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Abstract Reservoir heterogeneity is one of the main

barriers that affect reservoir developing efficiently in the

presence of a strong aquifer support. To identify high

permeability channels, a coupled model of two phase flow

in the formation and variable mass flow in the horizontal

wellbore has been built in this paper. Keep the average

vertical permeability and the permeability variation coef-

ficient constant, change the distribution of vertical perme-

ability, on the basis of which we can get different relations

between cumulative watercut and oil recovery. The study

shows that if there is a high permeability channel along the

wellbore, a line segment and an inflexion will appear on the

curve of cumulative watercut and oil recovery in semi-log

coordinate when oil recovery reaches some value. The

closer the distance between the high permeability channel

and the heel is, the earlier the inflexion and the line seg-

ment will appear. At last, the actual curve is compared with

the theoretical ones in the oil recovery when the inflexion

and the line segment appear, by means of which the high

permeability channel could be identified. The result

calculated through the method is similar to the well log

interpretation, and the method can be popularized.

Keywords Heterogeneity � Reservoir with bottom water �
Horizontal wellbore pressure drop � High permeability

channel � Two phase flow � Variable mass flow

Introduction

In the development process of reservoirs with bottom water

by horizontal wells, the nonuniform of water breakthrough

time along horizontal wellbore is mainly caused by the

wellbore pressure drop and the heterogeneity of the reser-

voir. As the duration of the development, once the bottom

water intrudes, it is difficult to identify the breakthrough

locations, which makes water plugging be one of the main

obstacles of horizontal well technology. Up to now, studies

on water plugging are mainly about bottom water coning

mechanism (Recham et al. 2000; Wibowo et al. 2004;

Erdal and Rajagopal 1989), plugging technics (Bond A

et al. 1997; Zhou et al. 2011) and plugging agent (Zaitoun

et al. 1999; Zhou et al. 2010). However, studies on iden-

tification of breakthrough locations are infrequent. At

present, the main method of identifying the breakthrough

locations is well logging, which is not only very expensive,

but also difficult to operate (Li et al. 2005). Therefore, an

economic and effective method of identifying the break-

through locations is very helpful to the popularity of hor-

izontal well technology. Water breakthrough along

horizontal wellbore in reservoirs with bottom water is

mainly affected by the distribution of vertical permeability.

Bottom water breaks through earlier where high perme-

ability channels exist. Therefore, the crux of water plug-

ging is to plug the high permeability channels.
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A coupled model of two phase flow in the formation and

variable mass flow in the horizontal wellbore in reservoirs

with bottom water has been built in this paper. Keeping the

average vertical permeability and the permeability variation

coefficient constant, we can construct different kinds of dis-

tributions of vertical permeability along the wellbore by

Lorentz curve (Sarabia et al. 1999). Compare the curves of

cumulative watercut and oil recovery under different kinds of

distributions of vertical permeability along the wellbore with

the actual curve to identify the high permeability channels. It

is proved that the result is precise and can provide a theoretical

basis for putting water plugging of horizontal wells into effect.

Modeling

Reservoir model

Assume that there is a horizontal well with a length of L in

a heterogeneous reservoir with bottom water and the dis-

tance from well to the original oil/water contact is h. Fig-

ure 1 is the sectional view of the reservoir perpendicular to

the horizontal wellbore. Establish a rectangular coordinate

system as shown in Fig. 1, with the original oil/water

contact as its x-axis, and the line through the wellbore and

perpendicular to the original oil/water contact as its z-axis.

Divide the reservoir into n permeability zones along the

wellbore to be convenient for solution.

Assume that oil and water are immiscible and incom-

pressible. The two-dimensional and two-phase seepage

equation of any point on the section at time t can be written

as follows (Liu 1992):

/
oSwðtÞ
ot

þ vxðtÞ
ofwðSwÞ

ox
þ vzðtÞ

ofwðSwÞ
oz

¼ 0 ð1Þ

where, / is the porosity of the point; SwðtÞ is the water

saturation of the point at time t; fw is the watercut of the

point; vxðtÞ is the velocity component in direction x of the

point at time t, m/d; vzðtÞ is the velocity component in

direction z of the point at time t, m/d.

According to the principle of superposition, the velocity

of any point on the section at time t can be written as

follows (Liu 1992):

vxðtÞ ¼ �QiðtÞ
2hLi

shðpx=2hÞ sinðpz=2hÞ
ch2ðpx=2hÞ � sin2ðpz=2hÞ

ð2Þ

vzðtÞ ¼
QiðtÞ
2hLi

chðpx=2hÞ cosðpz=2hÞ
ch2ðpx=2hÞ � sin2ðpz=2hÞ

ð3Þ

where, QiðtÞ is the liquid production rate in permeability

zone i at time t, m3/d; Li is the width of permeability zone i,

m; h is the distance from the wellbore to the original oil/

water contact, m; x is the horizontal coordinate of the point,

m; z is the vertical coordinate of the point, m.

As known in equivalent filtrational resistance law

(Zhang et al. 2004), flow in every permeability zone can be

seen as a combination of two kinds of flow, one is uniflow

from the original oil/water contact to the wellbore, and the

other one is radial flow from a synthetic supply boundary

around wellbore to the wellbore. The productivity equation

in permeability zone i at time t can be written as follows

(Ehlers and Bluhm 2002):

Qi tð Þ ¼ 8:64DPiðtÞ
li tð Þ
LiKiB

h þ liðtÞ
2pKiB

ln Li

pRw

ði ¼ 1; 2; . . .; nÞ

ð4Þ

where, DPi(t) is the pressure drop from the original oil/

water contact to the wellbore in permeability zone i at time

t, 10-1 MPa; li(t) is the average viscosity of the fluid in

permeability zone i at time t, which equals to the weighted

mean of the oil viscosity and the water viscosity by water

saturation, MPa s Ki is the average vertical permeability in

permeability zone i, 10-3 lm2; B is the control width

across the horizontal wellbore, m; Rw is the wellbore

radius, m.

Wellbore model

As shown in Fig. 2, the wellbore is divided into n infini-

tesimals which are one-to-one correspondence to the per-

meability zones in the reservoir.

Assume that fluid in horizontal wellbore is incom-

pressible and flows isothermally. According to the mass

conservation law and the momentum conservation law, the

wellbore pressure drop equation in infinitesimal i at time

t can be written as follows (Liu and Jiang 1998):where,

qiðtÞ can be calculated by the following equation:

h

x 

z 

o 

Horizontal well 

Original oil/water contact 

Fig. 1 The section across the horizontal wellbore of the reservoir
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Fig. 2 The horizontal wellbore model diagram
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qiðtÞ ¼
Pi

k¼1 QwkðtÞ
Pi

k¼1 QkðtÞ
qw þ

Pi
k¼1 QwkðtÞ

Pi
k¼1 QkðtÞ

 !

qo ði

¼ 1; 2; . . .; nÞ:
ð6Þ

Water production rate in infinitesimal i at time t can be

written as follows:

QwiðtÞ ¼ QiðtÞfwðSw2iðtÞÞ ði ¼ 1; 2; . . .; nÞ ð7Þ

where, dPi(t) is the wellbore pressure drop in infinitesimal

i at time t, 10-1 MPa; f is the friction coefficient of the

wellbore; Coh is the correction pipe friction factor, which

can be obtained by laboratory experiments; qi(t) is the

average density of the fluid in infinitesimal i at time t, kg/

m3; qo is the oil density, kg/m3; qw is the water density, kg/

m3; QwiðtÞ is the water production rate in infinitesimal i at

time t, m3/d; Sw2i(t) is the water saturation around the

wellbore in permeability zone i at time t.

Coupled reservoir-wellbore model

The pressure drop from the original oil/water contact to the

wellbore in permeability zone i at time t and the wellbore

pressure drop in infinitesimal i at time t satisfy the fol-

lowing equation:

DPi tð Þ ¼ DPi�1 tð Þ þ dPi�1 ði ¼ 2; 3; :. . .; nÞ: ð8Þ

Assume that the horizontal well produces with a

constant liquid rate of QðtÞ during t * t ? Dt, we can

get the following equation:

QðtÞ ¼
Xn

i¼1

QiðtÞ ði ¼ 1; 2; . . .; nÞ: ð9Þ

The simultaneous equations above can be solved by

iteration method. We can get the distribution of water

saturation in the reservoir, liquid rate, pressure, oil rate

along wellbore, and watercut in the wellhead at any time.

Analysis of the dynamic characteristic curves

The distribution of vertical permeability along the wellbore

will not affect the dynamic data in the wellhead, if the

wellbore pressure drop is ignored. Considering the

dPiðtÞ ¼
10�5 Cohf q1ðtÞL1

16p2R5
w

þ q1ðtÞ
p2R4

w

� �
Q2

1ðtÞi ¼ 1 i ¼ 1

10�5CohfqiðtÞLi

16p2R5
w

2
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þ 10�5qiðtÞQiðtÞ
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w
2
Pi�1

k¼1

QkðtÞ þ QiðtÞ
� �

i ¼ 2; 3; . . .; n

8
>><

>>:
ð5Þ

Table 1 Base data of the well

Parameter name Value

Wellbore length (m) 279

Wellbore radius (m) 0.075

Distance from bottom water (m) 40

Water viscosity (mPa s) 0.75

Oil viscosity (mPa s) 5

Water density kg m-3 1,000

Oil density (kg m-3) 850
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Fig. 3 The oil–water relative permeability curve
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Fig. 4 Liquid production rate curve of the horizontal well
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wellbore pressure drop, the influence of the distribution of

vertical permeability on producing dynamic data in the

wellhead is analyzed with the actual data in TaHe oilfield

in China. Keep the average vertical permeability and the

permeability variation coefficient along the wellbore

constant, change the distribution of vertical permeability,

on the basis of which we can get different relations

between cumulative watercut and oil recovery. The base

data of the well are shown in Table 1. The oil–water rel-

ative permeability curve is shown in Fig. 3. Figure 4 shows

the liquid production rate during 1,350 days.

Assume that the average vertical permeability along the

wellbore is 200 9 10-3 lm2, the permeability variation

coefficient is 0.3. Construct 5 kinds of distributions of

vertical permeability along the wellbore by the Lorentz

curve, which are shown in Fig. 5. The distance from the

high permeability channel to the heel of the wellbore is 0,

L/4, L/2, 3L/4 and L, respectively.

Solve the simultaneous equations with the actual data.

Figure 6 shows the curves of cumulative watercut (cumu-

lative water divided by cumulative liquid) and oil recovery

under 5 kinds of distributions of vertical permeability along

the wellbore in semi-log coordinate.

As shown in Fig. 6, under 5 kinds of distributions of

vertical permeability, there will be a line segment on the

curve of cumulative watercut and oil recovery when oil

recovery reaches some value. Affected by the high perme-

ability channel, an inflexion will appear before the line

segment when the distance between the high permeability

channel and the heel is greater than 0. In other words, as the

increase of oil recovery, cumulative watercut increases

slowly first, then rapidly, and then slowly. A small distance

between the high permeability channel and the heel of the

wellbore contributes to a fast growth rate of watercut, an

early appearance time of the inflexion and the line segment,

and a serious effect of the high permeability channel on the

watercut. The closer the distance between the high perme-

ability channel and the toe of the wellbore is, the clearer the

inflexion will be. When the distance between the high per-

meability channel and the heel is greater than 3L/4, the

influence of the location of the high permeability channel on

the curve is little. When the distance between the high per-

meability channel and the heel is less than 3L/4, the influence

of the location of the high permeability channel on the curve

becomes greater and greater. When the line segment and

inflexion appear, the oil recoveries under 5 kinds of distri-

butions of vertical permeability are shown in Table 2.

Identification of high permeability channels

When the line segment and the inflexion appear, oil

recoveries will differ with the change of the location of the

high permeability channel. According to this character, we

can identify the location of the high permeability channel.

Figure 7 shows the actual curve of cumulative watercut

and oil recovery of the horizontal well in semi-log coor-

dinate. We can see that an inflexion appears when oil
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Fig. 5 Five kinds of distributions of vertical permeability along the

wellbore
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Fig. 6 Curves of cumulative watercut and oil recovery under 5 kinds

of distributions of vertical permeability along the wellbore in semi-

log coordinate

Table 2 Oil recoveries when the inflexion and the line segment

appear under 5 kinds of distributions of vertical permeability along

the wellbore

Distribution Oil recovery

(the inflexion

appears) (%)

Oil recovery

(the line segment

appears) (%)

1 22 28

2 22 28

3 20 27

4 14 24

5 – 20
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recovery reaches about 21 % and a line segment appears

when oil recovery reaches about 26 %.

Compared with Fig. 6 and Table 2, it can be judged that

the high permeability channel locates between Distribute 2

and Distribute 3, about in the middle of the wellbore.

Figure 8 shows the vertical permeability along the well-

bore interpreted by well logging data. We can see that the

high permeability channel roughly locates between 100 m

and 200 m from the heel. The result calculated is similar to

the well log interpretation, and the method can be

popularized.

Conclusions

1. A coupled model between two phase flow in the

formation and variable mass flow in the horizontal

wellbore has been built in this paper. By simulation,

we can see that the distribution of vertical perme-

ability along the wellbore plays an important part in

the production data due to the presence of the well-

bore pressure drop. As a result, the wellbore pressure

drop cannot be ignored in the development of oil

fields.

2. In the presence of a high permeability channel, there

will be a line segment on the curve of cumulative

watercut and oil recovery when oil recovery reaches

some value. Affected by the high permeability chan-

nel, an inflexion will appear before the line segment,

when the distance between the high permeability

channel and the heel is greater than 0.

3. A small distance between the high permeability

channel and the heel of the wellbore contributes to a

fast growth rate of watercut, an early appearance time

of the inflexion and the line segment, and a serious

effect of the high permeability channel on the water-

cut. The closer the distance between the high perme-

ability channel and the toe of the horizontal well is, the

clearer the inflexion will be.

4. The locations of high permeability channels can be

judged through the oil recoveries when the inflexion

and the line segment appear on the curve of cumulative

watercut and oil recovery in semi-log coordinate,

which can provide a theoretical basis for putting water

plugging of horizontal well into effect.
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