as to enhance the oil recovery [4-6]. Polymer flood-
ing technology has been applied on an increasingly larger
scale in onshore oilfields in China, including Henan oilfield
[7, 8]. With the increase in polymer injection time, the
increased injection volume leads to prolonged polymer
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TaBLE 1: Data of the cores selected for the study.

Cored block Core no. Length (cm) Diameter (cm) Porosity Permeability (mD) Total pore volume (cm®)
VII Upper 7-145-7 7.40 2.5 0.18 7.46 36.33
VII Upper 7-145-21 9.32 2.5 0.22 450.25 45.75
VII Upper 7-145-22 8.00 2.5 0.21 91.81 39.25
Shuanghe North 431-3 8.64 2.5 0.18 355.77 42.36
Shuanghe North 431-6 5.71 2.5 0.16 292.59 28.01
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FiGuRre 1: Flowchart of core displacement test.

buildup, resulting in commonplace blockage issue of oil bot-
toms and near-well zones [9-11]; hence, some polymer-
injected wells experienced surging injection pressure, smaller
injectivity index, failing to meet the requirements for injec-
tion proration, etc. [12, 13], having many detrimental effects
on subsequent oilfield production.

In the past years, some knowledge about the causes of
polymer-injected well blockage has been obtained under high
attention of researchers worldwide [14-16]. In a mobility test
of the Berea core, Dovan et al. [17] observed injection diffi-
culty after prolonged flooding and attributed it to blockage
due to intertwining of the retained polymer molecules. When
evaluating the effectiveness of polymer flooding in Taber
South oilfield, Shaw and Stright [18] found that “fish eyes”
and other insoluble micelles arising from incomplete poly-
mer maturation would cause blockage to some extent in the
near-well zone, seriously impairing the effectiveness of poly-
mer flooding. Likewise, after analysis of field flowback fluid,
Zhen et al. [19] believed that the polymer solution containing
“fish eyes” is a major contaminant of the polymer-injected
well. Tang et al. [20] studied adsorption behavior of the
stationary-state solution of partially hydrolyzed polyacryl-
amide onto polymer-flooded rock in Dagqing oilfield. The
results show that clay minerals play a leading role in polymer
adsorption; adsorption capacities of a polymer on clay min-
erals were 4-10 times that of the rock matrix, impeding fluid
flow so as to block the formation. Lu and Gao [21] found in a
polymer flooding study that there is compatibility relation-
ship between dimensions of polymer molecular coils and
rock core; poor compatibility is prone to formation of plugs,
hampering subsequent polymer injection. Based on a con-
ceptual model of numerical simulation featuring 1-injec-
tion-1-production, Qu et al. [22] studied the effect of
polymer plugging position on production performance of
the oil reservoir by means of equivalent characterization with
a well index of the well point and connectivity between wells
and established a diagnostic plot of polymer plugging posi-

tions. Zhu [23] simulated numerically the conditions of
polymer-flooded reservoir in Beierxi district and found that,
in development blocks with an injection-production well
spacing of 250m, polymer solution was mainly retained
within the first 40m, and the most significant retention
occurred within the first 20m; based on injection-
production performance of scaled-up well group SZ36-1-
AQ7, Zeng [24] employed an injection-production perfor-
mance data fitting method to infer that the blockage of a
polymer-injected well mainly occurs in the near-well zone
and the greatest pressure gradient change occurred within a
radius of 60 m from an injection well in oilfield blocks such
as SZ36-1-A07 with a well spacing of 350 m and thereby con-
cluded that polymer retention was mainly concentrated
within a radius of 60m from a polymer-injected well and
the most significant retention occurred within the first
25m. All the above conclusions on plugging positions were
inferred by numerical simulation and injection-production
performance data fitting. By using long sandpacks, the
authors studied blockage positions of the polymer-injected
reservoir and concluded that the worst blockage occurred at
1/8-1/4 of sandpack length. Furthermore, based on geologi-
cal characteristics and fluid properties of polymer-flooded
reservoirs in the Henan oilfield, research of the reservoir
blockage mechanism and other aspects was carried out by
means of scanning electron microscopy (SEM), CT, and
nuclear magnetic resonance spectrometry (NMR), and sys-
tematic knowledge was obtained, which is of significant guid-
ance on subsequent field application and performance
adjustment and offers theoretical support for effective appli-
cation of polymer flooding technology in the Henan oilfield.

2. Experimental

2.1. Apparatus and Materials. The following are the appara-
tus and materials used: two-dimensional plane modeling
evaluation test apparatus, 2PB00C advection pump,



Geofluids

P4 P3 P2 P1
§ i
] & 2/8§' 1/8
6/8 4/8
|_I =
1000

FIGURE 2: Experimental model of multipoint pressure measurement
for long core sandpack.
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FIGURE 3: Analysis of core pressure curves.

SU8000 5.0 kV 8.8 mm x 1.10 k LAO (UL)

FIGURE 4: Microstructural image of the core at its inlet end
(magnification: 1100x).
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FIGURE 5: Microstructural image of the core at its inlet end
(magnification: 2200x).
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FIGURE 6: Microstructural image of the core at its outlet end.
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FIGURE 7: Microstructural image of the core at 0-1/8 of the full
sandpack length (magnification: 2000x).
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FiGURE 8: Microstructural image of the core at 0-1/8 of the full FI1GURE 12: Microstructural image of the core at 1/8-1/4 of the full
sandpack length (magnification: 4500x). sandpack length (magnification: 6000x).
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FIGURE 9: Microstructural image of the clean core. F1GURE 13: Microstructural image of the core at 1/4-1/2 of the full
sandpack length.
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FiGURE 10: Microstructural image of the core at 1/8-1/4 of the full ~ FIGURE 14: Microstructural image of the core at 1/2-3/4 of the full
sandpack length (magnification: 1100x). sandpack length.
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FI1GURE 11: Microstructural image of the core at 1/8-1/4 of the full
sandpack length (magnification: 5000x). FIGURE 15: Microstructural image of the core at tail end.
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FIGURE 16: CT scan image and modeling of some of the core regions prior to polymer injection.

micrometer-nanometer double-ray tube CT scan system for
rock cores, SU8010 field-emission SEM, NMR instrument
suite, pressurized vacuum saturation apparatus, high-speed
refrigerated centrifuge, NMR tight core analyzer, sandpack,
teldspar powder, calcite powder, quartz sand, and polymer
(molecular weight: 28.63 million).

The oil sample is Shuangguan Well No. 1, the northern
block of the Shuanghe oilfield; the water sample is the north-
ern block of the Shuanghe oilfield; formation water is
NaHCO, type, Na*+K* 2725mg/L, CI" 3120 mg/L, SO,>
1100 mg/L, HCO, 1100 mg/L, CO,> 360 mg/L, and total
salinity 8405 mg/L; the core data of the cores for this study
are shown in Table 1.

2.2. Methodology

2.2.1. Columnar Core Displacement Test

(1) Test flowchart

(2) Test procedure (see Figure 1)

(i) Saturate the core with formation water at a flow
rate of 0.5 mL/min and test it to obtain core data

(i) Inject polymer solution into the core until
0.6PV

(iii) Run subsequent waterflooding at a flow rate of
0.5mL/min and collect repeatedly the produced
fluid at the production end with a 5mL gradu-
ated cylinder until polymer concentration of
the produced fluid equilibrates and approxi-
mates to zero, then stop injection

(iv) End the test

2.2.2. SEM Scan. Each polymer-injected core was cross-
sectioned at different locations; the core sections were then
lyophilized, followed by SEM scan of their surface topogra-
phy using SU9000 Hitachi SEM.

2.2.3. CT Scan. Fracture development in the undamaged core
was understood via a micrometer-nanometer double-ray
tube CT scan system for rock cores, which differs from the
general method for studying the reservoir bed in that pro-
cesses such as oil washing are not required and it can be car-
ried out while the core remains in its initial state. This CT
scan system enables a straightforward description of rock
properties such as porosity distribution, fractures, pores,
and rock damages, as well as quantitation of rock attributes

such as porosity, pore-to-throat size ratio, shape factor, con-
nectivity, coordination number, absolute permeability, rela-
tive permeability, and capillary pressure. From the above
qualitative description and quantitative calculation of CT
data, the polymer plugging mechanism for polymer-
injected wells was further determined.

2.2.4. NMR Analysis. Out of one-dimensional NMR T2 spec-
tral techniques, the low-field NMR core analysis technique
has been successfully applied in calculation of petrophysical
parameters such as porosity, irreducible water saturation,
and movable fluid saturation, estimation of permeability,
and evaluation of pore structure, playing an important role
in oil exploration and exploitation. In this paper, core NMR
measures and acquires the core echo train attenuation curve
based on CPMG pulse sequence, followed by inversion to
obtain such parameters as T2 distribution, T2 cutoff value,
geometric T2 mean, and arithmetic T2 mean, so as to calcu-
late core information including total porosity, permeability,
movable fluid saturation, and irreducible fluid saturation,
which can be applied to basic evaluation of reservoir param-
eters such as physical properties so as to determine the block-
age mechanism for polymer-injected wells.

2.2.5. Multipoint Pressure Measuring Test Based on Long
Core Sandpack. A long sandpack (dimensions: L= 1000
mm, @ =36mm) was used to study blockage locations of
the polymer-injected reservoir. Pressure measuring points
were set at 1/8, 1/4, 1/2, and 3/4 of full sandpack length from
the inlet end, respectively, denoted as P2 through P5, respec-
tively, and pressure measuring points P1 and P6 were set at
the inlet end and outlet end, respectively, totaling six pressure
measuring points (see Figure 2). Variability patterns of pres-
sures at six pressure measuring points during polymer injec-
tion were explored; pressure gradients between neighboring
pressure measuring points were calculated and compared,
so as to determine plugging positions of polymer solution.
The test procedure is the following: (1) saturate the sandpack
with formation water at a rate of 5mL/min and acquire sand-
pack data; (2) saturate the sandpack with crude oil at a rate of
ImL/min; (3) run primary waterflooding at a rate of
1 mL/min and record the recovery efficiency and inject the
polymer when water cut reaches 98%; (4) inject polymer
solution into the sandpack until 0.6 PV; and (5) run subse-
quent waterflooding at a rate of 3mL/min and collect the
produced fluid at the outlet end while recording the pressure
changes during subsequent waterflooding.
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FiGure 17: Curves of quantified CT data of the core prior to
polymer injection.

3. Results and Discussion

3.1. Core Displacement Test. As can be seen from the pressure
curves of the low permeability core, the moderate permeabil-
ity core, and the high permeability core in Figure 3, constant
pressures during subsequent waterflooding were all higher
than those during primary waterflooding. Thus, polymer
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CT scan image Three-dimensional digital core ~ Pore network model

F1GuURE 18: CT scan image and modeling of some of the core regions
after polymer injection.

retention in the core was obvious, resulting in reservoir
blockage that affected subsequent waterflooding.

3.2. SEM Scan. In order to further determine the blockage
mechanism during polymer injection, core ends were sec-
tioned prior to and after polymer injection, respectively, nat-
urally dried, and coated with gold by sputtering, followed by
SEM examination of their microstructures. The following fig-
ures show SEM results of core samples from Shuanghe North
Block differing in permeability.

3.2.1. Rock Core of 7.46 mD in Permeability. Micrographs of
the inlet end of the core in Figures 4 and 5 show that, from
the microscopic perspective, the specific surface area of the
low permeability core was much larger than that of the high
permeability core, with many more cracks, throats, and
angles than in the case of the high permeability core; hence,
capture of polymer molecules at small pores was serious,
leading to increased retention due to polymer capture and
thus serious polymer plugging. The micrograph of the outlet
end of the core in Figure 6 shows that fewer polymer mole-
cules were adsorbed by the core surface at the tail end and
captured by small pores there; thus, core blockage was
milder.

3.2.2. Rock Core of 355mD in Permeability. Figures 7 and 8
show that, compared with the microstructural image of the
clean core in Figure 9, on the core at 0-1/8 of the full sand-
pack length, the pore surface adsorbed more polymer mole-
cules, though pore throat radii were still much larger than
the polymer molecular size, suggesting that blockage in poly-
mer injection is mainly caused by adsorption and retention.

Figures 10-12 show that bare particles of the rock had
large surface areas; these particle surfaces and pore surfaces
adsorbed a great number of polymer molecules after polymer
injection and formed an adherent layer, indicating that
blockage in polymer injection is mainly caused by adsorption
and retention.

Figure 13 shows that, compared with blockage in the core
at 1/8-1/4 and 0-1/8 of the full sandpack length, the core sur-
face at 1/4-1/2 of the full sandpack length adsorbed fewer
polymer molecules, resulting in milder core blockage;
Figures 14 and 15 show that the core surfaces at 1/2-3/4 of
the full sandpack length and the tail end adsorbed even fewer
polymer molecules, resulting in minimum core blockage.

3.3. CT Scan. Capillaries of different radii were used in the
model; these capillaries were randomly distributed in the net-
work. This model was employed to study network features
including capillary pressure and relative permeability; it is
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F1GURE 19: Curves of quantified CT data of the core after polymer
injection.

capable of predicting macroscopic properties of rock very
well, including coordination number, i.e., number of throats
connected by each pore in the core.

3.3.1. VII Upper Shuang K7-145-22 Core prior to Polymer
Injection. Figures 16 and 17 show that, prior to polymer
injection, the core contained a great quantity of pores and
throats, offering conditions for effective seepage of the poly-
mer, oil, and water.

3.3.2. VII Upper Shuang K7-145-22 Core after Polymer
Injection. Figures 18 and 19 show that, in the low permeabil-
ity (91.81 mD) core, there were fewer large pores and throats
after polymer injection as compared with the case prior to
polymer injection, mean pore throat radius decreased from
42.2 ym to 39.9 um, and mean throat-to-pore coordination
number fell from 3.36 to 3.19; thus, polymer capture and
retention caused core blockage.

3.4. NMR Analysis. Nuclear magnetic relaxation will give rise
to induction current, i.e., NMR signal (content of hydrogen
protons), and T2 spectrum illustrates the hydrogen proton
content-nuclear magnetic relaxation time curve. NMR signal
relaxation time is closely related to ambience of hydrogen
nuclei, and T2 is capable of acquiring more accurate results
at a faster rate on-site; thus, T2 signal alone is acquired in
current logging practice. Signal processing technique is able
to convert the acquired T2 information into T2 distribution.

Figure 20(a) shows that, for the high permeability core,
the whole polymer injection curve shifts to the left relative
to the curve corresponding to water saturation, and the num-
ber of apparent small pores increased, indicating that poly-
mer adsorption led to blockage of large pores after
completion of polymer injection and subsequent waterflood-
ing. Figure 20(b) shows that, for the moderate-to-high per-
meability core, the peak corresponding to high porosity
attenuated while the peak corresponding to low porosity
was enhanced in the polymer injection curve. Figure 20(c)
shows that, for the low permeability core, the peak corre-
sponding to higher porosity attenuated while the peaks cor-
responding to lower porosity and moderate porosity were
enhanced in the polymer injection curve, indicating that
mechanical capture of the polymer led to pore blockage after
completion of polymer injection and subsequent
waterflooding.

3.5. Sandpack Test. Based on the study on the blockage mech-
anism for the polymer-flooded reservoir, the reservoir block-
age locations were further investigated by measuring
pressure gradients between pressure measuring points with
a sandpack, and the test results are shown in Figure 21.

The pressure gradient-injection volume curves in
Figure 21 show that the pressure gradient between pressure
measuring points P2 and P3 was the maximum, ie,
6.3 MPa/m, indicating that the blockage occurred between
P2 and P3; thus, serious blockage occurred at the P2-P3 seg-
ment, i.e., 1/8-1/4 of full sandpack length.

In order to further identify the reservoir blockage loca-
tions, the characteristics of pressure propagation between
injection and production wells with a sandpack and the test
results are tabulated as follows.

The pressure propagation data in Table 2 show that,
given injection volumes of 10 PV-12 PV, the pressure at P1
increased from 1.018 MP to 2.152 MP, the pressure at P2
increased from 0.440 MP to 1.729 MP, and the pressure at
P3 increased from 0.125 MP to 1.070 MP; the rise in pressure
at P2 was the most significant, and the increment was
1.289 MP, so serious blockage occurred within P2-P3, i.e., at
1/8-1/4 of full sandpack length.
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TABLE 2: Pressure propagation data at pressure measuring points on the sandpack.

Number of PVs Pre.ssure . Prgssure . Prgssure . Prgssure . Prgssure . Pre§sure .
injected measuring point ~ measuring point  measuring point ~ measuring point  measuring point  measuring point
P1 P2 P3 P4 P5 P6

1.00 0.031 0.025 0.013 0.000 0.000 0.000
1.50 0.037 0.030 0.018 0.000 0.000 0.000
2.00 0.037 0.030 0.018 0.000 0.000 0.000
2.50 0.058 0.052 0.029 0.005 0.000 0.000
5.28 0.181 0.175 0.135 0.076 0.000 0.000
5.88 0.304 0.164 0.059 0.000 0.000 0.000
7.00 0.669 0.282 0.059 0.000 0.000 0.000
9.00 0.970 0.414 0.110 0.048 0.000 0.000
10.00 1.018 0.440 0.125 0.055 0.000 0.000
12.00 2.152 1.729 1.070 0.396 0.018 0.000
15.00 0.716 0.573 0.301 0.129 0.006 0.000
18.83 0.716 0.573 0.301 0.129 0.006 0.000

4. Summary

(1)

As known from polymer injection testing of the low
permeability, moderate permeability, and high per-
meability natural cores, all constant pressures during
subsequent waterflooding were higher than those
during primary water flooding; thus, polymer reten-
tion phenomena in the cores were obvious, leading
to blockages to some extent

Based on SEM scan, in the high permeability core, the
pore surface adsorbed more polymer molecules
though pore throat radii were still much greater than
the size of the polymer molecule, indicating that
polymer blockage is mainly caused by adsorption
and retention. For the low permeability core, the spe-

3)

cific surface area of the inlet end was much larger
than that for the high permeability core, and there
were many more cracks, throats, and angles than
the case of the high permeability core, resulting in
more serious capture of polymer molecules in small
pores, indicating that the blockage under polymer
injection is mainly caused by capture and retention

Based on CT scan, for the lower permeability
(91.81 mD) core, there were fewer large pores and
throats in the core after polymer injection as com-
pared with the case prior to polymer injection, mean
pore throat radius decreased from 42.2um to
39.9um, and mean throat-to-pore coordination
number fell from 3.36 to 3.19; thus, polymer capture
and retention resulted in core blockage
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(4) Based on NMR T2 spectra, the curves corresponding
to porosity component shift to the left, and after poly-
mer injection, high porosity peaks attenuated, low-
to-moderate porosity peaks appeared, and the peaks
corresponding to lower porosity became enhanced,
indicating that polymer adsorption and capture led
to blockage of some large pores after completion of
polymer injection and subsequent waterflooding

(5) From the perspective of physical modeling, the max-
imum pressure gradient was achieved within the P2-
P3 segment, i.e., 6.3 MP/m; thus, the worst blockage
occurred within the P2-P3 segment, i.e., at 1/8-1/4
of full sandpack length. The pressure propagation
data in Table 2 show that, given injection volumes
of 10PV-12PV, the pressure at P1 increases from
1.018 MP to 2.152 MP, the pressure at P2 increased
from 0.440 MP to 1.729 MP, and the pressure at P3
increased from 0.125MP to 1.070 MP, though the
pressure rise at P2 was the most significant, and the
increment was 1.289 MP; therefore, serious blockage
occurred within P2-P3, i.e., at 1/8-1/4 of full sand-
pack length

Data Availability
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