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KEYWORDS Abstract Although a single type of chemical agent (eg, gels, microspheres, surfactants, etc.) has
Pore-cavity-fracture; achieved some effects in enhanced oil recovery of carbonate reservoirs, for pore-cavity-fracture car-
Carbonate reservoir; bonate reservoirs, the use of a single type of chemical agent does not perform well. The main objec-
Stabilizing oil and water tive of this study is to study the effect of different types of chemical agents in enhanced oil recovery
shutoff; of complex carbonate reservoirs. In order to determine the screening principle of chemical agents,
Graded regulation; the types of water channeling in the North Troyes reservoir were analyzed. For complex fractures,
Filed application step by step plugging, multi-agent and multi-slug comprehensive intervention is carried out to

ensure the plugging of high-permeability channels and inhibit the seepage of large channels. It
can plug channeling fracture channel, adjust secondary dominant channel and reduce matrix flow
resistance, so as to expand macroscopic swept volume and improve microscopic water flooding effi-
ciency. The results show that it is difficult to comprehensively control water channeling in pore-
cave-fracture carbonate reservoir, and the reservoir heterogeneity in the test area can be improved
by mixing different types of control and flooding agents and carrying out deep profile control. The
plugging rate of gel is 97.18 %, and the oil-water selection ratio is 0.45 in fractured core; the expan-
sion rate of nano - microspheres is more than 3 times; the wetting modifier can improve the imbi-
bition oil displacement efficiency by 14.76%, and the test result shown that nano - microspheres and
wetting modifier have good synergistic oil displacement effect. The field application result shown
that daily oil production of oil well in the test area increased by 5.0 m*/d and the daily water rate
decreased by 19.0% compared with that before the control flooding. The findings of this study can
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Nomenclature

NPM  Nano-Polymer Microspheres
Ppm Concentration unit, mg/L

CA Contact angle

help for better understanding of enhanced oil recovery in pore-cave-fracture carbonate reservoir.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

As an important part of oil and gas resources in the world, car-
bonate reservoirs are widely distributed in the world
(Alhuraishawy et al., 2018; Dong et al., 2018). However, the
oil recovery of carbonate reservoirs was heavily influenced
by the abundant of natural fractures and edge/bottom water
(Dong et al., 2019; Dong et al., 2019; Dong et al., 2020). Deep
profile control and water shutoff treatment has been success-
fully and widely applied in sandstone reservoirs, but there
are relatively few successful cases in carbonate reservoirs.
Sharma et al. believed that the reasons for the low recovery
of carbonate reservoirs included the factors of low water flood-
ing sweep efficiency caused by reservoir wettability, abundant
of vuggy fractures and reservoir heterogeneity (Sharma and
Mohanty, 2013), and higher salinity would shorten the validity
period of gel plugging agents. The chemical systems commonly
used for profile control and water shutoff treatment in carbon-
ate reservoirs include gel (Alhuraishawy et al., 2019; Wang
et al., 2019), polymer microsphere (Zhao et al., 2019) and foam
system (Bourbiaux et al., 2017).

The North Troyes oilfield in Kazakhstan is a typical frac-
tured carbonate reservoir. Due to the water injection not
timely and the complexity of the reservoir, the level of forma-
tion pressure is low, the water injection channeling is fast, the
oil well production declines quickly, and the contradiction
between restoring the formation pressure and water cut rising
is serious. Fig. 1 shows the different types of pore, fracture and
cave in the KT-1 reservoir, including Fig. 1(a) dissolution
pores, Fig. 1(b) dissolution fractures, Fig. 1(c) structural frac-
tures, and Fig. 1(d) karst caves. The main reservoir KT-I in
North  Troyes oilfield has experienced complex
sedimentation-diagenesis, with strong heterogeneity and vari-

(a) Dissolution pores

Fig. 1

(b) Dissolution fractures

ous reservoir space types, including pores, karst caves and
fractures. Fractures and caves account for 16%, which seri-
ously affects the water flooding recovery.

Taking well group 545 as an example, the watered-out
mode of oil wells are analyzed by tracer technology, including
low angle fractured formation watered-out mode in Fig. 2(a)
and high angle fractured formation water-out mode in Fig. 2
(b). The low angle fractured formation mainly produce
multi-direction watered-out mode, while directional flooding
is the main water-out pattern of high-angle fractures. The
accurate adjustment and plugging of directional flooding can
be realized by calculating the volume of high-angle fracture.
For low angle fractures, plugging depth must be large, other-
wise it is easy to produce fluid channeling leading to short
effective period, so plugging agent injection must have a suit-
able volume to achieve large volume filling of fracture
formation.

Fig. 3 shows the histogram of oil production natural decline
and comprehensive decline in the North Troyes oil field over
the years. Before 2012, the oilfield did not implement large-
scale water-injection to increase formation pressure and
enhanced oil recovery. Since 2013, the production decline has
slowed down and then recovered. Fig. 4 shows the result
map of oilfield prediction and development. According to the
current water injection mode, oilfield production will be
reduced from 610,000 tons in 2017 to 90,000 tons in 2037.
Therefore, it is urgent for oilfield development to actively
explore effective stabilizing oil and water shutoff comprehen-
sive treatment technology.

Liu, Davletbaev, Li et al summed up a series of experience
of measures for different types of water outlet mode (Liu et al.,
2019; Davletbaev et al., 2010; Li et al., 2012): for single frac-
tured reservoir, organic-inorganic compound crosslinked

(c) Structural fractures

(d) Karst caves

Different types of pore fractures in KT-1 reservoir core of North Troyes oilfield.


http://creativecommons.org/licenses/by/4.0/

Graded regulation technology for enhanced oil recovery and water shutoff 3

Oil well 1 Oil well 2
@ @

[ O
Oil well 3 Oil well 4

(a) Low angle fractured formation
water-out mode

Fig. 2

T T T

N W s W
[ —~

Declining rate, %

-
(=}

(=}

2012 2013 2014 2015 2016 2017 2018
Year

Fig. 3 Histogram of oil production natural decline and com-
prehensive decline in North Troyes oilfield over the years.

70

60
50
40
30
20
10

Annual oil production, 104 ton

0

Q\
%

6’;\

o
o
N

o
>
PN

N
&
NN

A O
WY
D Q,»

AN
Year

o
\;
»®

& &

Q)
K
D A A

v

Fig. 4  Effect diagram of prediction oil production.

plugging agent can be used to plug the high permeability chan-
nel. Among them, gel plugging agent can realize the selective
plugging of oil-water seepage channel. For the combination
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(b) High angle fractured formation
water-out mode

Water-out mode of the main producing zone in North Troyes oilfield.

of pore and fractured reservoir, the soluble silicate plugging
agent and low-medium density solidified particle plugging
agent are generally selected for water shut-off and profile con-
trol. For the complex fracture-cave-type reservoirs, solidifiable
particle plugging agents with different densities are generally
selected (Long et al., 2009). Das et al. thought that many fac-
tors lead to the fractured-vuggy carbonate reservoirs can’t
obtain good blocking effect, such as the water plugging time,
the poor adaptability of plugging agent, the strong heterogene-
ity/high salinity/high temperature/ultra-deep of the reservoir
and plugging agent couldn’t reach to suitable position in the
formation (Das and Salgaonkar, December 2012). Zhanazhol
oilfield is a fractured carbonate reservoir with a similar reser-
voir type to North Troyes reservoir. Che, Wang et al. have car-
ried out several rounds of fracture water plugging in
Zhanazhol oilfield, but the water plugging effect was not good
due to the complex reservoir type. It is difficult to realize pro-
file control and water shutoff treatment, and the four different
companies failed to achieve the ideal operation effect (Che
et al., 2018; Wang et al., 2013; Zheng et al., 2019). Dordzie,
Dejam and Olayiwola used nanoparticles with low salinity
water and surfactant for enhanced oil recovery in sandstone
and carbonate reservoirs (Dordzie and Dejam, 2021;
Olayiwola and Dejam, 2021; Olayiwola and Dejam, 2019).
They found that the alternating injection of NPs along with
the LSW and surfactant is not only the best effective and effi-
cient recovery mechanism but also economical for oil recovery
in carbonate reservoirs.

By investigating and summarizing the articles related to
profile control and water plugging in carbonate reservoirs, it
can be seen that the use of profile control, water plugging or
nanoparticles with surfactant to improve the oil washing effi-
ciency of injected water, can achieve good enhanced oil recov-
ery effects in different standpoints, these results have been
confirmed in the work of Liu, Das, Dordzie, Dejam and Olayi-
wola, and their research has strong reference significance for
the stabilizing oil and water control in North Troyes. The
North Troyes oilfield is the weakly volatile oil reservoir, the
low-angle fractures are relatively developed, and the tracer
shows that the water flooding speed is up to 540 m/d, which
leads to the rapid water flooding of the oil well after water
injection It is not a simple pore-fracture type. Besides, the
reservoir characteristics also includes wettability heterogeneity,
therefore, a single method of profile control and water plug-
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ging cannot achieve effective good effect. In this article, com-
bined with the existing methods of profile control and water
plugging, the North Troyes Oilfield will be used multiple meth-
ods to achieve the purpose of stabilizing oil and controlling
water. Fig. 5 lists the problems and solutions roadmap for
the North Troyes oil field.

The X well group is selected as pilot pattern and the solu-
tion as shown in Fig. 6. For intergranular pores and dissolved
pores, the emulsion polymer weak gel or nano polymer micro-
spheres are used to realize the grading plugging of large, med-
ium and small pore throats; for the fractured formed under
stress, the combination of high concentration emulsion poly-
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Fig. 5 Lists the problems and solutions roadmap for the North Troyes oil field.
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mer strong gel and medium concentration emulsion polymer
flexible weak gel is used for plugging. For the problem of wet-
tability heterogeneity, nano-wetting modifier is used to modify
oil-wetting and mixed-wetting reservoir surface into water-
wetting, which improve water flooding efficiency. The follow-
ing is based on the experimental conditions of reservoir tem-
perature 54 °C and reservoir core of the fractured carbonate
reservoir in North Troyes, and the physical models of frac-
tured and porous media carbonate reservoirs are made, in
order to comprehensively evaluate the adaptability of different
chemicals.

Different from the conventional single method to enhance
oil recovery, for the North Troyes pore-cavity-fracture carbon-
ate reservoirs, the use of different chemical agents for graded
regulation profile control and water plugging is the innovation
of this article. Due to the high salinity of carbonate reservoirs,
different types of chemical agents cannot achieve long-term
effectiveness. At the same time, for low-permeability tight car-
bonate reservoirs, the gel injectability is poor, and the gel need
replaced by other types of chemical agents. In this article, first,
the characteristics of carbonate rock reservoirs in North
Troyes are analyzed, and the existing methods for profile con-
trol and water shutoff of carbonate rock are synthesized, and
different chemical agents are selected for different types of
water channeling modes; and then the effects of different types
of chemical agents were evaluated, and the usage amount of
the on-site operation is calculated; finally, through the field
application effect evaluation, it was shown that the graded reg-
ulation method achieved the purpose of stabilizing oil and
water control in the North Troyes Oilfield.

2. Methodology
2.1. Experimental material and procedure

2.1.1. Experimental material

The graded regulatory chemical system in North Troyes oil-
field includes “HR9806 emulsion polymer + organic chro-
mium crosslinker”, nano-polymer microsphere (NPM) and
nano-wetting modifier CND.

HR9806 emulsion polymer is composed of white oil, emul-
sifier and polymer monomer. The main component is modified
polyacrylamide, and the solid content is 30 %. The crosslinker
is organic chromium, which is produced by Jiangsu Hengfeng
Chemical Co., Ltd. When the concentration of HR9806
reaches 0.8 wt%, it can be used as a strong gel, and when
the concentration of HR9806 is low, it can be used as a flexible
weak gel. Nano polymer microspheres (NPM) were provided
by Gansu Zhongke Polymer Petroleum Technology Co.,
Ltd., China, and the main components were dispersants and
polyacrylamide polymer microspheres monomers. Nano wet-
ting modifier CND is provided by Beijing Comex Oilfield
Chemical Technology Co., LTD., China. CND nano emulsion
is synthesized from water phase, oil phase and surfactant by
microemulsion method. It is a liquid substance, and surfactant
accounts for about 20% of it.

Mineral salts used in simulated formation water include
sodium chloride, potassium chloride, magnesium chloride
and calcium chloride, which are produced by China Pharma-
ceutical Preparation Co., Ltd.; core and crude oil are taken
from KT-1 reservoir in North Troyes oilfield; calcium carbon-

Effect of salinity on gelling performance of HR9806 emulsion polymer.

Table 1

0.5 wt% HR9806 + 0.15 wt%
Organic chrome cross linker

Recipe

90750 ppm

82290 ppm ®Salinity

BSalinity

70000 ppm

= 57000 ppm @Salinity

36000 ppm  @Salinity

@Salinity

@Simulated injection
water of North

Troyes,

Water type

(Diluted saturated salt

water)

(Simulated formation

water)

= 1685 ppm

Salinity
6.0

3.0

48.0

2.0 8.0

3.0

Gelling time, hours
Gel strength

Level 4, High strength

gel

Level 4, High strength

gel

Level 2, Severe dehydration

problem

Level 2,

Level 4, High strength  Level 3, Flexible weak

gel

Dehydration problem

gel
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ate powder is produced by China Pharmaceutical Co., Ltd.
The reservoir temperature was 54.0 °C, and the salinity of for-
mation water reached 8.23 x 10* mg/L. The divalent cations
were mainly Ca®" and Mg®" ions.

2.1.2. Experimental procedure

In order to determine the adaptability of graded regulatory
chemicals in KT-1 reservoir, according to the field application
requirements, (1) The gelling performance, shear resistance
and oil-water selective plugging performance of HR9806
emulsion polymer crosslinking system in different salinity bri-
nes and different sizes of fractured carbonate rocks were
tested; (2) Hydration expansion performance of polymer
nanoparticles and selective plugging performance in microc-
racks; (3) Wetting modification effect of nano-wetting modifier
and core displacement experiment. Fig. 7 is experimental flow
chart.

3. Adaptability test of profile control in reservoir

3.1. HR9806 emulsion polymer adaptability test

North Troyes oilfield is a fractured carbonate reservoir.
Affected by carbonate rocks, the salinity of formation water
is high, reaching 82290 ppm, and the divalent cations are
mainly Ca®" and Mg>" ions. When the emulsion polymer is
used in the field, it must have good resistance to salinity.
The migration of polymer solution in the formation is diluted
by formation water, and there are differences in salinity in dif-
ferent regions. The gelling performance of the system under six
salinity levels are tested respectively. The gel strength level and
mineral composition of brine refer to Appendix 1 and
Appendix 2.

Table 1 shows the gelling performance of emulsion poly-
mers and organic chromium crosslinkers at six salinities.
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HR9806 solution has good gelling properties in simulated
North Troyes injection water No.(D and diluted saturated
brine No.®, but the gelling time of HR9806 is greatly short-
ened by water type No.®. In the simulated formation water
and diluted formation water No.@~®), the gelling perfor-
mance of HR9806 aqueous solution isn’t well. Therefore, it
is recommended to prepare HR9806 aqueous solution by using
simulated North Troyes injection water No.(D. At the same
time, before HR9806 solution is injected, a certain amount
of No.(D water should be injected in advance to scour the for-
mation around the injection well in advance, so as to reduce
the influence of mineral salts in the formation water on the gel-
ling performance of HR9806 solution.

Fig. 8 shows the shear resistance of gels formed by HR9806
with different concentrations at a fixed rate of 170 1/s under
the condition of 0.15 wt% crosslinker. According to Fig. &,
the viscosity of the gel system formed by stabilized 0.20 wt
%, 0.30 wt%, 0.50 wt% HR9806 and 0.80 wt% HRI806
was 66.53 mPa.s, 129.42 mPa.s, 227.70 mPa.s and
355.77 mPa.s, indicating that HR9806 had good shear resis-
tance and still had high viscosity under high shear rate. The
higher the concentration of emulsion polymer HR9806 was,
the stronger the shear resistance of the gel system formed was.

In order to further study the plugging performance and oil—
water selective plugging effect of HR9806 emulsion polymer
crosslinking system for large fractures, cores with fracture
equivalent width of 0.5680 mm were selected for experiments.
According to the calculation of experimental results in Fig. 9,
the liquid measured permeability of fractured core before plug-
ging is 780 mD, the forward water flooding permeability after
plugging is 22.02 mD, and the reverse oil flooding permeability
after plugging is 49.37 mD. Equation (1) is introduced to cal-
culate the chemical additives’ oil/water selectivity ratio:

Rn‘/a = Kwa/Koa (1)

where R, - oil/water selectivity coefficient; K,,, - positive
water phase permeability after plugging by chemical, mD;
K, - reverse oil phase permeability after plugging by chemical,
mD. When R,,, = 1, plugging agent has considerable plugging
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——Hydration-2D n ﬂ
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Fig. 10  Particle size test results of microspheres hydration on
different days.
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Fig. 11  Calculation results of swelling ratio of microspheres.

effect on simulated formation water and oil without selectivity;
when 0 < R, <I, plugging agent has a certain oil/water
selectivity, water plugging without oil plugging, and the smal-
ler the Ry, is, the better the plugging selectivity is; when R,,,
> 1,the plugging effect of plugging agent on oil is higher than
that of simulated formation water, which is not conducive to
the application of water plugging. The residual resistance coef-
ficient R of weak gel plugging in large fractures is as high as
35.42, the plugging rate 1 is 97.18 %, and the oil-water selec-
tion ratio K,,,/K,, is 0.45, indicating that the HR9806 weak gel
system has strong plugging effect on large fracture cores, and
has good oil-water selectivity.

3.2. NPM adaptability test

A laser nano-particle analyzer was used to test the particle size
of the polymer microsphere solution after swelling, as shown in
Fig. 10. The particle sizes of microsphere solution measured at
0-3 days were 125.8 nm, 193.5 nm, 324.3 nm and 502.4 nm,
respectively. The 1-3 days expanding ratios were 53.82 %,
157.79 % and 299.36 %, respectively. The swelling ratios of
microspheres calculated by SEM and laser nano-particle size
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Fig. 12 Plugging curve of 1.7mD matrix core.
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Fig. 13  Calculation results of swelling ratio of microspheres.

analyzer was plotted in the same curve (Fig. 11). There was lit-
tle difference between the two methods. The swelling ratio of
microspheres in solution was close to that of dried micro-
spheres after hydration, indicating that the particle size of
microspheres after hydration and swelling was not affected,
and the microspheres had good stability in solution and in dry-
ing state.

The plugging effect of NPM solution in reservoir was sim-
ulated by core flow experiment. The injection velocity at each
stage of core flow is the same as 0.3 mL/min, so as to facilitate
the comparison between different stages. The experimental
curve is shown in Fig. 12. According to Fig. 12, the injection
pressure of NPM solution is slightly higher than that of simu-
lated formation water, which is mainly due to the resistance of
dispersed microspheres in the solution to increase the injection
pressure of the solution. Although the injection pressure of
NPM is higher than that of simulated formation water, it still
has good injection property. NPM has good injection property
is the first step to realize its deep plugging effect. After injecting
1PV 0.3 wt% NPM solution, close the experimental equipment
and open the oven at 54 °C for 3 days to simulate the shut-in
after the completion of field operation. The results of subse-
quent water flooding experiments show that NPM forms a cer-
tain plugging effect in the core. The subsequent water flooding
pressure is higher than the injection pressure of simulated for-
mation water and NPM solution before plugging, and the four
pressure measuring points form a uniform pressure drop. It
shows that NPM is evenly distributed at the entrance end of
the core and the deep part. In reality, the deep plugging effect
is not plugged.

NPM water plugging without oil plugging is the key to
achieve the decline of water production and oil production is
not affected. After the follow-up water flooding, the core injec-
tion end and the outlet end are replaced by the simulation
reservoir oil production process, and the crude oil is injected
reversely at the speed of 0.3 mL/min. The experimental curve
is shown in Fig. 13. After plugging 1.7 mD core, the injection
pressure of forward injection formation water is 5.95 MPa,
and the injection pressure of reverse injection oil is
2.46 MPa. The calculation shows that the oil/water selectivity
coefficient K,,,/K,, of NPM is 0.21 in the core of 1.07 mD
matrix, which has good water and oil plugging properties.
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treatment.

3.3. CND nano inherited regulator adaptability test

In the experiment, KT-1 reservoir core was selected to study
the wetting modification effect. The core was put into crude
oil, and 10 pL of water was dropped on the surface of the core
using a micro-liquid shifter. The contact angle of “oil-water-
core” in the original state was tested, and then the core was
soaked in 0.15 wt% CND solution for different times for wet-
ting modification. The chemically treated core was put into
crude oil again, and the contact angle of oil-water-core was
measured again, as shown in Fig. 14. Under the initial state,
the average contact angle of oil-water-core on the core surface
is equal to 126.0°. After chemical treatment, the contact angle
of water drops decreases to 65.4°, indicating that the core sur-
face changes from oil moisture to water moisture.

The spontaneous imbibition displacement experiment
reflects the ability of nano-wetting modifier CND to displacing
crude oil in low permeability reservoirs under capillary force.
Fig. 15 shows the experimental results of 0.15 wt% CND spon-
taneous imbibition oil displacement efficiency. Before CND
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Fig. 15 0.15 wt% CND spontaneous imbibition displacement
efficiency.

treatment, the spontaneous imbibition oil displacement of
cores in clear water and 0.15 wt% CND were 39.51% and
54.26%, respectively. CND can improve the imbibition oil dis-
placement efficiency by 14.76%, with significantly effective.
After the core is saturated with crude oil, NPM and CND
are combined to conduct the flooding experiment. Fig. 16
shows the displacement pressure difference at both ends of
the core at different stages. The required pressure of saturated
brine is higher than that of saturated crude oil, indicating that
the core belongs to oil phase wetting. Fig. 17 shows the exper-
imental results of 0.15 wt% CND spontaneous imbibition oil
displacement efficiency. The core permeability of water flood-
ing, 0.15 wt% CND, 0.15 wt% CND + 0.30 wt% NPM and
subsequent water flooding are 46.7%, 5.0%, 6.8% and 8.9%,
respectively. CND and CND + NPM have the effect of fur-
ther improving oil recovery, and the combination of CND
and NPM has better effect on improving oil recovery. This is
mainly due to the hydration and expansion of NPM in the
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Fig. 16  Displacement pressure difference at both ends of core at
different stages.
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Fig. 17 0.15 wt% CND spontaneous imbibition displacement
efficiency.

core, plugging the macroporous throat, and improving the
sweep efficiency of CND and subsequent water flooding.

Through 3.1 to 3.3, the adaptability of the three types of
chemical agents with graded regulation in KT-1 reservoir of
North Troyes oilfield is evaluated, showing good plugging
and profile control effect. The X well group is selected for field
application below.

4. Field application

4.1. Field operation procedure

For different scale fractures, step by step plugging, multi-agent
and multi-slug comprehensive intervention is carried out to
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Table 2 Summary of plugging agent dosage for deep profile control in well area X.
Type of chemical agent X1 Well X2 Well X3 Well X4 Well XS5 Well X6 Well
0.8 wt% HR9806 + 0.15 wt% Crosslinker, m* 350 250 300 250 500 200
0.5 wt% HR9806 + 0.15 wt% Crosslinker, m> 14,000 7500 9000 5500 8000 7500
0.30 wt% NPM, m® 12,000 10,000 18,000 9000 18,000 15,000
0.15 wt% CND, m® 12,000 10,000 18,000 12,000 12,000 15,000

25

—e— Before profile control and flooding

[ 4
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ot
W

ot
<
T

Daily oil production, m*

W
T

hut i

0 T 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 220

Times, day

Fig. 18 Oil production curve of Well X1 before and after profile
control and flooding.
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Fig. 19 Water production rate curve of well X1 before and after
profile control and flooding.

ensure the plugging of high-permeability channels and inhibit
the seepage of large channels. It can plug channeling fracture
channel, adjust secondary dominant channel and reduce
matrix flow resistance, so as to expand macroscopic swept vol-
ume and improve microscopic water flooding -efficiency.
Firstly, channeling fracture channels in carbonate reservoirs
are plugged by injecting high concentration of HR9806 emul-
sion polymer crosslinking system and medium concentration
of HR9806 emulsion polymer crosslinking system. Then, the

nano-polymer microspheres were injected to adjust the sec-
ondary dominant channeling channel. Finally, the nano-
wetting modifier was injected to modify the wettability of
low permeability reservoirs, reduce the flow resistance of
injected water and peel the oil film on the surface of rock,
and improve the subsequent water flooding recovery. In the
field operation process, the formation pressure deficit of oil
wells corresponding to different injection wells is quite differ-
ent, so the injection volume and injection rate of chemical
agents in different wells are quite different. X well group con-
tains 6 water injection wells, different chemical injection quan-
tity is shown in Table 2.

4.2. Stage effect evaluation

The effect before and after profile control and flooding in well
X1 is shown in Figs. 18 and 19. Fig. 18 shows the oil produc-
tion curve of X1 well before and after profile control and
flooding. According to the curve, the oil production of X1 well
decreased from initial 23 m®/d to 10 m*/d before profile control
and flooding. After stage shut-in, the daily oil production
decreased from 15 m?/d to 8.5 m*/d, and continued to decline.
Within 140 days of comprehensive profile control and flood-
ing, the oil production of well X1 was gradually stable and
slightly increased to 13.5 m’/d, and the daily oil production
was 5.0 m?/d higher than that before profile control and flood-
ing. Fig. 19 shows the variation curve of water content of well
X1 before and after profile control and flooding. According to
the curve, the daily water production rate of well X1 before
profile control and flooding was above 44.0 %. Within 140 days
of comprehensive profile control and flooding, the daily water
production rate of oil wells gradually decreased, stabilized at
about 25.0 %, and the daily water production rate decreased
by 19.0 %. It shows that the effect of stabilizing oil and con-
trolling water is remarkable.

5. Summary and conclusions

In this paper, reservoir temperature of 54 °C and reservoir core of frac-
tured carbonate reservoir in North Troyes, Kazakhstan is used as the
experimental conditions, and the fractured and porous media carbon-
ate physical models are made to comprehensively evaluate the adapt-
ability of different profile control and flooding system in the graded
regulation of the carbonate reservoir in North Troyes, and they are
successfully applied to the X group of North Troyes oilfield. The main
conclusions are as follows:

(1) It is difficult to comprehensively control water channeling in
pore-cave-fracture carbonate reservoirs. After mixing different
types of profile control agents and conducting deep profile con-
trol, the reservoir heterogeneity in the test area is improved. At
the same time, the daily oil production of oil wells in the test
area is 5.0 m>/d higher than that before profile control, and
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the daily water production rate decreases by 19.0 %. The pilot

test of deep profile control for stabilizing oil and controlling

water in carbonate reservoirs has achieved preliminary results.
(2) The recommended use of different types of chemical agents in X
well group of North Troyes oilfield is as follows: The high
strength gel formed by “0.80 wt% HR9806 + 0.15 wt% cross-
linker” and the flexible weak gel formed by “0.50 wt%
HR9806 + 0.15 wt% crosslinker” are used to block the frac-
tured pores formed under stress. ““0.30 wt% NPM + 0.15 wt
% CND” was used for plugging and flooding of interparticle
pores, dissolved pores and wettability heterogeneity. This paper
only shows the optimized concentration of different types of
chemicals, in different types of reservoirs need to be combined
with the actual conditions of reservoir optimization.
Through the adaptability test of graded regulation chemicals in
KT-1 reservoir and the pilot test study of X well group, contin-
uous optimization, tracking and adjustment are carried out to
explore the deep profile control system and technology suitable
for carbonate reservoirs, so as to provide the basis for stabiliz-
ing oil and controlling water similar reservoirs.
Due to the high salinity of carbonate reservoirs, different types
of chemical agents cannot achieve long-term effectiveness. At
the same time, for low-permeability tight carbonate reservoirs,
the gel injectability is poor, and the gel need replaced by other
types of chemical agents.
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Appendix 1. (see Table 1.1).

Table 1.1 Composition table of main substances and salinity of simulated formation water.

(D Simulated injection water of North Troyes, Salinity = 1685 ppm

Calcium chloride

Potassium chloride

Mineral species
Kation, ppm
Negion, ppm

@ Salinity = 36,000 ppm
Mineral species

Kation, ppm

Negion, ppm

@ Salinity = 57,000 ppm
Mineral species

Kation, ppm

Negion, ppm

@ Salinity = 70,000 ppm
Mineral species

Kation, ppm

Negion, ppm

® Salinity = 82,290 ppm (Simulated formation water)

Mineral species
Kation, ppm
Negion, ppm

® Salinity = 90,750 ppm (Diluted saturated salt water)

Mineral species
Kation, ppm
Negion, ppm

191
339

Calcium chloride
1081
1919

Calcium chloride
1802
3198

Calcium chloride
2523
4477

Calcium chloride
3002
5328

Calcium chloride
90
160

Magnesium chloride
88
262

Magnesium chloride
253
747

Magnesium chloride
505
1495

Magnesium chloride
758
2242

Magnesium chloride
1000
2960

Magnesium chloride
126
374

13
12

Potassium chloride
7852
7148

Potassium chloride
10,470
9530

Potassium chloride
13,087
11,913

Potassium chloride
15,705
14,295

Potassium chloride
0
0

Sodium chloride
307
473

Sodium chloride
6684
10,316

Sodium chloride
11,795
18,205

Sodium chloride
13,761
21,239

Sodium chloride
15,726
24,274

Sodium chloride
35,385
54,615




12

J. Wang et al.

Level 2

Level 5

Fig. 2.1

Appendix 2. The common visual code method for judging the
strength of polymer gel is suitable for strong gel, and the cri-
terion of gel strength of weak gel should be reclassified to judge
the strength of weak gel. On the basis of the phenomena
observed in the repeated experiments, it can be divided into
five strength levels: Level (solution), level 2 (solution has a
certain viscosity, but without forming gel system), Level 3
(part of the solution in gel state, the rest to solution state),
Level 4 (mesh gel solution fully formed, but weak gel, unable
to form the phenomenon of wall hung), Level 5 (solution
completely mesh gel state formation, high gel strength, can
form the hanging wall).

(see Fig. 21).
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