
Journal of Power and Energy Engineering, 2020, 8, 43-54 
https://www.scirp.org/journal/jpee 

ISSN Online: 2327-5901 
ISSN Print: 2327-588X 

 

DOI: 10.4236/jpee.2020.810004  Oct. 29, 2020 43 Journal of Power and Energy Engineering 
 

 
 
 

Study on Water Ridge Variation of Horizontal 
Wells in Bottom Water Reservoir 

Xiujuan Zhao, Mo Zhang, Quanlin Wang, Jie Tan, Bo Li 

Bohai Oilfield Research Institute, Tianjin Branch of CNOOC Ltd., Tianjin, China 

 
 
 

Abstract 
X oilfield is a typical strong bottom water reservoir in Bohai Sea. It is devel-
oped by single sand body horizontal well. The edge and bottom water of the 
reservoir is active and natural energy development mode is adopted. At 
present, the comprehensive water cut of the oilfield is more than 96%, and 
has entered the stage of high water cut oil recovery. At present, fluid extrac-
tion from old wells and new adjustment wells are the main ways to increase 
oil production. With the deepening of development, the distribution of un-
derground remaining oil is becoming more and more complex. In order to 
further improve the implementation effect of adjustment wells, the study of 
residual oil distribution law is increasingly important, and the study of water 
ridge morphology of horizontal wells in bottom water reservoir has an im-
portant guiding role in the study of remaining oil distribution. The main 
contents of this paper are as follows: the influence of horizontal well spacing, 
vertical and horizontal permeability ratio, single well liquid production, ver-
tical position of horizontal well, oil-water viscosity ratio, water cut and inter-
layer on water ridge morphology. These understandings can effectively guide 
the deployment and optimization of adjustment wells. It provides technical 
support for the prediction of watered out thickness and optimization of ad-
justment well layout scheme in X oilfield, and guides the further development 
and production of the oilfield. 
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1. Preface 

Horizontal well is an important technology to increase the production of single 
well by expanding the oil drainage area of reservoir, so as to improve the eco-
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nomic benefit of oilfield development. There are also some problems to be 
solved in the development of bottom water reservoirs by horizontal wells. How-
ever, the existing studies mainly focus on the analysis and characterization of the 
development of water ridge morphology, and lack of research on the influence of 
various factors on the shape of water ridge; especially the interaction between 
various factors is ignored. Based on the actual reservoir parameters of X oilfield, 
this paper establishes a numerical conceptual model, and analyzes the influence 
of horizontal well spacing, vertical and horizontal permeability ratio, single well 
fluid production, vertical position of horizontal well, oil-water viscosity ratio, 
water cut and interlayer on water ridge morphology. Through the sensitivity 
analysis of numerical simulation and the orthogonal experimental design me-
thod [1]-[8], the significant degree of the influence of various factors and their 
interaction on the shape of water ridge is analyzed [9]-[15]. 

2. Establishment of Mechanism Model 

Based on the basic data of X oilfield parameters, this paper establishes a basic 
model, then changes the values of parameters on the basis of the basic model, 
analyzes the influence of each parameter on the development effect of bottom 
water reservoir, qualitatively explains the relationship between recovery degree 
and various influencing factors, and analyzes the sensitive factors affecting the 
development effect. 

The model can not only directly observe the bottom water inrush, but also 
comprehensively consider the inter well interference. The model adopts a uni-
form grid system of 90 × 90 × 20. Other parameters of the basic model are: water 
oil volume ratio of 100, reservoir thickness of 15 m, porosity of 30%, horizontal 
permeability of 3000 mD, vertical permeability of 300 mD, initial oil saturation 
of 0.75, formation oil viscosity of 30 mPa·s, crude oil density of 950 kg/m3, appar-
ent viscosity of formation water of 0.45 mPa·s, and formation water density of 
1000 kg/m3. The production wells are 3 horizontal wells without water injection 
wells. The initial horizontal well perforation layer is the second layer, the hori-
zontal well length is 300 m, and the initial well spacing is 300 m (Figure 1). The 
oil-water relative permeability curve used in the model is shown in Figure 2. 

 

 
Figure 1. Section screenshot of mechanism model. 
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Figure 2. Mechanism model phase permeability curve. 

3. Analysis of Influencing Factors 

Through investigation, the influencing factors of water ridge shape include: ho-
rizontal well spacing, vertical/horizontal permeability ratio, liquid production 
rate, horizontal well position, oil-water viscosity ratio, water cut, and interlayer. 
In this paper, through the mechanism model, the influence of various factors on 
the shape of water ridge is analyzed. 

3.1. Influence of Well Spacing 

The design well spacing ranges from 100 m to 500 m in the scheme study. Ac-
cording to the results, with the increase of well spacing, the maximum water 
ridge radius gradually decreases, the percentage of remaining oil reserves in 
geological reserves also increases, and the development effect becomes worse. 
Therefore, infill well pattern within reasonable well spacing can effectively en-
hance oil recovery and improve development effect (Figure 3). 

3.2. Influence of Permeability Ratio 

In the research scheme, we set the ratio of vertical horizontal permeability to 
0.01, 0.05, 0.1, 0.2, 0.5 and 1 respectively to study the volume morphology of 
water ridges under different Kv/Kh ratios. The results show that the higher the 
Kv/Kh, the higher the water cut and the worse the development effect. This is be-
cause the higher the vertical permeability is, the smaller the vertical resistance is. 
Under the smaller production pressure difference, the bottom water can be 
ridged upward, and the faster the bottom water rises, the faster it reaches the 
bottom of the well; the smaller the Kv/Kh, the greater the vertical seepage resis-
tance of the reservoir is, and the pressure can fully propagate in the horizontal 
plane, and the area of bottom water action increases, but it will not coning along 
the wellbore rapidly. 

Under the scheme of ratio of vertical permeability to horizontal permeability, 
the variation law of parameter values with permeability ratio is observed. The  
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Figure 3. Variation chart of well spacing and water ridge radius. 

 
smaller the ratio of vertical permeability to horizontal permeability is, the greater 
the vertical seepage resistance is, and the pressure can fully propagate in the ho-
rizontal plane, and the larger the horizontal swept area is, and it will not coning 
along the wellbore rapidly. Therefore, the smaller the ratio of vertical permeabil-
ity to horizontal permeability is, the larger the maximum water ridge radius is 
(Figure 4). 

3.3. Influence of Liquid Production Rate 

The designed liquid production rate is set at 50, 100, 150, 200, 300 and 500 m3/D 
respectively. According to the results of numerical simulation, the recovery de-
gree of heavy oil reservoir with bottom water increases with the increase of liq-
uid production rate. From this law, we can analyze that for the heavy oil reser-
voir with bottom water in X oilfield, the liquid production rate can be appro-
priately increased, that is, increase the differential pressure production and de-
velop at a high speed, so as to obtain economic benefits earlier. 

Based on the mechanism model, the influence of liquid production rate on the 
shape of water ridge is simulated. The calculation results show that when the 
liquid production rate is small, the production pressure difference is small, and 
the maximum water ridge radius increases with the increase of liquid production 
rate. However, because the formation crude oil is heavy oil, the water ridge vo-
lume is not clear, and the overall trend is upward, and there is a maximum value, 
and the water ridge shape is higher than a certain liquid production rate The 
states are slightly reduced (Figure 5). 

3.4. Influence of Horizontal Well Location 

In order to study the influence of horizontal well position on oil recovery, six 
schemes of horizontal well position of 0.9 h, 0.8 h, 0.7 h, 0.5 h, 0.3 h and 0.2 h 
are simulated and calculated respectively. It can be seen from the numerical  
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Figure 4. Variation of permeability ratio and water ridge radius. 

 

 
Figure 5. Liquid production rate and water ridge radius variation. 

 
simulation results that when the same recovery degree is reached, the greater the 
distance from the top, the greater the water cut, and the earlier the water break-
through time of the oil well, the water free recovery degree will be significantly 
reduced, and the development effect will be worse. This is because the nearer the 
horizontal well is to the bottom water, the bottom water will rise rapidly, result-
ing in water breakthrough in the oil well; however, if the opening degree is too 
small, the liquid supply will be insufficient. Therefore, the horizontal well should 
be drilled to the top of the reservoir. 

The research shows that the closer the horizontal well is to the bottom water, 
the bottom water will quickly cone into the bottom of the well, the water break-
through will be early, the water cut will rise quickly, and the radius of water ridge 
will be smaller (Figure 6).  
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Figure 6. Change of height of avoiding water and radius of water ridge. 

3.5. Effect of Crude Oil Viscosity 

In order to better study the effect of oil-water viscosity ratio on water ridge 
morphology, the actual viscosities of sand bodies in X oilfield are selected for 
numerical simulation calculation. The crude oil viscosities are 30, 80, 200, 350 
and 500 mPa·s, and the parameters related to crude oil viscosity, such as crude 
oil density, volume coefficient, dissolved gas oil ratio and saturation pressure, 
are modified. According to the results of numerical simulation, the viscosity of 
crude oil has a significant effect on the shape of water ridges. With the increase 
of crude oil viscosity, the anhydrous oil recovery period decreases, and the re-
covery degree under the same water content is greatly reduced. The reason is 
that when the crude oil viscosity is low, the gravity effect is strong, which effec-
tively inhibits the coning of bottom water. Moreover, when the crude oil viscos-
ity is low, the bottom water is more evenly pushed forward, and the water ridge 
sweep range is wide and the height is small. On the contrary, the scope of water 
ridge is small, the height of water ridge is greatly increased, and the shape of wa-
ter ridge changes obviously. 

The shape and size of water ridges were calculated by mechanism model. When 
the crude oil viscosity is small, the oil-water fluidity is small, which is close to the 
piston type oil displacement, the water is relatively uniform and the water ridge 
range is large (Figure 7). 

3.6. Influence of Water Cut 

With the continuous development of the oilfield, the water cut of the oil well will 
be higher and higher, and the water ridge will be larger and larger (Figure 8).  

3.7. Influence of Interlayer 

The interlayer is an impermeable rock layer that can block the fluid movement 
in the process of oilfield development. From the research of reservoir engineering,  
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Figure 7. Oil water viscosity ratio and water ridge radius variation. 
 

 
Figure 8. Change of water content and ridge radius. 
 
the interlayer has a certain inhibition effect on the bottom water cone (ridge). 
The research on the rising law of water ridge by the interlayer is also helpful to 
recognize the distribution of remaining oil and guide the deployment of adjust-
ment wells. 

1) Influencing factors of interlayer position 
The influence factors of interlayer position continue to use the above mechan-

ism model to study, and five different interlayer positions are selected, namely no 
interlayer, intermediate layer and top layer. As can be seen from Figure 9, when 
the interlayer size is fixed, the development effect is better with the increase of 
interlayer distance from oil-water interface; under the same recovery degree, the 
higher the interlayer distance from the oil-water interface, the higher the water 
cut the slower the speed. In addition, it is also found that there is a residual oil  
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Figure 9. Cumulative oil production in different interlayer positions. 
 
enrichment area in the lower part of the interlayer near the horizontal well and 
far away from the oil-water interface, which can be used as the key area for tap-
ping the remaining oil in the high water cut stage of the reservoir (see Figure 
10). 

2) Influencing factors of interlayer size 
In the mechanism model, we fixed the interlayer in the middle of the oil layer, 

and designed three schemes. The interlayer area accounts for 1%, 5% and 8% of 
the whole layer area respectively. It can be seen from Figure 11 that the larger 
the interlayer distribution range is, the slower the water cut rises, the stronger 
the shielding effect of interlayer on bottom water, the higher the recovery de-
gree, and the better the development effect. 

4. Weight Analysis of Influencing Factors 

The rationality of reservoir development is determined by many factors. There-
fore, after the single factor analysis of influencing water ridge shape, this study 
also analyzes the rising law of water ridge under the above-mentioned multiple 
factors. The method used is orthogonal experimental design. 

Firstly, the factor levels of orthogonal test design are determined. Five factors 
are: well spacing, permeability ratio, liquid production rate, horizontal well posi-
tion and oil-water viscosity ratio. Three levels are selected for each factor. The 
orthogonal test factor level table is shown in Table 1. 

After selecting the experimental value of the factor level, the orthogonal expe-
rimental design scheme is drawn out according to the orthogonal table. For each 
test scheme, numerical simulation software is used to predict the corresponding 
results. 

After obtaining the results of orthogonal experiment design, we conducted range 
and variance analysis on the test results, and obtained the primary and secondary 
order of the influence of various factors on the test indexes, as shown in Table 2. 
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Figure 10. Remaining oil enrichment area in the lower part of interlayer. 

 

 
Figure 11. Cumulative oil production of different interlayer sizes. 

 
Table 1. Factor level table of orthogonal test. 

level 
A: Well  

spacing (m) 
B: Kv/Kh 

C: Fluid  
production (m3/d) 

D: Horizontal 
well location 

E: Viscosity  
of crude oil 

Empty column 

1 100 0.01 100 0.8 h 48 1 

2 200 0.05 200 0.67 h 177 2 

3 300 0.3 300 0.3 h 666 3 

 
Table 2. Range analysis of test results. 

level A B C D E Empty column 

R 2 10.9 5.2 4.5 15.8 4.1 

 
Variance analysis can further eliminate the error size of the test, and accu-

rately obtain the importance of each factor in the test on the test results. The re-
sults of variance analysis are shown in Table 3. 
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Table 3. Anova table. 

Source of variance 
Sum of squares 

of deviations 
Freedom Variance F Fa 

Significant 
level 

Well spacing 22 2 11 - F0.01(2, 8) = 8.6 o 

Vertical horizontal 356 2 178 6.3 F0.05(2, 8) = 4.5 ** 

Fluid production 88 2 44 1.7 F0.1(2, 8) = 3.1 ** 

Horizontal well location 63 2 32 1.2 F0.25(2, 8) = 1.7 ** 

Oil water viscosity 801 2 401 14.2 - *** 

Error 51 2 26 - - - 

The sum 1383 - - - - - 

Note: “**” means the most significant; “**” means very significant; “*” means significant; “o” means certain 
influence. 

 
Through the above range and variance analysis methods, we can get the fac-

tors that affect the shape of water ridges. According to the importance degree, 
the oil-water viscosity ratio > vertical horizontal permeability ratio > liquid 
production > horizontal well position > well spacing. Among these five factors, 
the oil-water viscosity ratio accounts for the largest proportion, and the viscosity 
of most of the main sand bodies in X belongs to the range of heavy oil. There-
fore, special attention should be paid in reservoir engineering design The change 
of oil-water viscosity ratio; the proportion of vertical horizontal permeability ra-
tio, liquid production rate and horizontal well position is slightly lower and the 
difference among the three degrees is not much; the influence factors of well 
spacing are the smallest, which indicates that in the later adjustment well dep-
loyment, according to the strategy of high-speed development of x oilfield, the 
new well pattern can be appropriately infilled in order to quickly obtain eco-
nomic benefits. 

5. Case Analysis 

According to the understanding of the water ridge shape of horizontal wells in 
bottom water reservoir, the oil-water viscosity ratio has the greatest influence on 
the water ridge morphology, and the crude oil viscosity of each sand body in X 
oilfield is quite different. Therefore, it is necessary to formulate different well 
layout optimization plans for the crude oil viscosity of different sand bodies. For 
sand bodies with different viscosities (30, 80, 200, 350 and 500 mPa·s) in X oil-
field, different minimum well spacing (100 - 300 m) is given when the adjust-
ment well optimization scheme is formulated. 

At the same time, according to the water flooded situation of sand body passing 
through the road well, with the increase of crude oil viscosity, the radius of water 
ridge becomes smaller, which is consistent with the previous research results.  

6. Conclusions 

Based on the production situation of X oilfield as the research background, in 
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view of the complex water flooding situation in the high water cut stage, the in-
creased risk of sidetracking adjustment wells, and the urgent need to tap the po-
tential of remaining oil, this paper studies the rising law and shape of water ridge 
of horizontal wells in bottom water reservoir. According to the basic theory of 
water ridge shape in bottom water reservoir, the mechanism model of horizontal 
well in bottom water reservoir is established. On this basis, the influencing fac-
tors of water ridge of horizontal well in bottom water reservoir are obtained by 
numerical simulation: 

1) With the increase of well spacing, the maximum water ridge radius gradu-
ally decreases, the percentage of remaining oil reserves in geological reserves in-
creases, and the development effect becomes worse. 

2) The smaller the ratio of vertical permeability to horizontal permeability, the 
maximum radius of water ridge increases. 

3) When the liquid production rate is small, the production pressure differ-
ence is small, and the maximum water ridge radius increases with the increase of 
the liquid production rate. However, because the formation crude oil is heavy 
oil, the water ridge volume change law is not obvious, and the overall trend is 
upward, and there is a maximum value. When the production rate exceeds a cer-
tain value, the shape of water ridge decreases slightly. 

4) The closer the horizontal well is to the bottom water, the bottom water will 
quickly cone into the bottom of the well; the water breakthrough will be early; 
the water cut will rise quickly; and the radius of water ridge will be smaller. 

5) The shape and size of water ridges were calculated by mechanism model. 
When the crude oil viscosity is small, the oil-water fluidity is small, which is 
close to the piston type oil displacement; the water is relatively uniform and the 
water ridge range is large. 

6) With the continuous development of the oilfield, the water cut of the oil 
well will be higher and higher, and the water ridge will be larger and larger. 

7) When the distribution range of the interlayer is larger, the water content 
rising speed is slower; the shielding effect of interlayer on bottom water is strong-
er; the recovery degree is higher; and the development effect is better. 

This paper analyzes the factors that affect the water ridge shape of horizontal 
wells in bottom water reservoir, finds out the relationship between the influen-
cing factors and the maximum water ridge radius, and calculates the influence 
weight of each factor by using the orthogonal test design method, in which the 
oil-water viscosity ratio has the largest influence proportion. Therefore, it is ne-
cessary to pay special attention to the change of oil-water viscosity ratio in re-
servoir engineering design. The research results provide technical support for 
remaining oil distribution research and deployment of new adjustment wells. 
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