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Abstract: Barrier impacts on water cut and critical rate of horizontal wells in bottom water-drive
reservoirs have been recognized but not investigated quantitatively. Considering the existence of
impermeable barriers in oil formations, this paper developed a horizontal well flow model and obtained
mathematical equations for the critical rate when water cresting forms in bottom-water reservoirs. The
result shows that the barrier increases the critical rate and delays water breakthrough. Further study of
the barrier size and location shows that increases in the barrier size and the distance between the barrier
and oil-water contact lead to higher critical rates. The critical rate gradually approaches a constant as the
barrier size increases. The case study shows the method presented here can be used to predict the critical
rate in a bottom-water reservoir and applied to investigate the water cresting behavior of horizontal wells.
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1 Introduction

In order to control the coning or cresting problem in
bottom water-drive reservoirs, many researchers have
investigated the flow mechanisms and developed methods
to calculate the critical rate (Muskat and Wyckoff, 1935;
Chierici et al, 1964; Chaperon, 1986; Guo and Lee, 1992a;
1992b; Aulie et al, 1993; Fan and Lin, 1994; Gunning et al,
1999; Permadi and Jayadi, 2010; Zhang et al, 2011) and to
predict water breakthrough time (Papatzacos et al, 1989;
Ozkan and Raghavan, 1990; Cheng et al, 1994; Bahadori,
2010) and reduce water cut (Smith and Pirson, 1963;
Wojtanowicz et al, 1994; Siddiqi and Wojtanowicz, 2002;
Ould-Amer et al, 2004; Jin et al, 2009). The maximum water
free oil production rate is termed the critical rate. The critical
rate of horizontal wells calculated from previous methods
(Chaperon, 1986; Fan and Lin, 1994) was much less than the
actual oil production rate in some bottom water reservoirs,
but some wells produced only oil and did not produce water
for a long time (Permadi et al, 1995, Yue et al, 2009). Such
phenomena are due to two main reasons. First, the start-up
condition should be applied in the calculation of critical rate
(Yue et al, 2009). Second, geological conditions are far more
complex than the models consider, as for example there may
be impermeable barriers in reservoir formations. Barriers in
the reservoir formations have been reported to significantly
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increase the critical rate and delay the water breakthrough
time (Karp et al, 1962; Strickland, 1974; Li and Song, 1993;
Li, 1997; Gourley and Ertekin, 1977; Hou, 2007; Zhang et al,
2008). Barriers by definition are generally the impermeable
or low-permeability rock layers which prevent or reduce
fluid penetration in the reservoir. Some experiments have
been conducted to study water coning or cresting in reservoir
development (Chierici et al, 1964; Khan, 1970; Permadi,
1996; Mungan, 1975; Shirman, 1998; Aggour and Khana,
2001). The impacts of barrier size and position on the bottom
water coning in vertical wells have been investigated (Li
and Song, 1993; Li, 1997; Siddiqi and Wojtanowicz, 2002).
However, there is little work about barriers affecting the
bottom water cresting in horizontal wells. In particular, no
formula is available to calculate the critical rate in horizontal
wells in bottom water reservoirs with barriers, which is the
focus of this paper. This paper develops a horizontal well
flow model with a barrier in a bottom water reservoir and
obtains mathematical equations for the critical rate when
water cresting occurs. Sensitivity studies of the barrier size
and position are then given and a case study is presented.

2 The model of impermeable barriers

Impermeable barriers, also named interbeds, have zero
permeability. The interbed theory can be used to study water
cresting of horizontal wells in bottom water reservoirs. Li and
his coworker (Li and Song, 1993; Li, 1997) firstly proposed
the interbed theory and developed a model to investigate
bottom water coning in vertical wells with barriers. On the
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baise of Li's theory, the authors infroduced the equivalent flow
resistance method and developed a formula fo predict the
critical rate of horizomial wells in bottom water reservoirs,

2.1 Model assumptions and descriptions

Fig. 1 is a skeich of a horizonial well penctrating an odl-
bearing formation and an impermeable barrier horzontally
extended in the oil formation. The barrier is assomed to
be horizontal, just below the well. The distances from the
barrier to the top and bottom of the oil formation are o and
o, respectively, The bamrier width is b and fis thickness is
igmored. Other conditions are the same as those described in
the previous literature {Yoe, et al, 2009). The top boundary is
closed and the bottom boundary is constant pressure p,. The
reservoir thickness is &, The distance between the borizontal
well and the oil-water interface is z,. The length of the
horizoatal well is L. The horizontal well radios is #_.

According to the interbed theary, water coning occurs first
at points O and C, which are below the barrier end podnts A
and M. The shape of water cresting ks shown in Fig. 1.

According to prévious résearch [Borsov, 1984; Giger
ct al, 1984; Giger, 1986; Joshi, 1988; Chen, 2008), the fuid
flow to the horizantal well is divided into two regiona: the far
away region and the near-wellbore flow region, The entire
Bow process of this model is also divided inio pvo stages. Al
the first stape, the fluid on the left side fows from the botton
to the MY planc. The second stage the fluid flows from the
N plame imio the wellbore. The flow process on the right
side ig identical. In the following, & method to simplify and
solve the two flow stages will be introduced.

For the first stage, the right upper boundary of the virtual
well M is closed. For no fuid supply, the lefi upper boundary
also can be reated as & closed boundary. Assuming that there
is no interference from the vinual well M, the horizontal
well productivity Tormula (Fan, 1993) can be used o
calculate the productivity of the virwal well A7, The follow-
up interference between wells A amd A can use parsmeter
¥ to laber amend the model. The principle of equal lengih is
applied and the MN plane is treaicd as a production well with
a wellbore perimeter equal to the length of MV, Becouse the
top boundary is sealed and the boitom boundary pressune
is consiant, the fluid o the Y plane mainly comes from
the bottom of the reservoir. Floid flow rate in the MY plane
iz gradually increased from the point & to M. The location
of the equivalent well is set ar point A (shown in Fig. 1) at
which the fluid flow rate is relotively high. It is assumed that
the fluid flow to the equivalent well A is only a portion of the
todal production rate. The other side M™A is treated siondlarly.
Then, two equivalent wells M and M producing at the same
Hme can generate warer cresting with a shape as shown in
Fig. 1.

As mentioned above, the fluid Aow into the equivalent
wells is a part of iotal flow in the first stage. A parameter ¥ is
infrodueed to describe the relationghip between the flow raie
of the equivalent well O and the tofal flow rate of the actual
well .. Parameter ¥ i3 also used to amend the caleulated
productivity when two equivalent wells interfers with cach
other. It is a ratio between the total Bow rate of the production
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well and the rate flow through the equivalent wells Mand M,
In other wonds, il is the ratio between the rate of flow throwgh
the M plane in the first flow stage and the flow mte into the
equivalent well M. Because the equivalent wells M and M
are symmetrical, 8 material balance leads to the relationship
between ¢ and

'E: =2.?'E| (1

where () 13 the flow rate of the equivalent well at the first
Aow stage, m'id; {3, 1s the total flow rate of the actual well at
the second flow stapge, m'/d; y is parameter for the relationship
berween O and O,

2.2 Flow at the first stage

At the first flow stage, the problem can be simplified as
two equivalent horizontal prodwction wells M and W near
the top boundary in a boftom water reservoir with a formation
thickness of c. The productivity of a horizontal well in the
bottom water reservoir (Fan, 1993) can be applied:

IakL{dh, — b
=-— L:hf - @)
B, | In—+lntg >
! [ wr, 1-‘5]

where (0 is the productivity of a horizontal well, m'/d; &, is
the constant potential on the bottom boundary, MPa; &, is
the bottom hole flowing potential, MPa; K is the formation
permeability, pm’; L is the horizontal well length, m; &, is the
o1l formation volume factor;, g, is the oil viscosity, mPa-s; 1 is
the thickness of the reservodr, m; r, 15 the wellbore radius, m;
z, 15 the distance between the horizontal well and the bottom
boundary, m.

The equivalent lemgth method is used to determine the
rckiug of the mage well:

' =——

- =5 (3
where r.' is the equivalem wellbore rdius, m; a is the
distance between the barrier and the top boundary, m.

Given the potential difference Ad,, the productivity of the
image wells Mor M is

_ 2xKLAD,

@ = BuA 4
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where AT, is the potential difference at the first flow stage,
MPa; c is the distance beiween the harricr and ihe bollom
bouondary, m.

2.3 Flow at the second stage

The second Mow stage, the Muid Now From MY plane o0
ihe horizondal well, The reciangle reglon MNAAS i3 selecied
a5 the study ared, which i3 equivalent & an edge-water-drive
reservoir with scaled top and boilem boundaries, and left and
righl waier supply boundaries. Thus, the productivily of a
horizontal well in an edge-water drive reservoir can be used
(Yo, 2000%

2aklAD
=

Hﬂ.[hidlz—:"}-h

5-&] (5)
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where ¥, is (he radius of the edge-waler-drive reservoir
drainage boundary, m,

Hven the potential difTerence AD, in the second siage,
the productivity of ihe aciual production well can be oblained
frorn Bq. £5) and can be simplificd as:

2rKLAD
Q=" (6)
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where Ady, is the polenikal di Merenee at the second Now slape,
MPa; b is the width of the barrier, m.

According o the siari-up condition of boilorn waler rising
(Yue, ¢l al, 204/}, ihe Tollowing equation 18 the siari-up
condithon 1o fonm waler cresting:

L/ P @

L. e
==
where p, is the oil density, kgim™; o, is the waler density, kg
m'; g 18 the pravitatonal constanl, ms’,

At the first flow stage, the potential gradient below the
iimage wells M or M~ 18 (Fani, 1993; Yue ¢l al, 2009},
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Substitutlng 2=0, z."=c¢—-+," /2 and k= inic Eq. (8}
vields ihe polential gradicnl al the oil-waler eonlacl point O

itz 2Rl
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Combining Eqs, (7) and (%) gives the crilical raic a the
lrsl Mow siape:
2elip, —p g . w2
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Such rale consequenily delermines the rescryoir crifical
rale {1,

2. =0, =270, {11}

where (), is the critical rate for the oil formation with a
impermeable barricr, mi/d,

Combining Eqgs. (4) and (10} gives the critical potential
difference at the first Sow stage.

(12

From Egs. (1), (6) and {10}, the poicniial dilference al the
seoond ow slape is

AD, =Mﬁ!;r.] (13}
R 2

Thercore, the critical polenlial dilTcremce s

AP =AD +AD, (14)

According to the relationship beiwoen the poicnlial and
pressure dilferences, the critical pressure difference is
=&, + 057,

Ap., (13}

3 Determination of the parameter ¥

Parameter ¥ is affected by the location and size of the
bamricr, i.c,, paramelers €, A and a. When &=0, that is, no
barricr exists, the problem is simplificd inito an isoiropic
bottom water reservoir. According o Eq. (107, if there is no
barricr (he critical ratc {0, is

2Khlip, —p,)g

Y

-2 ,
“.:Z_h:l (16}

whmﬂ.'mlh:munl ralc for the oil formation withowt an
¢ harricr, m'/d.
Let (=", y, con be obtained from Egs. (10}, (11 and
(16):
. JKZ,
"'“'"‘1&]'
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When b=2r,, that is, the barrier width is equal to the radius
of the drainage boundary, the problem is simplified into an
edge water reservoir problem. Based on physical experiments
in the literature, the following empirical formula is applied

v =71+ 1) (0<bh<2r) (18)
v

€

4 Analysis of examples and case study

4.1 The example calculation

SI units are used in this case study and the basic
information is as follows: The horizontal well length in a
bottom water reservoir is 350 m. The oil formation thickness
is 40 m. The pressure at the oil-water contact is 25 MPa. The
reservoir oil viscosity is 15 mPa-s. The densities of reservoir
water and oil are 1,050 and 850 kg/m’, respectively. The oil
formation volume factor is 1.05. The isotropic permeability
is 0.15 um’. The wellbore radius is 0.1 m and the distance
between the horizontal well and the oil-water contact is 30 m.

When no barrier exists, the critical parameters of
the horizontal well are calculated with Eq. (16). When a
horizontal impermeable barrier is present in the oil zone
and 20 m above the oil-water contact (¢c=20 m). The barrier
width is 20 m. A horizontal well is drilled above the barrier.
and the supply radius in the Y direction is ».=200 m. Other
data are the same as above. Eq. (10) can be used to calculate
0,, and Eq. (18) is used to obtain y. Then Eq. (11) is used to
obtain the critical rate. Eqs. (14) is used to obtain the critical
potential difference, and with Eq. (15) is used to obtain the
critical pressure difference. Table 1 lists the calculated results.

Table 1 Calculated results

Critical rate  Critical potential ~ Critical pressure

m’/d difference, MPa difference, MPa
Without barrier 41.7 0.16 0.41
With a barrier 99.6 0.28 0.53

The critical rate is 99.6 m’/d and the critical pressure
difference is 0.53 MPa in the oil formation with a barrier.
Note that both the critical rate and the critical pressure in the
case with a barrier are higher than the case without barriers.

4.2 Sensitivity analysis of variables b and c

The variable c is the distance between the horizontal well
and the bottom boundary of the oil reservoir. Fig. 2 indicates
the calculated critical rate when ¢ changes from 0 to 30 m.

Changing the width of the barrier b from 0 to 400 m also
increases the critical rate, as shown in Fig. 3.

Both the barrier size and its location affect the critical rate.
Fig. 2 shows that increasing the distance of the barrier to the
reservoir bottom results in an increase in the critical rate. Fig.
3 shows that the barrier width has a positive impact on the
critical rate. However, such effect gets slower as the barrier
size continues increasing. Fig. 4 shows a comparison of the
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Fig. 4 A comparison of critical rates at different b and ¢ values

variation of the critical rate with b and ¢. When b becomes
close to 0, the critical rate converges to the value 44.74 m’/d,
the rate for the formation without a barrier.

4.3 Case study

A Triassic reservoir in the Tahe oil field was selected as
the research case. This reservoir is a typical bottom-water-
drive reservoir in which the bottom water energy is sufficient.
Three horizontal wells, which were drilled above horizontal
impermeable barriers, were used to analyze the critical rate
and the performance of water breakthrough.

Some information about the horizontal wells and their
daily production data are shown in Table 2, Figs. 5 and 6.
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Horizontal deviation, m calculated from the commonly-used formulas and the

(c) Well TK923H method proposed in this paper are listed in Table 3. Well log
interpretation showed that 1 to 2 barriers were distributed
below the horizontal wells and the total thickness was about
1.5 to 2 m. The distances from the barriers to the water-oil
contact of wells TK911H, TK921H, and TK923H were 8, 5
The commonly-used formulas can only be used to and 8 m, respectively. Because of a lack of information, the
calculate the critical rate of horizontal wells in oil formations  distribution boundary of barriers in the reservoir could not be
without barriers below the horizontal wellbore. The results  accurately described, so the value of » was set at 10-50 m.

Fig. 5 Drilling information about three horizontal wells

Table 3 The critical rate predicted by the commonly used formulas and the method proposed in this paper

(m’/d)

Commonly-used methods without considering barriers Method proposed in this paper considering the impermeable barrier
el Chaperson Joshi Fan Method proposed in this paper, b=0 b=10 b=20 b=30 b=40 b=50
TK911H 209 990 544 137.4 168.0 193.1 214.2 232.6 248.8
TK921H 350 3.80 18.6 458 56.1 64.4 71.5 77.6 83.0

TK923H 8.56 440 18.8 48.5 59.39 68.2 75.7 82.21 87.9
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The common formulas do not consider the effect of
impermeable barriers when calculating the critical rate. The
calculated value is significantly low, so that it is difficult to
apply these values in oil production. As Fig. 6(a) shows, the
initial average daily production rate of Well TK911H was
about 150 m’, and the well produced oil for 160 days before
water appeared. When the barrier was 7 m long in the Y
direction, the calculated critical production rate is 150 m’/d.
Once the width of barrier b is larger than 7 m, water-free oil
production will be a long period of time.

As Fig. 6(b) shows, the initial average production rate
of Well TK921H was 135 m’/d. The period of water-free
production was about 50 days. When the impermeable barrier
extends 50 m in the Y direction, the calculated critical rate is
83.0 m’/d, which is lower than the initial average production
rate. It is obviously that the initial average production rate
was too high so that the bottom water rise was too fast, and
the period of water-free oil production was merely 50 days.

As Fig. 6(c) shows, the initial average production rate of
well TK923H was 125 m’/d and the period of water-free oil
production period was 78 days. When the barrier extends 50
m in the Y direction, the calculated critical rate is 87.9 m*/
d, which is lower than the initial average production rate.
It is obviously that the initial average production was too
high, and the bottom water rose too fast, so the water-free oil
production period was only 78 days.

The results calculated from the equations deduced in this
paper provide a reasonable explanation to water breakthrough
time.

5 Conclusions

1) Barriers have a significant effect on the critical rate of
horizontal wells in bottom water reservoirs. The presence of
impermeable barriers can increase the critical rate of oil wells
and delay water breakthrough.

2) The size and location of barriers affect the prediction of
critical rate. With the increases in the size and the distance of
the barrier to the oil-water contact, the critical rate increases.
As the barrier size increases, the critical rate gradually
approaches a constant.

3) The method proposed in this paper can be used to
predict the critical rate of horizontal wells in bottom-water
reservoirs with an impermeable barrier and be applied to
investigate water cresting in horizontal wells.
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