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Abstract

When a reservoir is bounded by one or more constant pressure boundaries, such as aquifer
or gas cap, the main expectation of the production engineer is to delay the arrival of either
water or gas into the well completed in the reservoir to optimize oil production. To achieve
this expectation, it is important to understand fluid flow pattern through the reservoir
system when oil is produced through the well. For a horizontal well, understanding the
strategies to achieve optimum oil production in a reservoir subject to an edge water and
bottom water acting simultaneously to provide drive energy in the reservoir poses
challenges due to the complexity in well flow periods, aquifer activity and reservoir
heterogeneity. In this paper, real time oil flow transient pressure model using
dimensionless pressures and dimensionless pressure derivatives was developed using
superposition principle and image method to investigate performance of a horizontal well
subject simultaneously to single edge water and bottom water drive mechanisms. The
model was tested to evaluate the horizontal well response to oil production transient flow
for different well designs, reservoir anisotropy and well completions. Results obtained
show three (3) images of the object well from inclination of single edge water and bottom
water boundaries. Horizontal well productivity increases for slimmer wellbores and
shorter wells, for a given well completion. Results further revealed that, locating the well
farther away from the constant pressure boundaries leads to longer oil production than
wells located closer to the boundaries. The time of influence of external reservoir
boundaries increases with farther well location from the boundaries. Rapid oil production
is achieved with stimulated wellbore and large anisotropy reservoirs than damaged
wellbores and low anisotropy reservoirs. It is therefore concluded that. for optimum oil
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production from a horizontal well subject to single edge and bottom water drives is possible
with slimmer well radius, short and stimulated wellbores and well location as far from the
constant pressure boundaries as practicable.

Keywords: Horizontal Well, Dimensionless Pressure, Dimensionless Pressure
derivative, wellbore radius, Constant pressure boundaries

1. INTRODUCTION

A horizontal well is a type of multi-directional wellbore that is drilled to an
inclination of at least 80 degrees from vertical, extending horizontally through the
target reservoir. This technique allows for significantly greater contact with the
reservoir, improving oil recovery compared to traditional vertical wells, especially
in thin layered or fractured formations. The well is initially drilled vertically to
reach the target reservoir, then steered and curved to horizontal direction and
continue to drilled horizontally through the pay zone maximizing the length of
the reservoir exposed to the wellbore.

Water drive reservoir is an oil or gas reservoir connected to a large, active aquifer
that provides natural pressure support mechanism. As hydrocarbons are
extracted, the aquifer water expands and moves in to the reservoir, displacing the
oil or gas towards the production wells. For the reservoir with bottom water drive,
the aquifer is directly beneath the oil zone, as oil is produced the water moves
vertically upward to occupy the space. While for edge water drive the aquifer is
located on the flanks or edges of the hydrocarbon reservoir. The water moves
laterally in to the oil zone, displacing the oil horizontally Dake (1978).

Nzomo et al. (2022) studied the performance of a horizontal well in a bounded
anisotropic reservoir and revealed that reservoir anisotropy can be approximated
during the infinite-acting flow at early times when other parameters are known.
Also, Nzomo et al. (2023) worked on performance of a horizontal well in a
bounded anisotropic reservoir and discovered that an increase in dimensionless
well length decreases pressure response during the infinite-acting flow at early
times and during transition flows at middle time but increases the pressure
response during the pseudosteady state flow at late times. Olokor and Adewole
(2024) discovered that, at late flow dimensionless time, dimensionless pressure
gradients of 2.3026 «/Lp per cycle characterize horizontal well in a pair of sealing
boundaries inclined at 90°. Agho (2022) indicates that dimensionless pressure rises
as reservoir pay thickness increases, delaying steady-state conditions.
Furthermore, distance from the constant pressure boundary, well length, and pay
thickness are the most important factors in determining external fluid invasion in
the wellbore. Oloro and Adewole (2019) discovered ten models for pressure
distribution of a horizontal well under different boundary variation. Also, Oloro
and Adewole (2020) discovered that wellbore pressure losses during production
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in horizontal well increase conning propensity at late period thus rendering some
part of the horizontal well unproductive. Ogunfeyimi and Adewole(2025) worked
on productivity performance of a horizontal well in an oil reservoir bounded by
bottom water and a sealing boundary inclined at 45°.They provide a practical
guidance for well placement, stimulation and design strategies to improve
horizontal well productivity, when the well is completed within a pair of
reservoirs mixed external boundaries.

Etuwe and Adewole (2025) studied the effects of horizontal well length on the
pressure of a reservoir subject to double edge and bottom water drives. Their
result shows that infinite acting period and the time of onset of late time flow with
respect to pressure and pressure derivative, are mathematically inversely related
to well length of a horizontal well. Orene and Adewole (2020) discovered that
dimensionless lateral extent has no direct effect on dimensionless pressure and
dimensionless pressure derivative for very short well lengths, Dimensionless
pressure increases with reservoir pay thickness and delay the time for steady state
conditions.. Superposition principle has been used by petroleum engineers to
solve complex problems for many decades. The superposition principle states that
the response of a given system caused by two or more stimuli is the sum of the
responses of each individual stimulus Dunsmuir and Stewart (1989).

The goal of this study is to develop a mathematical model to study the
performance of a horizontal well positioned between two constant pressure
boundaries (an edge and bottom water) inclined at right angle in an anisotropic
reservoir. The pressure response is simulated by analytical models that use the
superposition principle and the method of images.

2. MATERIALS AND METHOD

Figure 1 is a schematic of a horizontal well drilled and completed within a pair of
constant pressure boundaries (an edge and bottom water) of an oil reservoir
inclined at right angle.
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Figure 1: Horizontal Well Completed within Oil Reservoir with Simultaneous Edge and
Bottom Water Drives

If the constant pressure boundaries are considered as plane mirrors, and the
horizontal well is considered as an object well, Ow, placed at a distance d from the
boundary then, the images of the wells are produced as illustrated in Figure 2.
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Figure 2: Object Horizontal Well and Location of Images formed in an Oil Reservoir
with Simultaneous Edge and Bottom Water Drives

Three images were formed according to the plane mirror equation below.
n=22-1 (1)
The distance between the object well and each image well can be measured by

drawing or trigonometry.
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Figure 3: Image wells and their respective distances from the Object well
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The Figure 3 depicts Image wells distances from the object horizontal well. The
distance of the image well 2 (dIw2) is obtained using trigonometry as shown in
equation 2 below. While distance of image well 1, dIw1 is twice the distance of the
object horizontal well from the first boundary and distance of image well 3 dIwsis
also twice the distance of the object horizontal well from the second boundary.

dlwz = v/(dlw1)? + (dlys)? (2)
By superposition principle, the total dimensionless pressure drop in the object well
is the summation of dimensionless pressure drop in the object well due to flow in
the object well, dimensionless pressure drop in the object well due to flow in image
well 1, dimensionless pressure drop in the object well due to flow in image well 2
and dimensionless pressure drop in the object well due to flow in image well 3.
Mathematically, the total dimensionless pressure in the object well is

PD0W= PDOW,OW"' PDOW,IW1 + PDOW/1W2 + PDOW,IW3 (3)

The superposition accounts for the reverberation effect of images on their sources
as experienced in all physical and acoustic systems. For a horizontal well in
isotropic reservoir, dimensionless pressure drop in the object well due to flow in
the object well is given in Equation 4 (Nzomo et al (2022).

2
Poow,ow = — 7 |Ei (_ — )] + Sow (4)

4Lp 4tp/Cp

Following Equation 4, dimensionless pressure drop in the object well due to flow
in image well i can be written as follows:

Poow,wi = = [Ei (_M)] )

4Lp 4tp

The total dimensionless pressure drop in Equation 3 is therefore written as follows:

P, = L[{_Ei (_rv%’_D) + Ei (—M) — Ei (—M) + Ei (—M)}] + Sow(6)

" alLp 4tp/Cp atp 4atp 4tp

To account for reservoir anisotropy, Equation 8 becomes
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fff (=) + B (=) - B (- 52) +
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D

Dimensionless pressure derivative is given as
/ dpp
Pp=tp5-> (8)

Therefore, the dimensionless pressure derivative is derived for Equation (7) as:

oo (- 5i) e (<) e (-5 -

exp( )] ©)

3. RESULT AND DISCUSSION

As observed from Figure 4 below, increase in dimensionless well radius result to
decrease in dimensionless pressures. Also the dimensionless pressure Pp values
increase with increase in dimensionless time tp, from to = 0.001 to 100 and later
maintain a stable value from tp=1000 onward which signaled steady state flow, as
the flow encountered the effect of constant pressure boundary. Figure 5.0 shows
that the change in dimensionless well radius rwp has no significant effect on Pp” as
the curves for varying rwp merged to form single curve, also changing rwp values
has no effect on breakthrough time as Pp” curve intersect tp axes at tp =1000 for all

rwD values.
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Figure 4: Effect of changing dimensionless well radius rwp on dimensionless pressure.
a=2, Lo=1, kx=100 md, ky=150 md, k=200 md, k=144.2 md, cp=1, dlw1=20, dl.2=28.3,
dlws=20, Sow= 0
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Figure 5: Effect of changing dimensionless well radius on dimensionless pressure
derivatives a=2, Lp=1, kx=100 md, ky=150 md, k=200 md, k=144.2 md, Cp=1, dl.,1=20,
dlw=28.3, dlw3=20, Sow= 0

Figure 6 predict the behavior of the well dimensionless pressure under different
sizes of well length. It was observed that increase in dimensionless well length
result to decrease in dimensionless pressures. Also the dimensionless pressure Pp
values increase with increase in dimensionless time tp from tp =0.001 to 100 which
means production will reduce with time and later maintain a stable value from tp
=1000 onward which is a steady state flow, as the flow encountered the effect of
constant pressure boundary. Figure 7.0 shows that increase in dimensionless well
length decreases Pp” values and does not have effect on breakthrough time as Pp’
curve intersect tp axes at to =1000 for all Lp values.
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Figure 6: Effect of changing dimensionless well Length Lp on dimensionless pressure
a=2, rwp =0.001, kx=100 md, ky=150 md, k=200 md, k=144.2 md, Cp=1, dlw1=20,
dlw2=28.3, dlw3=20, Sow= 0
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Figure 7: Effect of changing dimensionless well Length Lp on dimensionless pressure
derivatives Pp” a=2, rwp =0.001, kx=100 md, ky=150 md, k-=200 md, k=144.2 md, Cp=1,
Alw=20, dl2=28.3, dlws=20, Sow= 0

Figure 8 show that increase in dimensionless wellbore storage decreases Pp values
which would have a negative impact on production output. For the Pp” curve
shown in figure 9 indicates that wellbore storage has no significant impact on Pp’
as the curves for different Cp values merged to form a single curve. Also changing
well bore storage has no effect on breakthrough time as the curve intersect tp axes
at tp = 1000 dimensionless time for all Cp values.
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Figure 8: Effect of changing dimensionless wellbore storage Cp on dimensionless
pressure Pp a=2, rwp =0.001, Lp=1, kx=100 md, ky=150 md, k==200 md, k=144.2 md,
dlw1=20, dlw2=28.3, d1w3=20, SOW= 0
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Figure 9: Effect of changing dimensionless wellbore storage Pp on dimensionless
pressure derivatives P'p a=2, rop =0.001, Lo=1, kx=100 md, ky=150 md, k=200 md,
k=144.2 md, dlw1=20, dlw2=28.3, dlw=20, Sow= 0

The result from Figure 10 depict that increase in image well distance did not affect
Pp values for the infinite acting flow period and only clean oil is produced. As the
flow enter transition period the Pp values begin to increase with increase in image
well distance but at late time the Pp values become stable as the constant pressure
boundary replenish the reservoir pressure. From Figure 11 it shows that Po” curve
has two point of intersection at tp axes, tb=100 and tp=1000.This indicates that at
short image well distance the breakthrough time is shorter (100) while longer
image well distance has higher (1000) breakthrough time. Remember, image well
distance is twice the distance of the object horizontal well from the boundary.
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Figure 10: Effect of changing dimensionless image well distance on dimensionless
pressure Pp a=2, rup =0.001, Lp=1, Cp=1, kx=100md, ky=150 md, k=200 md, k=144.2
md, d[w2=20.6, d1w2=22.4-, d1w2=28.3, d1w2=36.1, deZ=4:4:.7 d1102=53.9, d1w3=20, SOW= 0
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Figure 11: Effect of changing dimensionless image well distance on dimensionless
pressure derivatives Pp” a=2, rop =0.001, Lp=1, Cp=1, k~=100md, ky=150 md, k=200 md,
k=144.2 md, dl.2=20.6, dlw=22.4, d[.x=28.3, d[.»=36.1, dlw>=44.7 d1.»=53.9, dlw3=20,
Sow=0

From Figure 12, it can be seen that negative skin factor of -2 and -1 give lower Pp
values compare to values obtained with skin of zero, by implication the flow rate
will be faster which can be due to well stimulation, re-perforation or improved
well design. In the other hand positive skin factor of +1 and +2 yield Pp values
greater than that of zero skin, this can result to decline in production output which
is normally caused by formation damage. However the general trend of the curves
is still similar to the zero skin, even with the lower or higher Pp values. Also skin
does not have any significant effect on dimension less pressure derivatives.
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Figure 12: Effect of changing dimensionless skin factor on dimensionless pressure. a=2,
rwp =0.001, Lo=1, Cp=1, kx~=100 md, ky=150 md, k=200 md, k=144.2 md, dl.1=20,
dlw2:28.3, deSZZO

4. CONCLUSION

In this study the performance of a horizontal well subject to single edge and
bottom water drive mechanism for anisotropic reservoirs was investigated
analytically. The analytical models were tested to evaluate response to
dimensionless pressure and derivative for five major parameters (dimensionless
well radius rwp, dimensionless well length Lp, dimensionless wellbore storage,
dimensionless image well distance dIwp and well skin factor).

After a thoughtful study, it was discovered that Pp values decreases for greater
values of dimensionless wellbore radius rwp and dimensionless well length Lp. But
increase in dimensionless wellbore storage Cp decreases Pp values which would
have a negative impact on production output. For dimensionless image well
distance dIw, the findings revealed that increase in image well distance did not
affect Po values for the infinite acting flow period, as the flow enter transition
period the Pp values begin to increase with increase in image well distance but at
late time the Pp values become stable as the flow felt the impact of constant
pressure boundary. For skin factor, it was discovered that negative skin factor give
lower Pp values compare to values obtained with skin of zero, which imply a better
production output as flow rate will definitely improve, which can be due to well
stimulation, re-perforation or improved well design. On the other hand, positive
skin factor yield Pp values greater than that of zero skin. This can result to decline
in production output.
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Dimensionless well radius rwp, Dimensionless wellbore storage Cp, and skin
factor, S has no significant effect on dimensionless pressure derivative, Po” while
increase in dimensionless well length Lp decreases Pp” values but does not have
effect on breakthrough time. The parameter with highest effect on Po’ and
breakthrough time was found to be dimensionless image well distance, short
image well distance shorten the time it takes water to breakthrough while
extending it will also extend the breakthrough time.

It is therefore concluded for optimum performance of a horizontal well subjected
to single edge and bottom water drive, selection has to favor slimmer well radius,
shorter well length, negative or zero skin factors, minimum wellbore storage while
keeping the well as far as feasible from the constant pressure boundaries.
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NOMENCLATURE
KhAP 00002644kt
Pp ~1412quB tp = puctL2
rwa =2 Lp=o: AP = DPi - Puwi,

Ow = Object horizontal well, Iwv1 = dimensionless image well 1 distance from the
object well

Iw2 = Dimensionless image well 2 distance from the object well,

Iws = Dimensionless image well 3 distance from the object well, Kx = Permeability
in the Horizontal (X) Direction (md)

Ky = Permeability in Y-Direction (md) , Kz = Permeability in the Vertical (Z)
Direction (md)

K ==3/kyk,k, Average Permeability (md), Ei=Exponential integral function

L = Well length, ft, Pi= Initial reservoir pressure, psi, Pwt = Wellbore pressure, psi
Cpb = Dimensionless wellbore storage, S = Skin , Pp = Dimensionless pressure

Pp” = Dimensionless pressure derivative , rwb = Dimensionless wellbore radius

rw = Wellbore radius, ft, t = Flow time, hours, to = Dimensionless time

B = Oil formation volume factor, bbl/stb , u = Oil viscosity, md

Ct = Total compressibility, per psi, ¢ = Porosity, fraction Subscript,

D = Dimensionless,

w = Wellbore
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