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Abstract: It is very diffi cult to evaluate the productivity of horizontal wells in fault block reservoirs due 
to the infl uence of fault sealing. On the basis of the method of images and source-sink theory, a semi-
analytical model coupling reservoir and fi nite conductivity horizontal wellbore fl ow dynamics was built, 
in which the infl uence of fault sealing was taken into account. The distribution of wellbore fl ow and radial 
infl ow profi les along the horizontal interval were also obtained. The impact of the distance between the 
horizontal well and the fault on the well productivity was quantitatively analyzed. Based on this analysis, 
the optimal distance between the horizontal well and the fault in banded fault block reservoirs could be 
determined. According to the fi eld application, the relative error calculated by the model proposed in this 
paper is within ±15%. It is an effective evaluation method for the productivity of horizontal wells in fault 
block reservoirs. The productivity of the horizontal well increases logarithmically as the distance between 
the horizontal well and the fault increases. The optimal distance between the horizontal well and the fault 
is 0.25-0.3 times the horizontal well length.
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1 Introduction
Fault block reservoirs are predominant in the eastern part 

of China. The initial oil in place and oil production account 
for 1/3 of the total, respectively, in this area. Future reserves 
are likely found mainly in fault block reservoirs. A horizontal 
well can drain significantly larger reservoir volume than a 
vertical well and a larger contact area allows lower drawdown 
to recover more oil. Therefore, horizontal wells have been 
successfully applied in the development of fault block 
reservoirs (Zhou et al, 2006; Xie et al, 2008). 

However, it is difficult to evaluate the productivity 
of horizontal wells due to the fault sealing in fault block 
reservoirs. Several models were proposed to evaluate 
the productivity of horizontal wells (Fan and Lin, 1994; 
Michelevichius and Zolotukhin, 2002; Fokker et al, 2003; Ye 
et al, 2009; Kuznetsov et al, 2010), but the effect of faults was 
not taken into account in these models, so the achievements 
could not be used in the productivity evaluation of horizontal 

wells in fault block reservoirs.
In this paper, on the basis of the method of images and 

source-sink theory, a semi-analytical model coupling reservoir 
and fi nite conductivity horizontal wellbore fl ow dynamics is 
built. This takes into account the effect of fault sealing. The 
flow profiles along the horizontal well and radial flow into 
the wellbore are also obtained. The effect of fault sealing is 
quantitatively analyzed and the optimal distance between 
the horizontal well and the fault in fault block reservoirs is 
obtained.

2 Reservoir fl ow model

2.1 Physical model
The fl ow of fl uids into a horizontal well is a complicated 

process and a three dimensional (3D) physical model was 
used to simulate the flow. Fig. 1 is the schematics of the 
model. In this paper we assume that a horizontal well 
penetrates through a fault block reservoir with closed 
boundaries (with impermeable top and bottom, right-hand 
and left-hand boundaries) and a single-phase fl uid of constant 
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viscosity and compressibility fl ows from the reservoir to the 
horizontal well under steady-state conditions. In order to 
study the well performance, the horizontal interval is divided 
into N segments. In Fig. 1, h is the formation thickness, m; a 
is the distance between the horizontal well and the fault in the 
left side, m; b is the distance between the horizontal well and 
the fault in the right side, m; zw is the distance between the 
horizontal well and the bottom of the reservoir, m.
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The 3D diffusivity equation is:
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The solution to Eq. (3) is substituted into the following 
boundary conditions: 
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where pwf(i) is the bottom-hole fl owing pressure for segment i, 
MPa; p(x, y, z) is the pressure at any point M(x, y, z), MPa.

As shown in Fig. 2, according to the method of images and 
the principle of superposition, we fi rst project the horizontal 
well into an infinite number of image horizontal producers 
along the z axis by the closed surfaces in the top and bottom. 
Then we project the infi nite number of wells along the z axis 
into two columns of image producers to account for the effect 
of the closed boundary in the left and right. The production of 
the image wells on the left and right sides of z axis is half of 
that of the wells along z axis. The coordinates of an arbitrary 
point of horizontal wells along z axis can be described by: 

( ( , ), ( , ), 2 ( , ))x i t y i t nh z i t

and

( ( , ), ( , ), 2 ( , ))x i t y i t nh z i t

The coordinates of an arbitrary point of image horizontal 
producers on the left side of the z axis can be described by:

 ( 2 ( , ), ( , ), 2 ( , ))a x i t y i t nh z i t

and

( 2 ( , ), ( , ), 2 ( , ))a x i t y i t nh z i t

The coordinates of an arbitrary point of image horizontal 
producers on the right side of the z axis can be described by:

 (2 ( , ), ( , ), 2 ( , ))b x i t y i t nh z i t  

and

(2 ( , ), ( , ), 2 ( , ))b x i t y i t nh z i t
By applying the principle of superposition, the potential at 
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Fig. 1a Illustration of a horizontal well perpendicular to the faults

Fig. 1b Illustration of a horizontal well parallel to the faults
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2.2 Mathematical model
When the horizontal well is perpendicular to the fault, the 

coordinates (x, y, z) of an arbitrary point M in the horizontal 
segment i can be described by (Huang et al, 2005):

(1)
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where x, y and z are the coordinates of an arbitrary point 
in segment i, respectively; L is the length of the horizontal 
interval, m; N is the total number of segments.

When the horizontal well runs parallel to the fault, for 
segment i, the coordinates (x, y, z) of an arbitrary point M can 
be described by:
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any point M(x, y, z) in space is due to the contribution of all 
segments along the horizontal interval. The potential at M(x, y, 
z) is:

(5)
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where Φ(x, y, z) is the fl uid potential at any point M(x, y, z); 
K is the permeability, 10-3μm2; μo is the oil viscosity, mPa·s; 
∆L is the length of each segment, m; qr(i) is the radial fl ux for 
segment i, m3/d.

We introduce the following dimensionless variables 
(Ozkan et al, 1995; Yildiz and Ozkan, 1998).
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where ql(i) is the flow rate along the horizontal well for 
segment i, m3/d; qt is the total flow rate, m3/d; pe is the 
reference reservoir pressure, MPa.    

Eq. (5) can be arranged in the following form:   
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Once the distribution of the dimensionless radial flow 
rate qr(i)D in each segment is known, all dimensionless fl ow 
pressure terms pwf(i)D can be calculated. Hence Eq. (12) is 
simplifi ed to a linear equation system, and can be arranged in 
the following form:
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The flow rate ql(i) along the horizontal hole can be 
generalized as follows:
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Fig. 2 Image wells of the actual horizontal well
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than the specified tolerances, the iteration stops. Otherwise 
repeat the iteration.

5 Model verifi cation and application

5.1 Example
The coupled model can be used to predict the productivity 

of horizontal wells in fault block reservoirs. Here, three 
examples were considered, in each example there is only 
one horizontal well, well A, B, or C penetrating through the 
oil reservoir in different directions. Specifi cally, well A runs 
parallel to the fault, well B is perpendicular to the fault, and 
well C drills through the fault.

Fluid and rock properties and wellbore geometry are listed 
in Table 1.

Table 1 Parameters for productivity calculation of horizontal wells

Well name A B C

Arrangement with the fault Parallel Perpendicular Drill
 out

Net thickness, m 11.5 13.7 8.3

Permeability, 10-3μm2 92.6 103.5 87.2

Oil viscosity, mPa·s 8.2 8.2 8.2

Horizontal length, m 256 225 198

Wellbore radius, m 0.1 0.1 0.1

Distance from the fault in 
the left side, m 85 61 53

Distance from the fault in 
the right side, m 45 253 128

Reservoir pressure, MPa 24.5 24.5 24.5

Bottom-hole fl owing pressure, MPa 21.6 22.1 21.4

With the parameters in Table 1, the productivity evaluation 
of the three wells A, B and C was conducted respectively with 
the coupled model and the Eclipse reservoir simulator. The 
results are shown in Table 2 and plotted in Figs. 3-5.

Table 2 Comparison of simulation results for three wells

Well
 name

Actual
 productivity

m3/d

The coupled model The Eclipse reservoir
 simulator

Productivity
 m3/d

Relative
 error, %

Productivity
 m3/d

Relative
 error, %

A 67.1 75.2 12.1 84.5 26.0 

B 90.7 83.3 –8.2 99.9 10.1 

C 63.5 68.1 7.3 75.2 18.5 

Table 2 indicates that the coupled model has a high 
accuracy (–15% < relative error < 15%) and the results 
calculated by the coupled model are consistent with those 
calculated by the Eclipse reservoir simulator.

The wellbore flow rate increases monotonically from 
the toe to the heel of the horizontal well (Figs. 3-5). Due to 
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3 Wellbore fl ow model
The wellbore pressures of each segment along the 

horizontal interval are not independent, instead, they 
are related to each other via wellbore hydraulics. More 
specifi cally, the pressure difference between two neighboring 
segment midpoints is dependent on the radial flow into the 
two segments, local pressure, as well as the properties of 
fl uids. 

The pressure drop along the horizontal well is due to the 
wall friction and acceleration (Dikken, 1989; Ouyang et al, 
1996; Tabatabaei and Ghalambor, 2009; Liu et al, 2000), 
which can be calculated by the pressure drop correlation 
proposed by Liu et al (2000). 
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where f is the friction factor; ρ is the fl uid density, g/cm3.
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Substituting Eqs. (9)-(11) and Eq. (14) and Eq. (15) into 
Eq. (16) yields

(17)r wfD D
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The number of equations in above two categories is: 
ּּּּּ• Reservoir fl ow model: N (Eq. (13))
ּּּּּ• Wellbore fl ow model: N (Eq. (17))
The number of unknowns in above two categories is:

ּּּּּ• r D
q i : N 

ּּּּּ• wf D
p i : N 

As expected, the total number of equations is also equal 
to 2N, which is the same as the total number of unknowns. 
Therefore, the problem is solvable and the solution should be 
unique.

4 Solution procedures
The iteration method was used to solve the system of 

equations. The solution procedure can be summarized as 
follows.

Assume the initial values of pwf(i)D, (1≤i≤N), and substitute 
pwf(i)D into Eq. (13) to calculate qr(i)D. Then substitute qr(i)D 
into Eq. (17) to update pwf(i)D. Substitute the new pwf(i)D into 
Eq. (13) to update qr(i)D. Compare new pwf(i)D and qr(i)D with 
the results of the last iteration. If the differences are smaller 
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the pseudo-hemispherical fl ow at each end of the horizontal 
well (well toe and well heel) and pseudo-linear flow in the 
center, the drainage area at each end is larger than that at the 
center. The radial infl ow at each end of the horizontal well is 
considerably higher than that in the center, a U-shaped radial 
flow distribution is formed along the horizontal well (Figs. 
3-5). 

than that at the well heel.
Horizontal well C is drilled through the right side fault. 

In Fig. 5, a sharp change is observed in the radial flow 
distribution curve, which occurs at the point where the 
horizontal well drilled through the fault.

5.2 Application study
In the application of horizontal wells in fault block 

reservoirs, the key is the optimization of well location. 
The horizontal interval should be parallel to the fault so as 
to enhance the oil recovery. However, it is a complicated 
problem to determine the optimal distance between the 
horizontal well and the fault. The drainage area of a 
horizontal well decreases due to fault sealing. For improving 
the productivity of an individual horizontal well, it is much 
better to drill the horizontal well away from the fault as far 
as possible. However, to enhance the recovery of oil from 
the oil formation near the fault, the horizontal well should be 
drilled as close as possible to the fault. Based on the reservoir 
fl uid and rock properties (Table 1, Well A), the infl uence on 
the productivity of the distance between the horizontal well 
and the left (or right) fault was investigated when the distance 
between the horizontal well and the right (or left) fault was 
unchanged. Three cases were studied, in which the horizontal 
interval is 200, 300, and 400 m, respectively. 

Fig. 6 shows that the productivity of the horizontal 
well increases logarithmically as the distance between the 
horizontal well and the fault (D) increases. Specifi cally, the 
well productivity increases rapidly when the distance between 
the horizontal well and the fault is less than or equal to 0.3 
times the horizontal well length (L). And the well productivity 
increases slowly when the distance is greater than 0.3L. 
Therefore, the optimal distance between the horizontal 
well and the fault is recommended at 0.25-0.3L, which can 
enhance the degree of recovery of oil around the fault and 
keep the productivity of the horizontal well at a high level at 
the same time.
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Fig. 3 Distribution of dimensionless wellbore flow and dimensionless 
radial infl ow profi les of well A
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Fig. 5 Distribution of dimensionless wellbore flow and dimensionless 
radial infl ow profi les of well C
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Horizontal well A runs parallel to the fault and, therefore, 
the distance between the horizontal well and the fault has no 
infl uence on the distribution of radial infl ow along the hole.

Horizontal well B is perpendicular to the fault and, 
therefore, the well toe is much closer to the fault at the right 
side than the well heel to the fault at the left side. So the 
effect of the right side fault upon the well toe is much greater 
than that of the left side fault upon the well heel. As Fig. 4 
shows, the radial infl ow at the well toe is considerably lower 

Fig. 6 D/L versus well productivity
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6 Conclusions
1) A semi-analytical model coupling reservoir and 

wellbore fl ow dynamics was developed. The model took into 
account the infl uence of fault sealing and wellbore pressure 
drop. The distribution of wellbore flow and radial inflow 
along the horizontal well also were obtained.

Pet.Sci.(2010)7:530-535



535

2) Application of the novel semi-analytical model has 
demonstrated its reliability and usefulness. The relative error 
calculated by the model is within ±15%. The model can be 
used as an effective method for evaluating the productivity of 
horizontal wells in fault block reservoirs. 

3) The productivity of the horizontal well increases 
logarithmically with the distance between the horizontal well 
and the fault. The optimal horizontal well position is 0.25-0.3 
times the horizontal well length away from the fault.
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