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Abstract

A large number of field practices show that the water flooding characteristic curve will appear up-warping phenomenon in
ultra-high water cut stage, and the conventional water flooding characteristic curve is difficult to accurately characterize. In
this work, a new expression of oil-water relative permeability ratio (K, /K,,,) and water saturation (S,,) is proposed based
on the statistical analysis of experimental data of oil-water relative permeability at high displacement multiples. The new
expression has a simpler form and fewer unknown parameters. The results show that the expression can accurately fit the later
section of the conventional relative permeability ratio curve, and the correlation coefficient is above 0.996. On this basis,
a new type of water flooding characteristic curve suitable for the whole process of water flooding reservoir development is
established by combining the reservoir engineering method. Numerical simulation and field application show that the new
curve has higher accuracy and wider applicability than conventional curve. The prediction error of recoverable reserves
calculated by the new curve is only 0.22%, and the error of geological reserves is less than 5%. According to the comparison
between the actual data and the predicted data, the actual cumulative oil production is 2.579 x 10° t, the predicted by the
new curve is 2.569 x 10° t, the actual ultimate oil recovery is 50.235%, and the predicted is 50.04%. The predicted value is
consistent with the actual one. It provides a more reliable method to accurately predict reservoir development indexes and
guides the oilfield’s subsequent decision-making.

Keywords Water flooding characteristic curve - Ultra-high water cut stage - High displacement - Oil-water relative
permeability ratio - Performance prediction

List of Symbols Y Water relative density
a The fitting parameter K. Oil-phase relative permeability
b The fitting parameter K.,  Water-phase relative permeability
c The fitting parameter Sy Water saturation
A The fitting parameter Sor Residual oil saturation
B The fitting parameter B, Oil formation volume factor, m*/m?
C The fitting parameter B, Water formation volume factor, m*/m?
0, Oil production, td™' Swe Irreducible water saturation
0O, Water production, t d™' WOR Water—oil ratio
U, Oil viscosity, mPa s N, The cumulative oil production, 10* t
Uy, Water viscosity, mPa s N Geological reserves, 10* t
Yo Oil relative density R Oil recovery
S Water cut
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of the oilfield (Zhifang et al. 1990; Chen 2002; Ke and
Jianwen 2013; Yuangian and Weirui 2014; Wenjun 2020).
The theoretical basis of traditional water flooding charac-
teristic curve derivation is the semi-log linear relationship
between oil-water relative permeability ratio (K, /K,,,) and
water saturation (S,,) (Craft and Hawkins 1959; Wenjun and
Zhengke 2000; Goda et al. 2007; Roghanian and Reza 2012;
Can and Kabir 2014; Cuo and Chengfang 2017; Wenjun
2020; Li et al. 2021). However, with the continuous devel-
opment of water flooding, when the reservoir enters the
ultra-high water cut stage, the semi-log relationship between
oil-water relative permeability ratio and water saturation is
no longer completely linear, and the curve will bend down-
ward (Bondar and Blasingame 2002; Jian 2013; Zhaojie and
Fengpeng 2013; Chunlei 2014; Cao et al. 2021). Besides, a
large number of oilfield practices have shown that the water
flooding characteristic curve will also occur upward warp-
ing (Zhaojie and Fengpeng 2013; Baohong 2015; Chuanzhi
and Duanping 2015; Cuo 2017; Hongen and Sibo 2019; Qi
et al. 2022), which results in the application of conventional
water flooding characteristic curve to predict the develop-
ment indexes will have a non-negligible error.

Based on the phenomenon, some experts derived the
water flooding characteristic curve suitable for the ultra-high
water cut stage by the method of reverse or fractal theory
(Guan and Wen-rui 2019; Andersen et al. 2020; Wenjun
2020; Liu et al. 2021). And most scholars proposed some
special mathematical expression forms based on the con-
ventional water flooding characteristic curve expression,
such as polynomial function term (Zhaojie and Fengpeng
2013; Feng et al. 2014; Xiaolin and Zhiping 2015; Zhinbin
2015) or exponential function term (Dekang 2017; Jianwei
and Yigen 2020). The water flooding characteristic curve
generated in these ways will cause the left and right ends
of the expression to be unequal when the water saturation
approaches the extreme value. In addition, some experts
have appended some special mathematical functions to the
B-type water flooding characteristic curve, such as logarith-
mic function term (Chuanzhi and Duanping 2015; Zhinbin
2015; Zhibin 2016; Jigiang and Shuhong 2017), trigono-
metric function form (Wang et al. 2013; Ke and Jinqing
2019) and infinite term rational polynomial form (Haohan
2019). Although the problem that the left and right ends of
the expression are not equal has been solved, the "upward
warping" phenomenon of the water flooding characteristic
curve in ultra-high water cut stage cannot be accurately char-
acterized. Meanwhile, there are also problems of complex
relationship representation, low fitting accuracy and large
prediction error.

In this study, through statistical analysis of the relative
permeability experimental data of high displacement mul-
tiples, a new characterization formula describing the rela-
tionship curve of oil-water relative permeability ratio is
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proposed on the basis of the semi-log linear relationship
between K, /K., and S,,. On this basis, a new water flooding
characteristic curve is also established combined with the
reservoir engineering method, which has the advantages of
simple expression form and high fitting accuracy. Through
the verification analysis and field application, the new curve
can be used to accurately predict the development index of
the ultra-high water cut reservoir and is suitable for the
whole water flooding development process.

Besides, this work is organized as follows. In Sect. 2.1, a
new model to characterize the relationship between K, /K,
and S, is proposed based on statistical experimental results,
and then, according to the actual oilfield data, the new
model is verified and compared with the traditional models
(Sect. 2.2). In addition, based on reservoir engineering meth-
ods, a new water flooding characteristic curve is proposed
(Sect. 3.1), and the new curve is justified by the numerical
simulation result (Sect. 3.2). Field application of the type
curve is presented in Sect. 4. In Sect. 5, we provide some
concluding remarks.

Modification of seepage characteristic
expression

Relative permeability characterization

At present, the expression commonly used to describe the
quantitative relationship between oil-water relative permea-
bility ratio and water saturation is (Craft and Hawkins 1959;
Chen 2002) as follow:

ln (KI‘O/KI‘W)

=a+bS, M

where K, and K|, are the oil phase relative permeability and
the water phase relative permeability, respectively; S, is the
water saturation; a and b are the fitting parameters.

Equation (1) shows that oil-water relative permeability
ratio (K, /K.,,) and water saturation (S,,) have a linear rela-
tionship under the semi-log coordinate. Yu et al. (Chunlei
2014; Baohong 2015) carried out relative permeability
experiments with high displacement multiple. The relative
permeability experiment is improved, and 124 sets of core
tests with injection volume up to 1000 PV are carried out.

The In(X,/K,,,) ~S,, and dIn(X, /K ,,)/dS,, ~ S,, variation
of one core is presented in Fig. 1. The experiment showed
that the worse the flow capacity of crude oil, the smaller
the ratio of oil-water relative permeability, and the change
rate is getting faster and faster at the ultra-high water cut
stage. When exceeding the changing trend described by the
logarithmic function, the curve of In(X, /K,,,) ~ S, will bend
downward (see Fig. 1).
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12 T T T T 20 Meanwhile, residual oil saturation values of these rock sam-
Early stage Middle stage Later stage ples measured experimentally are also given in Table 1.
sk 10 As can be seen from Table 1, the new characterization
(Eq. (2)) is used to fit the oil-water relative permeability
< Bend point  |-20 %3 ratio and water saturation. The fitting accuracy is extremely
B Ar = high, and the average correlation coefficient R? is more than
S z
N 1-40 X 0.996.
E’ ol §' Furthermore, the residual oil saturation S, measured in
1-60 T 124 experiments and the parameter ¢ obtained by fitting the
relative permeability curve are summarized, and the rela-
4 —e— (K, /K..,) 4-80 tionship between ¢ and 1-S,, is shown in Fig. 2.
—A—dIn(K,/K,,,)/dS,, It can be seen from Fig. 2 that each scatter point is dis-
-8 1 L 1 L -100 tributed near the 45 line, which indicates that the differ-
03 0.4 05 06 07 08 ence between ¢ and 1-S, is very small. Therefore, when the
Sw residual oil saturation S, is known, the fitting parameter ¢

can be replaced by 1-S,.. Therefore, Eq. (2) can be further
Fig. 1 Yu experiment of relative permeability ratio and slope change expressed as:
curve

In(K,,/K,,) = a+bS,, +2In(l — S, — S, 3)

Therefore, Eq. (1) can only describe the straight section  yhere S is the residual oil saturation
or N

at the middle stage of water flooding development, but can- Compared with Eq. (1), a logarithmic function term of

not describe the downward curve section at the ultra-high 1-S,-S, is added to Eq. (3), which can increase the fit-
water cut stage. .

ting adaptability of the curve segment. The law reflected
Through analyzing the oil-water relative permeability

X X ) X by Eq. (3) has obvious physical meaning in water flood-
experiment data under high displacement multiples (Chun- ing development. That is, when S,, infinitely approaches

lei.Yu 2014), a new characterization relation between 1-S,., K., will also approach 0, and then, In(K../K..,) will

oil-water relative permeability ratio and water saturationis 1,4 (I:)lr;)se to — oo, which is similar to the water flooding law
proposed based on Eq. (1):

consistency. Thus, Eq. (3) describes the relationship between

In(K,,/K.,) = a+ bS,, +2In(c — S,) ) Km/K.rW and S, can be applied to the whole process of water
flooding development.

where c is the fitting parameter; a, b, and ¢ can be estimated

from a nonlinear least-square fit to the measured relative ~ Model verification

permeability data.

According to relative permeability experiments (Chun-  In order to further verify the general applicability and accu-
lei 2014), 11 groups of oil-water relative permeability ratio  racy of Eq. (3), the typical In(X,/K.,,) ~S,, curves of four
curves are chosen to be fitted by Eq. (2), and the fitting  actual blocks(Jigiang and Shuhong 2017) are selected and
relationship between K, /K., and S, is shown in Table 1. fitted by Egs. (1), (3) and the expressions (Eq. 4) (Jian 2013;

Table 1 The'ﬁtting result. . Rock sample Fitting relation So experimen-  R*

table of relative permeability tal value

experimental data by Eq. (2)
1 In( K,/ K,,)=9.8985 - 13.3007S,, + 2In(0.7288 — S,,) 0.2815 0.9993
2 In( K,,/K,,)=10.3699 - 17.1878S,, + 2In(0.7046 — S,,) 0.3001 0.9993
3 In(K,,/K,,)=8.6128 - 8.7640S,, + 2In(0.8417 — S,,) 0.1655 0.9950
4 In( K,,/K,,)=7.0522 - 10.7520S,, + 2In(0.8461 — S,,) 0.1799 0.9865
5 In( K,,/K,,)=7.2542 - 9.6618s,, + 2In(0.7284 — 5, ) 0.2766 0.9951
6 In( K,,/K,,)=17.2856 - 27.6813S,, + 2In(0.7065 - S,,) 0.3248 0.9988
7 In( K,,/K,,)=10.8419 - 16.2243S,, + 2In(0.8123 - S,,) 0.1588 0.9994
8 In( K,/ K,,)= 109550 - 14.8285S,, + 2In(0.7718 — 5, 0.2537 0.9997
9 In( K,,/K,,)=6.1217 - 5.1425S,, + 2In(0.8012 - S,,) 0.2208 0.9995
10 In( K,/ K,,)=9.7589 - 13.5052S,, + 2In(0.7504 — S,,) 0.2495 0.9994
11 In( K,,/K,,)=11.0339 - 14.4960S,, + 2In(0.8437 - S,,) 0.1301 0.9854
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Fig.2 Plot of the fitting parameter ¢ vs. 1-S,

Jigiang and Shuhong 2017), respectively. The fitting results
are shown in Figs. 3 and 4.

In(K,,/K,,) = a+bS,, + ce> “)

It can be seen from Figs. 3 and 4 that the new expression Eq. (3)
has the highest fitting accuracy, followed by Eq. (4) and Eq. (1).
Among them, Eq. (1) is a linear equation, which has the worst
adaptability to the curved line segments at the ultra-high water
cut stage. In addition, although Eq. (4) can describe the down-
ward curve to a certain extent, the fitting accuracy is significantly
lower than that of Eq. (3). Besides, Eq. (4) is difficult to obtain the
type-B characteristic curve through derivation. However, Eq. (3)
is a simpler form and fewer unknown parameters, which can well
characterize the relationship between K, /K, and S, in the whole
process of water flooding development.

New type water flooding characteristic curve
Derivation of new type curve

The conventional B-type water flooding characteristic curve
has universal applicability in water flooding development
oilfields, and its expression is:

InWOR = a + bN, ®)

where WOR is water—oil ratio; Np is the cumulative oil pro-
duction, 10* t.

Equation (5) shows a linear relationship between water—oil
ratio (WOR) and cumulative oil production (Np) under the semi-
log coordinate. The method of linear segment extrapolation can be
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used to determine the ultimate recovery and recoverable reserves
(Shuhua 2001). However, during actual oilfield production and
laboratory tests, it was found that the B-type water flooding char-
acteristic curve is no longer applicable at the ultra-high water-cut
stage, and the curve of this stage will be up-warping.

In order to accurately describe the up-warping phenome-
non, a new water flooding characteristic curve is established
on the above expression Eq. (2) or Eq. (3) and combined
with the reservoir engineering method.

In the stable seepage condition of water flooding, regard-
less of the gravity and capillary force influence, the relation-
ship between the oil-water relative permeability ratio and
oil-water production is as follows (Hangiao et al. 2006):

& — M (6)
Krw QWMWBW}/O
where O, and Q,, are the output of surface crude oil and
surface water, respectively, t-d~'; U, and u,, are the viscos-
ity of formation crude oil and formation water, respectively,
mPa-s; B, and B, are, respectively, the volume coefficients of
formation crude oil and formation water, without dimension-
ality; y, and y,, are the relative density of surface degassed
crude oil and surface water, without dimensionality.
Equation (2) can be transformed into the following form:

K
= = (c— SW)26a+bSW 7
™w

Combining Egs. (6) and (7), we can get:

wor = Lo = HoBolw

— § ) 2p-(@+bS,)

Besides, water saturation can be expressed as (Buckley
and Leverett 1942):

1-5
Sy = =Ny + Sye = 1= (L= R)(1 = S,) ©9)

w
where S, is irreducible water saturation; N,, is the cumula-
tive oil production, 10% t; N is geological reserves, 10* t, R
is oil recovery:

R= FP (10)

Substitute Eq. (9) into Eq. (8) and take the logarithm of
both sides to obtain that:

B
INWOR = In220" _ojnle— 14+ (1= R)(1 = S,.)]
#y By 11
+b(1 = R)(1 —S,.)—a—b

Then, substituting Eq. (10) into Eq. (11) and sorting
InWOR out, it can be obtained:
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Let:
HoBot N
A=1 +21 -bS,,. —
n”wayo nl - ch we 4 (13)
1-S
B=b—F= 14
~ (14)
C = NC - ch
T1-=-5 (13

— Pwe

where A, B, C are the fitting parameters, respectively.
The expression of the new water flooding characteristic
curve can be obtained as:

InWOR = A — BN, — 2In(C - N,) (16)

According to definitions of WOR = g—i and f,, = Q&Qw’

we can get that:

Jw
1 _fw

where f,, is water cut.
Substituting Eq. (17) into Egs. (16), (16) can also be
expressed as:

Jw
1 _fw

Equation (16) is the new type of water flooding character-
istic curve equation, which reflects the relationship between
water—oil ratio (WOR) and cumulative oil production (N,) at
the later stage of water flooding development, so it is suit-
able for the ultra-high water-cut stage.

As the oil recovery (R) is low, the cumulative oil produc-
tion (Np) will also be very low, that is, In(C-Np) tends to 0. In

WOR =

a7

In

=A-BN,—-2In(C - N,) (18)
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this case, Eq. (16) can be written as InWOR =A-BNP, which
is the familiar Eq. (6) of B-type water flooding characteristic
curve. Therefore, the B-type water flooding characteristic
curve is a special case of the new type water flooding char-
acteristic curve when the oil recovery is low.

Besides, when the oilfield development reaches the eco-
nomic limit water—oil ratio (In general, water—oil ratio is 49
or water cut is 98%) under the abandonment condition, the
recoverable reserves and oil recovery can be predicted by
Eq. (16) or Eq. (18). Furthermore, Eq. (16) can also be used
to predict the future development of the oilfield and calculate
the geological reserves of the oilfield.

Model verification

In order to verify the accuracy and applicability of the new
water flooding characteristic curve, a five-spot well pattern
model is established on the actual reservoir geological char-
acteristics. The traditional type curve (Eq. (5)) and the new
water flooding characteristic curve (Eq. 16) are used to fit
the production performance, respectively.

The grid number of the model is 49 xX49 x4, the grid
length is 15 m, the vertical grid length is 8 m, and the bal-
ance between injection and production. The basic parameters
are presented in Table 2, and the relative permeability of oil
and water is shown in Fig. 5.

Basis on numerical simulation results, the new water
flooding characteristic curve is applied and compared with
the conventional B-type water flooding characteristic curve.
In the case of known residual oil saturation, data in Fig. 5 are
fitted based on the new oil-water relative permeability ratio
characterization Eq. (3), and fitting parameters in Eq. (3) are
obtained as follows: a=6.1802, b=-5.2134.

The calculation results of N, and InWOR are fitted by
Egs. (5) and (16), and the fitting results are shown in Fig. 6
and Table 3.

It can be seen from Fig. 6 and Table 3 that the conven-
tional B-type water flooding characteristic curve can only
fit the straight line segment at the early stage, and the up-
warping curve segment in the later period could not be fitted
effectively. However, the application of the new curve can
realize the high precision fitting of the whole water flooding
development process, and the fitting correlation coefficient
is more than 0.9993.

By extrapolating to the limit water—oil ratio (WOR =49)
by the B-type water flooding characteristic curve, the calcu-
lated recoverable reserves of the reservoir are 33.9521 x 10*
t, which has an error of more than 20% compared with the
actual recoverable reserves of 27.0513 x 10* ¢ (see Figs. 6,
7). However, the calculated recoverable reserves by the new
curve are 27.1101 x 10* t, and the prediction error is only
0.22%.
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Table 2 Basic parameters of the simulation case

Parameters Value
Average porosity (%) 232
Permeability (10> um?) 123.79
Oil density (g/cm®) 0.815
Irreducible water saturation 0.316
Residual oil saturation 0.202
Oil-water viscosity ratio 100
Geological reserves (10%) 210.6459

1 00 b T b T b T b T
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15
0

04F .

0.2 F .

0.0 L——

0.0 0.2 1.0

Fig.5 Oil-water relative permeability

Besides, it can be seen from Table 3 that the fitting param-
eters of the new water flooding characteristic curve are:
A=7.6860, B=-0.0177, C=35.5337. Therefore, according
to Eq. (14), the deduction can be obtained:

1 =S,
B

N=b

19

And then, the geological reserves of the reservoir can be
obtained by substituting the above parameters into Eq. (19):
N=201.4670x 10* t. Furthermore, compared with the actual
geological reserves of 210.6459 x 10* t, the relative error
between them is less than 5%. This shows the new water
flooding characteristic curve has higher accuracy and wider
applicability, and it is suitable for the whole process of water
flooding development.

5 T L] L] L] L]
A Numerical simulation data
— Fitting curve by Eq.(17)
Fitting curve by Eq.(6)
A e L -
WOR=49 line ] f
x : :
S3f A
= i :
2 i
1 L L L L ! L !

5 10 15 20 25 30 35
N,/10%

Fig.6 Fitting result comparison of different water flooding character-
istic curves

Table 3 Fitting expressions of different water flooding characteristic
curves

Curve type Fit relation Correlation
coefficient
B-type water flood-  In WOR = 0.3323 + 0.1063N, 0.9121
ing characteristic
curve (Eq. 5)
New water flooding InWOR = 7.6860 + 0.0177N'J 0.9993
characteristic
curve (Eq. 16) —2In(35.5337 = N,,)
40
N
33.9521 P
30F 27.0513 27.1101
<
=20
2,
10
Simulation  B-type curve fitting New curve fitting

Fig. 7 Fitting results: comparison of different water drive characteris-
tic curves and numerical simulation results (WOR =49)

Field application

The proposed type function has been employed in the
northern part of west Gudao oilfield (GD oilfield), China.
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The northern part of the west Gudao oilfield is located in
the Neogene large draping belt in the east of Zhanhua sag,
Jiyang depression, and it is a large drapery anticlinal inte-
grated heavy oil reservoir with unconsolidated sandstone of
Guantao Formation in tertiary. A set of thick oil reservoirs
are developed in the upper Ng3 and lower Ng4 formations.
The average thickness of sand bodies in Ng3° and Ng4* is
10-12 m, and the average effective thickness is 9 m. The
target block has an oil-bearing area of 1.54 km?, and the
average porosity and permeability are 0.341 and 3213 x 107
pm?, respectively, belonging to a medium—high permeabil-
ity reservoir. The original oil in place of the reservoir is
5.1342x 10° t. After normalizing the oil-water relative per-
meability curve (see Fig. 8), the irreducible water saturation
is 0.319 and the residual oil saturation is 0.242.

The actual development data of the block are shown
in Fig. 9. The reservoir was transferred to water flooding
development after 2002, from 2002 to 2006, the comprehen-
sive water cut of the reservoir was lower than 90%, and it
was in the stage of medium—high water cut. While in 2010,
the comprehensive water cut rose to 95% and the reservoir
entered the ultra-high water cut stage. At present, the water
cut of the reservoir has reached 98.924%, and the oil recov-
ery is 50.235%.

According to the actual reservoir production data, the
production data before the water cut of 95.156% (WOR is
19.644) are fitted by using the new water flooding charac-
teristic curve (Eq. (16)) and Eq. (20) (Jian 2013, Jigiang.
Wang 2017) derived from formula (4), respectively, while
the subsequent production data are used as the validation
data of the prediction segment.

InWOR = a + bN, + ce™ (20)

As shown in Fig. 10, the new water flooding characteris-
tic curve (Eq. (16)) is used to fit the previous data, and the
results show that the fitting accuracy is high, and the correla-
tion coefficient is above 0.999. Equation (20) also has a good
fitting effect on early stage production data. Besides, the
relationship of the new water flooding characteristic curve
of GD oilfield obtained by fitting is as follows:

In WOR = 1.6525 +0.2977N, = 2In 29183 = N,) (21

In the prediction stage, the prediction results obtained by
using Eq. (16) can coincide with the actual data. In addition,
when the comprehensive water cut reaches 98.924% (the
ultimate WOR is 92), the ultimate recoverable reserves pre-
dicted by Eq. (21) are 2.5691 x 10° t, and the corresponding
ultimate oil recovery is 50.04%. The recoverable reserves
and recovery calculated from the new model are very close
to the actual values (the actual cumulative oil production is
2.579x10° t and the ultimate recovery is 50.235%), which
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Fig.9 The actual development data of the target reservoir

justifies the practical value of our model in actual oilfields
(see Figs. 10, 11). However, the predicted results of Eq. (20)
are quite different from the actual results.

Therefore, the new water flooding characteristic curve
established in this paper can not only reflect the special
oil-water seepage law in ultra-high water cut stage, but also
has the advantages of simpler form and more accurate pre-
diction results. It is suitable for the whole process of water
flooding reservoir development and can provide a basis for
oilfield development decision in high water cut stage.
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Fig. 11 Prediction results: new curve vs. existing curve in cumulative
oil production and recovery (WOR=92)

Conclusions

1) By statistical analysis of the experimental data of phase
permeability with high displacement multiple, a new
relationship between the ratio of oil-water relative per-
meability and water saturation is proposed. The expres-
sion is simple in form and has high fitting accuracy,
which well solves the problem of characterizing the rela-
tionship between K /K|, and S, in the whole process of
water flooding development.

2) Based on the improved model, a new type of water
flooding characteristic curve is derived and established.
Compared with the conventional water flooding char-

acteristic curve, the new curve has higher accuracy and
wider applicability, which can achieve a high-precision
fitting of the whole process of water flooding develop-
ment. And the fitting correlation coefficient is more than
0.9993. The prediction error of recoverable reserves cal-
culated by the new curve is only 0.22%, and the error of
geological reserves is less than 5%. Besides, the curve
can accurately predict the recoverable reserves and oil
recovery of ultra-high water cut reservoirs, which pro-
vides a basis for oilfield development decisions in high
water cut period.
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