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Abstract
Worldwide, for older fields that are in the late stages of production period, production wells that lose production value due 
to high water cut are usually shut down. In this situation, the remaining oil in the reservoir will be re-enriched under the 
influence of gravity differentiation and capillary forces. Production practices find when the production well is closed for a 
long time and then opened for restarting production, the water cut drops dramatically and the output rise sharply. In order to 
anticipate the effects of enrichment of remaining oil in the reservoir, this paper analyzes 10 influencing factors respectively. 
Secondly, change of water cut before and after shut-in is used as the evaluation index of residual oil enrichment effect. 
Numerical simulation method is used to simulate the influence of different factors on the effect of external migrations of 
remaining oil at different levels. Grey correlation analysis is utilized to rank the correlation of 10 factors on residual oil 
enrichment and then we can get the main controlling factors affecting residual oil enrichment. Finally, the response surface 
analysis method is used to establish a 5-factor 3-level model, and the corresponding prediction results are obtained through 
numerical simulation experiments. The main control factors are fitted to obtain the prediction formula of the remaining oil 
enrichment effect. As a result, we can use the prediction formula to forecast the enrichment effect of remaining oil under 
different reservoir parameters.
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Introduction

Fault-block reservoirs in China generally enter the late stage 
of development, and the production cost increases due to the 
high water cut of production wells (Cui et al. 2017; Kang 
et al. 2019; Jianmin Wang et al. 2011). Therefore, many 

production wells stop to product because of the high water 
cut and low production value (Han 2010). Yang et al. (2015) 
point out that residual oil in the formation will enrich under 
the action of gravity, buoyancy and capillary force. The 
enrichment process of remaining oil after shut-in is referred 
to the tertiary migration of remaining oil. Tertiary migration 
of oil and water means that the water cut of a production 
well has reached nearly 100% and the remaining oil is trans-
ported under the action of gravity and capillary force under 
the shut-in method, and the remaining oil accumulation area 
is formed in fault-block reservoir due to long-time shut-in 
enrichment. After opening the well, the water cut decrease 
and the output rise (Benke 2010). Jacot (2015) discusses a 
method to estimate the internal rock characteristics of the 
reservoir blocks, when studying the migration efficiency of 
the residual oil in the abandoned reservoir. Minescu et al. 
(2010) analyzes the mechanism and influencing factors 
involved in tertiary migration and introduces two produc-
tion projects in Romania to prove the effectiveness of ter-
tiary migration. Jacota (2014) discusses tertiary migration 
from the perspective of gravity differentiation and studies 
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the parameters that mainly affect tertiary migration and com-
bines with actual production cases. He points out the impor-
tance of gravity differentiation to the enrichment of residual 
oil. Popa and Jacotă (2016) points out that reservoir physical 
parameters are changed after a long-time of production and 
proposed a parameter correction method using linear differ-
ence, which does not need a lot of calculation time and can 
be utilized to the correction of complex models. The role of 
residual oil in reservoir dispersal are widely studied (Kumar 
and Mandal 2017; Liu et al. 2019; Nasri and Mozafari 2018; 
Xu et al. 2019a, b). But there is still no way to predict the 
effect of the tertiary migration of remaining oil.

Because there are few examples in the field, this article 
uses the method of numerical simulation combined with 
response surface analysis (RSM) and establishes a universal 
numerical simulation model. Selecting structural high pro-
duction wells and evaluating the effect of the tertiary migra-
tion of remaining oil (TMRO) by observing the changes in 
water cuts before and after the well is closed. Ten factors 
affecting the migration of remaining oil in the reservoir are 
analyzed. The grey correlation analysis method is used to 
analyze the correlation between the TMRO and ten factors 
and ranking them. In the end, the five most important factors 
are selected for orthogonal experiment design and numerical 
simulation experiments are combined with the RSM method. 
Finally, the effective prediction formulas of the TMRO under 
different combinations of influence factors are obtained.

Building a numerical simulation model

In order to examine the effects of various factors on the 
enrichment of remaining oil with the numerical simulation 
methods, a typical numerical simulation model is estab-
lished. Using Eclipse software to build a typical numerical 
simulation model. For the convenience of research, there 
is one injection well and one production well in the pro-
duction mode of the model reservoir and the model with a 
certain inclination. The water injection is in the lower part 
and oil production in the upper part until the water cut of the 
production well reaches 95%. The remaining oil will move 
upward after the well is closed. After several years, the well 
is opened for production again. The change of the water cut 
is used to evaluate the effect of the tertiary migrations of the 
remaining oil. The numerical simulation model is given in 
Fig. 1. The model parameters are shown in Table 1, and the 
model’s relative permeability and capillary force curves are 
shown in Fig. 2.

After analysis, we believe that the factors affecting the 
TMRO including formation dip, formation permeability, 
borehole time, water body energy, oil viscosity, reservoir 
thickness, oil–water well spacing, capillary force, oil den-
sity, the distance between the well and the high part of the 

reservoir. Each factor is analyzed separately. In order to 
clarify the effect of each factor on the TMRO process, an 
analysis and evaluation of method as showed in Table 2 is 
developed.

The numerical simulation method is used to simulate the 
schemes in Table 2 one by one, and the effects of tertiary 
migration of residual oil before and after shut-in at different 
factors at different levels are obtained.

Grey relational analysis

In order to further simplify the variables, this article uses the 
grey correlation analysis method to analyze and obtain the 
correlation between each factor and the effect of the TMRO 
and ranks them. Finally, the influencing factors are opti-
mized according to the ranking.

Grey correlation analysis method is a multi-factor com-
parative analysis method, which is in essence the analysis 
of curve development and change trend (Wang et al. 2020). 
It describes the strength, size and order of the relationship 
among factors based on the sample data of each factor by the 
grey correlation degree. If the sample data column reflects 
the change tendency (direction, size and speed, etc.) of the 
two factors are basically the same, then they have a greater 
correlation. On the contrary, the correlation degree is small. 
Compared with traditional multi-factor analysis methods 
(correlation, regression, etc.), grey correlation analysis 
requires less data and less calculation. So it is easy to be 
widely used. Using the grey correlation analysis needs to go 
through the following steps:

(1)	 Data pre-processing

On the basis of qualitative analysis of the problem 
studied, one dependent variable and several independent 

Fig. 1   Oil saturation profile of the model



3Journal of Petroleum Exploration and Production Technology (2021) 11:1–10	

1 3

variables are determined. Assuming that there are m evalu-
ation objects and n included evaluation indexes, the data set 
of n evaluation indexes of m evaluation objects can form the 
following evaluation matrix:

X�
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Table 1   Numerical simulation 
model parameters

Geological parameter Value Fluid parameter Value

Initial oil saturation (%) 64 Density of oil phase (kg/m3) 836
Permeability (× 10−3μm2) 800 Density of water phase (kg/m3) 1000
Injection pressure (MPa) 33 Viscosity of water phase (mPa·s) 1
Production pressure (MPa) 27 Viscosity of oil phase (mPa s) 10
Original pressure (MPa) 30 Volume factor of oil phase (m3/m3) 0.988
Grid quantity 70 × 50 × 10 Volume factor of water phase (m3/m3) 1

Fig. 2   Model permeability 
curve

Table 2   Influence factor parameter

No. Indicator Parameters Default Evaluation index

1 Dip angle/° 1, 5, 10, 15, 25 15 Enrichment effect = fw
1
− fw

2

= water cut before shut in − water cut after reproduction2 Zone permeability/10-3μm2 50, 200, 500, 1000, 1500 700
3 Well downtime /Year 0.5, 3, 5, 10, 15 10
4 Aquifer/Water volume 10, 20, 30, 40, 50 20
5 Viscosity/mPa·s 1, 10, 20, 30, 40 10
6 Reservoir thickness /m 2, 5, 10, 15, 20 10
7 Injector producer distance /m 20, 40, 60, 80, 100 80
8 Capillary (Pc50)/MPa 0.005, 0.01, 0.015, 0.02, 0.025 0.015
9 Crude oil density /(g/cm3) 0.7, 0.75, 0.8, 0.85, 0.9 0.8
10 Distance between well and 

reservoir top /m
20, 40, 60, 80, 100 100
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In general, the original variable sequence has different 
dimensions or orders of magnitude. In order to ensure the 
reliability of the analysis results, the variable sequence 
needs to be dimensionless. After dimensionless, each factor 
sequence forms the Eq. (2):

(2)	 Calculating the incidence matrix

Calculating the absolute difference between the first col-
umn and the rest of the sequence in Eq. (2) and from the 
absolute difference matrix, as showed in Eq. (3).

The data in the absolute difference matrix are transformed 
as Eq. (4):

The matrix for correlation coefficient is:

In the formula, the value of the resolution coefficient p 
is in (0,1); the smaller p is, the higher the difference of the 
correlation coefficient. The correlation coefficient �0i(k) is a 
positive number no more than 1. The smaller Δ0i(k) is, the 
larger �0i(k) is. It reflects the degree of correlation between 
the comparison sequence X0 and the reference sequence.

(3)	 Calculation of correlation

The degree of correlation between the comparison 
sequence Xi and the reference sequence X0  is reflected by 
N correlation coefficients (i.e., column i in Eq. (2)), and the 
correlation degree of Xi  and X0

 can be obtained by averag-
ing, as showed in Eq. (6):
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The higher the correlation degree is, the more consistent 
the change trend is between the comparison sequence and 
the reference sequence.

The change of water cut of production well before and 
after shut-in enrichment is used to evaluate the effect of 
TMRO. By using typical model and numerical simulation 
method, according to the parameters selected in Table 2 and 
by controlling other conditions to remain unchanged, the 
degree of TMRO corresponding to the changes of various 
factors is investigated respectively. Finally, the correlation 
between the variation of each factor and the effect of TMRO 
is discussed by using the grey correlation analysis method. 
Correlation degree and correlation rank between production 
decline and various influencing factors are shown in Table 3.

Multi‑factor response surface analysis

We select the factors with a correlation of more than 0.8 
with the effect of TMRO as the main control factors. The 
five most significant factors are selected and invoked as the 
main factors for analysis. In order to quantify the enrichment 
effect. The method of RSM is used to simulate the main 
effects and interactions of the five main controlling factors 
of borehole time, permeability, oil density, oil viscosity, and 

Table 3   The correlation degree between enrichment effect and the 
input feature

No Indicator name Coefficient of 
association

Rank

F1 Dip angle 0.821 5
F2 Zone permeability 0.942 2
F3 Well downtime 0.975 1
F4 Aquifer 0.481 10
F5 Viscosity of crude oil 0.868 4
F6 Reservoir thickness 0.497 9
F7 Injector producer distance 0.709 6
F8 Capillary (Pc50) 0.636 7
F9 Crude oil density 0.921 3
F10 Distance between well and 

reservoir top
0.563 8

Table 4   Orthogonal experimental design

Indicator Coded value Value of each level 
encoding

− 1 0 1

Well downtime/year A 0.5 7.75 15
Permeability/×10-3μm2 B 50 1025 2000
Oil density/(g/cm3) C 0.7 0.825 0.95
Viscosity of oil/ mPa·s D 5 15 25
Dip angle/° E 1 25.5 50
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formation dip angle of the TMRO under different condi-
tions. Box-Behnken response surface optimization experi-
ment design was adopted, and the center composite design 
is performed at three levels of low, medium and high. The 
relationship between the 5 factor 3 level coding and the 
experimental values is shown in Table 4, and the experi-
mental scheme and results are shown in Table 5.

The experimental results of the table are analyzed by 
the software DESIGN EXPERTS10 and the details of 

calculation method and process are shown in the appendix. 
The results are shown in Table 6 in the next section.

Model evaluation

Figure 3a shows the normalized residual diagram of the 
model. We can see that these points follow a line. Therefore, 
residuals follow a normal distribution. Figure 3b indicates 

Table 5   Orthogonal experiment 
results

Sequence 
Number

Well down-
time (years)

Permeability 
(10−3μm2)

Density of Oil 
(g/cm3)

Angel (°) Viscosity 
(mPa·s)

Water cut 
change(%)

1 7.75 2000 0.95 15 25.5 4.68
2 15 1025 0.825 25 25.5 3.00
3 0.5 1025 0.95 15 25.5 24.68
4 7.75 2000 0.825 5 25.5 1.20
5 7.75 1025 0.7 25 25.5 1.87
6 7.75 1025 0.7 15 1 24.66
7 15 1025 0.95 15 25.5 15.04
8 0.5 1025 0.825 5 25.5 17.45
9 7.75 2000 0.825 25 25.5 32.73
10 0.5 2000 0.825 15 25.5 28.58
11 7.75 1025 0.825 15 25.5 35.86
12 7.75 1025 0.7 5 25.5 43.06
13 7.75 1025 0.825 15 25.5 45.50
14 0.5 50 0.825 15 25.5 14.96
15 7.75 50 0.95 15 25.5 18.93
16 0.5 1025 0.825 15 50 14.96
17 7.75 50 0.825 25 25.5 2.84
18 7.75 1025 0.95 15 50 15.60
19 15 1025 0.825 15 50 9.93
20 7.75 1025 0.95 5 25.5 8.58
21 7.75 1025 0.95 15 1 32.71
22 7.75 1025 0.95 25 25.5 25.50
23 7.75 50 0.825 15 1 22.81
24 7.75 1025 0.825 25 50 22.69
25 7.75 2000 0.825 15 50 29.92
26 7.75 50 0.7 15 25.5 13.19
27 7.75 50 0.825 5 25.5 0.60
28 7.75 1025 0.825 5 1 28.55
29 7.75 50 0.825 15 50 0.03
30 7.75 2000 0.7 15 25.5 43.08
31 7.75 1025 0.825 5 50 5.77
32 7.75 1025 0.825 15 25.5 14.96
33 7.75 1025 0.825 15 25.5 14.96
34 7.75 2000 0.825 15 1 52.70
35 7.75 1025 0.7 15 50 20.28
36 15 1025 0.7 15 25.5 14.96
37 0.5 1025 0.825 15 1 14.96
38 15 50 0.825 15 25.5 45.48
39 7.75 1025 0.825 15 25.5 35.78
40 15 1025 0.825 5 25.5 23.01
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the relationship between model residuals and predicted val-
ues. These points are within the constant range of the whole 
graph, indicating that the model is very suitable for experi-
mental data.

Figure 4 shows the relationship between the experimental 
data of the model and the predicted values. These points can 
be observed on a line, which makes the model suitable for 
experimental data.

Figure 5 displays a 2D profile and 3D surface view of the 
impact of shut-in time and reservoir permeability on the pre-
dicted response. Other parameters are constant at the mean 
value (oil density: 0.825 g/cm3, formation inclination: 15°, 
oil viscosity: 25.5 mPa·s). The longitudinal level in Fig. 5b 
represents the change of water cut before and after enrich-
ment, which also represents the effect of TMRO. With the 
rise of Permeability and Time, the plane in Fig. 5b gradually 
rise in the longitudinal direction, which means that TMRO 
will get better and better with the rise of reservoir Perme-
ability and Time. According to the results of Fig. 5b, the 
best residual oil enrichment occurred at the maximum well 

downtime (15 year) and maximum reservoir permeability 
(2000 × 10−3μm2).

Figure  6 shows the 2D contour and 3D surface dia-
gram of the influence of the density of the crude oil and 
dip Angle of the formation on the prediction of the TMRO. 
Other parameters are constant at the mean value (shut-in 
time:7.75 year, reservoir permeability: 1025 × 10−3μm2, oil 
viscosity: 25.5 mPa·s). It can be observed that the increase 
of dip Angle and the decrease of oil density lead to the sig-
nificant increase in the effect of TMRO. The profile curva-
ture reflects the significant impact of these two parameters. 
According to the results of Fig. 6b, the best effect of migra-
tion occurred at the maximum formation dip angle (25°) and 
the minimum oil density (0.7 g/cm3).

Figure 7 shows a 2D profile and a 3D surface diagram 
of the effects of shut-in time and oil viscosity on the pre-
dicted response. Other parameters are constant at the mean 
value (reservoir permeability: 1025 × 10−3 μm2, oil density: 
0.825 g/cm3, formation inclination: 15°). It can be seen that 
the increase of shut-in time and the decrease of oil viscosity 
will significantly increase the effect of migration of remain-
ing oil. The profile curvature reflects the significant influ-
ence of these two parameters. According to the results of 
Fig. 7b, the best effect of oil migration occurred at the maxi-
mum well downtime (15 year) and minimum oil viscosity 
(1 mPa·s).

The analysis results of the response surface method are 
consistent with the theoretical knowledge and it also reflects 
the reliability of the calculated data in the model. The calcu-
lation also shows the statistical parameters between the vari-
ables quantitatively in Table 6. In response surface analysis, 
the statistical significance of statistical results is measured 
using the F-value, and the significance of each regression 
coefficient is detected using the p value. The smaller the p 
value, the more significant the result. The Model F value 
of 583.72 implies the model is significant. There is only a 
0.01% chance that an F-value this large can occur due to 
noise. The p value is less than 0.0001, indicating that the 
model is significant adaptability, and the nonlinear equa-
tion relationship between the factors represented by the 
regression equation and the response value is significant. 
The model determination coefficient R2 = 0.9979 means only 
0.021% on the surface cannot be attributed to the regres-
sion model. The coefficient of variation CV = 3.98% which 
is smaller than 10%. And the signal-to-noise ratio is 92.561 
and it is bigger than 4, which means the model is highly 
reliable, and the model can be utilized to the expected opti-
mization prediction experiment.

In Table 6, it is found that the p-value of some quadratic 
terms is greater than 0.05, which is a non-significant fac-
tor. In order to make the expression of the regression equa-
tion more concise, the change of the water cut before and 
after the well closure is taken as the response value, and 

Table 6   Response surface analysis

Source Sum of 
Squares

df Mean 
Square

F value p value

Model 8696.657 20 434.8328 583.7187 1.58E−28
A-Time 1185.805 1 1185.805 1591.823 3.7E−24
B-Permea-

bility
3329.814 1 3329.814 4469.935 1.04E−29

C-Oil den-
sity

428.6414 1 428.6414 575.4073 8.93E−19

D-Dip angle 1072.38 1 1072.38 1439.56 1.27E−23
E-Viscosity 2076.317 1 2076.317 2787.243 3.64E−27
AB 10.29177 1 10.29177 13.81566 0.001021
AC 0 1 0 0 1
AD 1.529285 1 1.529285 2.052909 0.164303
AE 0 1 0 0 1
BC 0 1 0 0 1
BD 0.920034 1 0.920034 1.235051 0.277001
BE 0 1 0 0 1
CD 0 1 0 0 1
CE 0 1 0 0 1
DE 0 1 0 0 1
A^2 2.320306 1 2.320306 3.114774 0.0898
B^2 169.488 1 169.488 227.5204 4.62E−14
C^2 128.7313 1 128.7313 172.8086 9.93E−13
D^2 97.09046 1 97.09046 130.334 2.08E−11
E^2 458.0931 1 458.0931 614.9433 4.02E−19
Residual 18.62339 25 0.744936
Lack of Fit 18.62339 20 0.931169
Pure Error 0 5 0
Cor Total 8715.28 45
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the borehole time, formation permeability, crude oil density, 
crude oil viscosity, and formation dip angle are independ-
ent variables, and terms with p value greater than 0.05 are 
ignored. Establish a response surface quadratic polynomial, 
as showing in Eq. (7):

where Δfw means change in water cut before and after shut-
in, t means well boring time (year), K means permeability 
(10−3 μm2), α means dip angle (°), ρo means the density of 
oil (g/cm3), μ means the viscosity of oil (mPa·s).

(7)

Δfw = 215.98788 + 0.67486t + 2.7963 × 10−3K

− 446.978�o − 0.29846� − 1.08053�

+ 2.269 × 10−4tK + 4.63576 × 10−6K2

+ 245.8�2
o
+ 0.033354�2

+ 0.01207�2

Fig. 3   a Normal plot of residu-
als, b Relationship between 
model residuals and predicted 
values
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Field application of predictive model

So far, few specific experiments have been conducted to ver-
ify the effects of TMRO. This has only been done in Shengli 
oilfield in China In this situation, production practice data 
of Shengli oilfield in eastern China are selected to test the 
prediction model of residual oil enrichment. Three wells 
including Well-xie-2-23, Well-xin-47 and Well-xin-18-1 are 
selected. All three wells are closed due to high water cut. 
Some years later, the water cut decreases and the produc-
tion increases. Specific data and fitting are given in Table 7.

After inputting the physical property data and shut-in 
time data of the three observation wells into Eq. (7), TMRO 
effect prediction of three wells are made. After calculation, it 
is found that the predicted TMRO effect is very close to the 
actual value, and the error value of all three wells are within 
7%. Through case analysis in Table 7, it is proved that the 
effect prediction formula of residual oil obtained through 
the above analysis process is certain practicability. For wells 

Fig. 4   Experimental data and predicted values of the model

Fig. 5   The effects of well downtime and reservoir permeability on the TMRO. a Contour map. b The response surface figure

Fig. 6   The influence of crude oil density and dip angle on the TMRO a Contour map. b The response surface figure
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with extremely high water cut and shut down, the TMRO 
effect after a period of time can be predicted according to 
the prediction method and the formation physical properties. 
This makes it possible to predict the TMRO effects of differ-
ent wells and to select wells with enrichment potential to re-
open them so that they can create greater value for the field.

Conclusion

The prediction method of formation TMRO effect is dis-
cussed for the first time in this paper. First, a typical numeri-
cal simulation model is established, and the influence of 
different factors on TMRO effect at different values is 
simulated by numerical simulation method. According to 
the results of numerical simulation, the main control fac-
tors affecting TMRO are analyzed by using grey correlation 
analysis method. The orthogonal experiment of 5 factors 
and 3 levels is designed by using RSM method. A series of 
numerical simulation experiments are carried out by using 
numerical simulation and RSM methods, and the effects of 
different combinations of shut-in time, permeability, crude 
oil density, crude oil viscosity and formation dip angle on 
TMRO effect are discussed. Finally, the prediction method 
of TMRO is obtained through RSM method, which can 
input the physical parameters around the well and the shut-
in time to predict the effect of TMRO. And through a series 
of examples for comparative verification. It is proved that the 

prediction accuracy of this method is high, and it is valuable 
to be applied.
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