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Abstract

With the production of strong bottom water reservoir, it will soon enter the
ultra-high water cut stage. After entering the ultra-high water cut period, the
main means of stable production is liquid extraction. Large liquid volume has
a certain impact on the physical property distribution and fluid seepage law
of the oilfield. The relative permeability curve measured according to the in-
dustry standard is not used for the prediction of development indicators and
the understanding of the dynamic law of the oilfield. In order to understand
the characteristics of water drive law in high water cut stage of water drive
oilfield, starting from the water drive characteristic curve in high water cut
stage, the method for calculating the relative permeability curve is deduced.
Through numerical simulation verification and fitting the actual production
data, it is confirmed that the obtained relative permeability curve is in line
with the reality of the oilfield, It can provide some guiding significance for
understanding the production law and water drive law of strong bottom wa-
ter reservoir in ultra-high water cut stage.
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1. Introduction

In reservoir engineering research, the relative permeability curve is very impor-
tant for understanding the reservoir law. With the continuous production of

strong bottom water reservoir, the water cut continues to rise, showing the “fac-
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tory” shaped water cut rise characteristics, and soon enters the ultra-high water
cut stage. In order to stabilize production in the ultra-high water cut stage, it is
mainly through liquid extraction. Through experiments, it is found that under
the production conditions of a large amount of liquid, the physical properties of
the oilfield will change. At this time, the conventional relative permeability ex-
periment cannot describe the water drive law in the ultra-high water cut period,
because it can not accurately reflect the physical property distribution characte-
ristics and oil-water seepage law under the conditions, and cannot meet the fine
description of the remaining oil in the ultra-high water cut period of strong bot-
tom water reservoir.

It takes a long time to re-coring and conduct the relative permeability experi-
ment, and the cost is large. At present, there are many methods to calculate the
oil-water two-phase relative permeability curve through the water drive curve of
the conventional reservoir, such as the new method and application of calculat-
ing the reservoir relative permeability curve proposed by Huang Xiangfeng in
2013 and the new method of calculating the relative permeability curve based on
the water drive curve proposed by Tang Lin in 2013, Du Dianfa proposed in
2013 to calculate the relative permeability curve by using type a water drive cha-
racteristic curve (Chen et al., 2005; Dai et al., 2011; Xu et al., 2011; Jackson et al.,
2005; Luo et al., 2007), but these methods are aimed at ordinary reservoirs, and
the water drive curve used is not applicable to the high water cut period of
strong bottom water reservoirs. In order to quickly and accurately calculate the
relative permeability curve under the condition of high water cut period of the
oilfield, based on the water drive law characteristics of strong bottom water oil-
field, the water drive characteristic curve of strong bottom water reservoir in
high water cut period is investigated, such as the theoretical derivation of the re-
lationship of water drive characteristic curve of high water cut oilfield proposed
by Song Zhaojie in 2013, the derivation and application of new water drive cha-
racteristic curve of oilfield in high water cut stage proposed by Fan Haijun in
2016, the new water drive characteristic curve in ultra-high water cut stage pro-
posed by Cui Chuanzhi in 2015, the improvement of type a water drive charac-
teristic curve in ultra-high water cut stage proposed by Hou Jian in 2013, and the
new water drive characteristic curve in ultra-high water cut stage proposed by
Wang Jigiang in 2017. Wang Jigiang proposed the Optimization Research on
water drive characteristic curve of oil field in ultra-high water cut period in 2017
(Fu, 2009; Jiang et al., 2008; Qin, 1992; Gao & Liu,, 2002; Yang et al., 2010; Ma et
al., 2012; Olabode et al., 2021; Liang et al., 2005; Yu, 1998).

Based on the investigated water drive curve in high water cut period, com-
bined with common reservoir engineering formulas such as Buckley Leverett
front advancement equation and Welge average water saturation equation, a
method for calculating oil-water two-phase permeability curve by using produc-
tion performance data in high water cut period of the oilfield is established in
this study.

DOI: 10.4236/gep.2022.102004

48 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2022.102004

J. Du

2. Changes of Reservoir Physical Properties
under High Scouring Multiple

A loose core was washed with oil and salt after water flooding. After drying and
weighing, the porosity and permeability were tested again. After water flooding,
the average porosity of 28 cores decreases from 35.6% to 35.2%, decreasing by
0.4%, the average permeability decreases from 4300 x 107 um? to 3200 x 1073
um?, decreasing by 25.6%, and the physical parameters change significantly.

Through microscopic observation of the cast thin section of the sample after
water flooding, it can be found that the porosity and pore diameter of the core
after water flooding become smaller, and the throat is mostly curved. After core
water flooding, clay minerals accumulate in the pore throat of the reservoir.

The migration of sandstone particles in the process of water injection devel-
opment makes the smaller particles move with the injected water, and the sand-
stone particles are captured by the pore throat to form the phenomenon of for-
mation “blockage”.

Through investigation, it is found that literature shows that the permeability
of existing high porosity and high permeability reservoirs will also decrease after
long-term water injection scouring (Chen et al., 2011). The cores in the literature
were taken from Daqing Oilfield, most of which were high porosity and high
permeability, with porosity of 20% ~ 30% and permeability of 2000 x 107 pm?* ~
3000 x 107 pm? After the displacement of several parallel rock samples, the
permeability decreases.

Through the analysis of the causes of permeability reduction, it is found that
the main factors affecting permeability are rock skeleton composition and tec-
tonic force, rock pore structure, rock facies, particle size distribution, particle
roundness and cementation degree. For medium and high permeability reser-
voirs, firstly, at the initial stage of water injection, the effect of injected water on
reservoir rocks is mainly physical, resulting in particle migration in the reser-
voir, blocking pore throat and reducing permeability. Secondly, the core used in
the experiment is sandstone, which contains montmorillonite, kaolinite and il-
lite. With water injection displacement, montmorillonite expansion and kaoli-
nite breaking, the small throat is partially blocked, so that the effective seepage
radius of the pore is reduced, and the throat can be blocked, so that the small
pore throat radius becomes smaller, so as to reduce the reservoir permeability.
The interlayer connection of montmorillonite crystal is loose, which is easy to
absorb water and expand and carry out ion exchange. The expansion in case of
water can increase the volume, block the pore throat and reduce the reservoir
permeability.

Through the experiment, it is found that the physical properties of the oilfield
will change under the production conditions of large liquid volume. At this time,
the conventional relative permeability experiment cannot describe the water
flooding law in the ultra-high water cut period, because it can not accurately re-

flect the physical property distribution characteristics and oil-water seepage law
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under the conditions, and cannot meet the fine description of the remaining oil
in the ultra-high water cut period of strong bottom water reservoir.

Under the action of high multiple water drive, the seepage law of strong bot-
tom water reservoir has changed. Because it is necessary to deduce the relative

permeability curve through the dynamic calculation of high water cut stage.

3. Calculation Method of Oil-Water Two-Phase Relative
Permeability in High Water Cut Stage of Strong Bottom
Water Reservoir

Based on the calculation model of water drive characteristic curve in high water
cut period of strong bottom water reservoir, the relationship between cumulative
oil production and oil-water production is as follows (Tang et al., 2013; Liu et al.,
2021; Du et al., 2013).

INN, = A+BIn(W, +C) (1)
1 1 (mN ) 1 1 (1-s
where, A= In , B=—, C= wi N1+01/k‘
1+k |1+k(1-5S, 1+k 1+k{ mN P

According to Buckley Leverett water drive front propulsion equation, the

functional relationship between S, and S, isas follows [10] [11]:

1 — K s _s VVT
swez(—s“—swi) 14| 2w Swi (2)
1+k 1+k m

Under the condition that the formation pressure is maintained by water injec-
tion and the reservoir is relatively homogeneous, according to the material bal-
ance equation:

N, (1-S,,
p( WI)+S-

gz wi
N

3)

Generally, the relationship between the relative permeability ratio at the outlet
of oil-water two-phase flow and the production of oil and water is related to the
parameters such as viscosity and volume coefficient. The specific formula is as

follows:

Ko~ QuoBiye
K  QuluByvw

Combined with (3) and (4), the relationship between the relative permeability

4)

ratio of oil and water phases and water saturation is exponential, as follows:

Kro/Krw = “r/[(g_ Sui )/m:r/k (5)

The values of m and & can be obtained from the basic data of the reservoir.
According to the cumulative water production W, at different times, the water
saturation at different times can be calculated by Equation (2), and then the
oil-water relative permeability ratio under this saturation can be obtained by
Equation (12).
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In general, the oil-water relative permeability function is usually expressed in

exponential form, and its exponential expression [19] is as follows:

p
1-S, -S

K =K (S . ) —o —w 6
O ©

Su=Su |
K =K (S ) —2w 2w 7
RS S o
where: S —remaining oil saturation,%; P , Yy —constant; KrW(Sor) ,

Ky, (S, ) —relative permeability of water phase and oil phase at the end of pro-
duction.

Divide Equation (6) by Equation (7), and take logarithm on both sides:

K Ko (Swi) 1-S, -S S, = Sui
| o |_| | or Wl w wi
g(Krwj gl:Krw(Sor)ilJ’-B g(l_sor_swij yg[]'_sor_swi) (8)

Krw (SOI’)
1-S,_ -S
— I or W 9
& g(l_sor_swi] ( )
S, — S,
X, = lg| —wZwi__ 10
? g[l_sor_swiJ ( )
K
=lg| = 11
y-ta[ | an
Then Equation (8) can be rewritten as follows:
Y=o+ BX —vX (12)

where: o isaconstant; Y, X,X, isacomposite parameter.

After obtaining the oil-water relative permeability ratio at different times from
Equation (5), X;,X, can be obtained by combining Equations (6) and (7), Cal-
culate o,B,y from Equation (12) by binary linear regression.

As is known from formula (8), the relative permeability of water phase at the
end of production can be expressed as:

Krw(sor):ia (13)
10

Substituting o value into Equation (13) to get K, (S, ). finally, the relative

permeability data of oil and water under different saturations are calculated by Eq-

uation (6) and Equation (7), and then the relative permeability curve is obtained.

4. Case Analysis

Taking a sandstone reservoir with bottom water as an example, it is known that
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N =2000x10*m*, p, =4.2mPa-s, p,=05mPa-s, p,=0.92g/cm®,
p, =1.00g/cm*, B, =128, B, =1.00.

1) According to the production data of the reservoir, the results are as follows:
A, B C

2) Calculation Y,X;,X,. The binary linear regression is carried out through
equation 12 to get o3,y .

3) According to the core analysis, Sy, Kwo(Sw). Using (23) formula to get
Kol Sor).-

4) Finally, the oil-water relative permeability curves under different water sa-
turation are calculated (Figure 1).

Through the actual model of the oilfield, single well fitting is used to verify. It
can be seen that the recoverable reserves predicted by numerical simulation us-
ing the relative permeability curve obtained by conventional industry standards
are only 235,000 cubic meters, but the actual cumulative oil production has
reached 283,000 cubic meters, and the predicted recoverable reserves are lower
than the current reality, which is not in line with the reality. At the same time,
through the numerical simulation of the relative permeability curve calculated
by the water drive characteristic curve of bottom water reservoir at high water
cut stage, the recoverable reserves are 352,000 cubic meters, and there are still
69,000 cubic meters of recoverable reserves, which is more in line with the reali-
ty (Figure 2). Therefore, the new relative permeability curve obtained in this

paper is in line with the reality.

5. Applicability

The key of solving relative permeability curve in this method is accurate fitting,
so the selection of data is particularly important. If the production data in pro-
duction decline stage does not conform to the change law of water drive charac-

teristic curve in high water cut stage of bottom water reservoir, this method is

not applicable.
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Figure 1. Oil water relative permeability curve.
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Figure 2. Comparison of cumulative oil production prediction.

6. Conclusion

1) Through the core experiment, it is found that under the production condi-
tions of a large amount of liquid, the physical properties and seepage law of the
oilfield will change. At this time, the conventional relative permeability experi-
ment cannot describe the water displacement law in the ultra-high water cut pe-
riod, because it can not accurately reflect the physical property distribution cha-
racteristics and oil-water seepage law under the conditions, and cannot meet the
fine description of the remaining oil in the ultra-high water cut period of strong
bottom water reservoir.

2) In this paper, the formula for calculating the relative permeability curve of
oil and water phases by using the water drive characteristic curve in the high
water cut stage of strong bottom water reservoir is derived, and a new method
for deriving and calculating the relative permeability curve of oil and water
phases through the actual production data in the high water cut stage of strong

bottom water reservoir is provided.
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