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Abstract

The growing application of horizontal well technology provided far-reaching solutions to more realistic
phenomena in well test analyses. However, existing models restrict the types of flow regimes by assuming that
the dynamics of fluid are controlled by the geometry of the reservoir only. Such an assumption limits the
number of flow regimes and hence the accuracy of well test analyses. In this article, all potential flow regimes
of a horizontal well in a reservoir supported by bottom water were considered. The conceptual model assumed
that the dynamics of the reservoir fluid are a function of the petrophysical properties of the reservoir, the
properties of the fluid, and the geometry of the reservoir system. The physical model and the mathematical
model were developed based on the conceptual model. The mathematical model is the pressure distribution of
the horizontal well in the reservoir. The pressure distribution is in the form of dimensionless pressure and
dimensionless pressure derivative functions of reservoir system properties, fluid properties, reservoir system
geometry, and dimensionless time. Results of the study show a series of flow patterns along the principal axes
or along combinations of the principal axes. Each flow regime could be distinguished by one of the flow
patterns and the axes of orientation of the pattern. Each flow regime could be recognized by its characteristic
signature in the log-log graph plots of the pressure distribution.

Keywords: Horizontal well, pressure distribution, model, unlimited flow regimes, bottom water boundary

1.0 Introduction

Knowledge of fluid dynamics is fundamental to well test analyses procedures. Well test analysis is based on an
interpretation of the pressure distribution of a well in a reservoir under a specified flow regime. Various studies
have been undertaken to determine the transient flow behaviour of horizontal wells. Transient pressure analysis
of a horizontal well with multiple, arbitrarily shaped horizontal fractures has been studied [1]. Pressure transient
behaviour has been extended to layered reservoirs [2], [3], [4], [5], [6], and [7]. Horizontal well test design and
interpretation methods have been established [8], [9]. However, existing models restrict the number of flow
regimes by assuming that geometry alone determines the number of possible flow regimes. On such a basis,
models have a maximum of six flow regimes in a full flow period [10], [11], [12], [13], [14], [15], [16], [17],

[18]. A study of reservoirs as a function of both fluid and rock properties suggests more possible flow regimes.
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Therefore, in this article, pressure distribution models containing other possible flow regimes, which hitherto

have not been considered, were studied.

2. 0 Methodology

2.1 Conceptual Model

A horizontal well in a reservoir underlain by an active aquifer was chosen. The dynamics of reservoir fluid were
selected to be a function of reservoir properties, fluid properties, and the geometry of the reservoir system.
Three primary permeability axes, regarded as the x-axis, y-axis, and z-axis, were selected. The permeability

along the primary axes was for the x-axis, y-axis, and z-axis, respectively.

2.2 Physical Model

The physical model that is cuboid in shape was selected and is shown in Figure 1 as a 2D reservoir system.
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Figure 1: 2D Physical Model for Horizontal Well in a Reservoir Subject to Bottom Water Drive.

2.3 Mathematical Model
The mathematical model is the pressure distribution. It is in form of dimensionless pressure, , and
dimensionless pressure derivative, . They are functions of reservoir system properties, fluid properties,
reservoir system geometry and dimensionless time. A mathematical model was derived employing
instantaneous source and Green's function proposed for constant-rate [22].
2.3.1. Description along Axis
Axial description of reservoir system was given so as to appropriately choose the functions.

a. Description of x- axis:

(1) The reservoir is bounded at both ends. (ii) The well length coincides with the x-axis. (iii) The well is an
infinite slab source in an infinite slab reservoir. (v). Source number is x.

Description of y-axis:
(1) the reservoir is bounded at both ends. (ii). the well length does not coincide with the y-axis (ii1) the well

is an infinite plane source in an infinite slab reservoir. (iv) Source number.
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b. Description of z-axis

(1) the reservoir is bounded at the top, and has pervious bottom. (ii). well length does not coincide with the
z-axis. (iii). the well is an infinite plane source in an infinite slab reservoir. (iv). Source number ix (z)’
which is a modified form of ix (z).

2.3.2. Mathematical Model in form of Dimensionless Expression

By using Newman product rule:

=2 O O O &)

So, Equation (1) can be written as Equation (2) showing for all possible flow regimes listed.
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Equation (2) is the late-time dimensionless expression. Before late time, a series of possible flow regimes
occurred. Dimensionless pressure at any time of interest is a time superimposition of individual flow regimes
that have existed up to the time of interest. Each flow regime is represented by an integrand, and the limits of
the integration are the interval of its existence.

The dimensionless pressure derivative is shown in Equations (3) and (4)

= 3
Equation (3) can be further written as Equation (4), showing all the flow regimes

=2 L OO+ OO+ OO O+ O OO+
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3.0 Results and Discussion
Prior to results compilation, the model was verified based on existing literature.

3.1 Model Verification
Due to the complexity of the model of this article, a single model from literature would not sufficiently allow
for comparison. Therefore, the validation was done in bits by comparing some parts of this model of this work
with models in other literature that have similar instances. Verification was done with the Ozkan ef al. [23]

model. Data used are as shown in Table 3.

Table 3: Reservoir System Parameters used for Validation of Model using Ozkan ef al. [23] model

Parameter Kx, md Ky,md K, md Q,bbl/day ,cp rw(ft)  hy, ft
Value 122 315 12 5000 1.2 0.35 13500
Parameter Bo, bbl/STB  hy, ft L. ft , % Cy, psi! h,, ft

Value 1.12 52 2626 24 5.0x107° 84

A critical look at permeability values shown in Table 3 revealed that Ky > Kx > Kz. In addition, hx > hz > hy.
Such a condition will make the boundary along the y-axis be felt earlier than others. In the same vein, a
boundary along the z-axis will be felt earlier than a boundary along the x-axis. Also, the well length is short

compared to the length of the reservoir. Flow will certainly be beyond the tips of the well in a short time.
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Figure 2: Plot of Pp, Pp’ versus tp for validation of Ogbue et al. model using Ozkan et al. [23] model.

Ogbu et al. model: Present study
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As shown in Figure 2, early time radial flow, ERyz, was developing but short-lived, tD = 0.005 to 0.01. It

stopped when the flow was beyond the tips of the well. Between tD = 0.01 and 1, ellipsoidal flow, EExyx,
developed. Its characteristic signatures on the log-log plot of PD’ were shown in Figure 2. However, due to the
closeness of the boundary as well as high permeability along the axis, the y-axis was felt at about tD = 1. Since
the y-axis is a closed boundary, PD and PD’ simultaneously rose with time. That is the characteristic signature
of linear flow, LLx. The curve obtained from the Ogbue et al. model compares well with the Ozkan et al. model,
though higher values of PD, PD’ were obtained at some point. There were points along the curve where the
Ozkan model resulted in lower values. Data and models contained in the article by Goode et al. [9] were used
for further verification, as shown in Table 4.

Table 4: Reservoir System Parameters used for Validation by Goode’s model

Parameter Kx, md Ky,md K, md Q,bbl/day ,cp rw(ft)  hy ft
Value 50 100 25 3000 1.5 0.354 13500
Parameter B,, bbl/STB hy, ft L. ft , % Cy, psi! h,, ft

Value 1.5 30 1000 10 3.0x10™° 60

Pressure distribution was modelled for a horizontal well in an anisotropic reservoir. The analytical solution results
in this paper are compared with those in the report of Goode [9]. Basic data from Goode’s paper are listed in
Table 4. Permeability values were shown such that Ky > Kx > Kz, but the values are very close to each other.
Also, hx > hz > hy, but the values of reservoir dimensions are very close for the y-axis and z-axis. Such a
condition will make the boundary along the y-axis to be felt earlier than the other, but the boundary along the z-
axis would be felt almost immediately. The boundary along the x-axis will be felt much later. Also, the well
length is short compared to the length of the reservoir. Therefore, flow well certainly will be beyond the tips of
the well in a short time. As shown in Figure 3, Goode’s [9] solution was relatively small compared with the

solution from this article.
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Figure 3: Comparison with the results from Ogbue’s model and Goode’s model on log-log plot.
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Ogbue et al. model: Present study

With the values of input data, various flow regimes manifested. Each flow regime recognized by it characteristic
signature. The various flow regimes obtained from Goode’s model were observed to simulate some particular
flow regimes, as indicated, that make up the model of this articles. Since wellbore was not considered in model of
this article, that section for wellbore dominated period was overlooked. Characteristic signatures of early radial,
ERyz, was shown between tp = 0.001 and 0.01. At about tp = 0.01, characteristic signatures of early linear flow
manifested and it lasted for the interval of tp = 0.01 and 100. Since, y-axis could be more easily felt, flow was
then linear along z-axis only, EL,. Another radial flow was shown to manifest. Characteristic signatures of
pseudo radial flow was observed at tp = 100 lasted for the interval of tp = 100 and beyond. Pseudo radial flow
developed because flow along x-axis has gone beyond the tips of the well and flow was then along z-axis and x-
axis leading to a pseudo radial flow, PRy,. Similar characteristic signatures obtained have been documented in
literature [3]. Further verification done with Viana ef al [3] model and Mutisya ef al. [25] model. Data used are as

shown in Tables 5, 6, and 7.

Table S: Reservoir System Parameters used for Validation of Model using Viana ef al [3] model.

Case r(m) K(md) h(m) (cp)
A 16 1000 15 5.1
B 500 10 10 3.5

As shown in Figure 4, curves obtained from Case B march well with flow regime ERyz, tD = 0.0001 to 0.00.
Another radial flow, pseudo-radial, PRxy, between tD = 0.001 and 10. Then boundary-dominated, BD, flow
started at about tD = 10, and the boundary at the z-axis was observed. It was observed that the PD curve
straightened horizontally, indicating a constant value; PD PD’ slopes downwards, tending towards zero. While
curves obtained from Case A match well with flow regime ERyz, tD = 0.0001 to 0.00. Another radial flow,
pseudo-radial, PRxy, between tD = 0.001 and 10. Then boundary-dominated, BD, flow started at about tD = 10,
and the boundary at the x-axis was felt. It was observed that the PD curve rose increasingly; PD’s slopes rapidly
upwards as well, indicating a no-flow boundary. PD values obtained from the model of this article were
observed to be higher than those obtained from Viana et al. However, a close match was observed between the
two models. Due to the presence of bottom water after tD = 1, PD for Case B was shown to increase slightly
with time, while PD’ started to slope downwards. However, for Case A, where the boundary is sealed, after tD

= 1, PD was shown to increase rapidly with time, and PD’ continued to increase rapidly with time too.
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Figure 4: Comparison of results from Ogbue’s model and Viana’s [3] model for crossflow and no crossflow

Ogbue et al. model: Present study

A comparison was further carried out between the model of this study and the model of Mutisya et al. [25]. The

parameters used are shown in Table 6.

Table 6: Reservoir System Parameters used for Validation of Model using Mutisya et al model,
dimensioned parameters.

Case L.ft Xw, ft  yw, ft 2z, ft Z, ft Xe, ft Ve, ft Ze, ft h, ft
A 500 134 200 160 160.5 6000 400 200 200

B 3500 134 200 160 160.5 6000 400 200 200

ft ,ft , ft ft Tt ft Ky,md Ky,md K,md
A 134 200 160 634 201 161 22 16 20
B 134 200 160 634 201 161 22 16 20

Permeability values were shown such that Ky > Kz > Ky, but the values are very similar to each other. Also,
xe > ye > ze. Although values of reservoir dimensions are very close for the y-axis and z-axis, values of
reservoir dimensions along the x-axis are several folds higher than the others. In a situation observed for the x-
axis, where the permeability is not much higher than others but the distance of the boundary is much farther
from the well than the distances of other boundaries. It is obvious that it will take a longer time before the
boundary along the x-axis is felt. Such a condition will make the boundary along the z-axis be felt earlier than
other boundaries. It is clear that the boundary along the y-axis would be felt almost immediately after the z-axis
and the boundary along the x-axis much later. But the boundary-dominated effect of the z-axis will mask their
effect. Boundary-dominated effect of the z-axis is a constant pressure boundary supported by bottom water.
Well length is short compared to the length of the reservoir. So, flow well certainly will be beyond the tips of
the well in a short time. The dimensionless parameters are shown in Table 7.
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Table 7: Reservoir system parameters used for validation of model using Mutisya et al model,
dimensionless parameters.

Case Lp XwD YwD ZwD XeD YeD ZeD hp,

A 1.1669 0.5 0.8757 0.6266 22.404 1.7514 0.7832 0.7832

B 8.1681 0.5 0.1251 0.0056 3.1206 0.2502 0.028 0.1119
XD YD Zp

A 0.5 0.8757 0.6285

B 0.5 0.1251 0.0059

As shown in Figure 6, early time radial flow, ERyz, was developing but short-lived, tD = 0.01 to 0.1. It stopped
when the flow got to the boundary along the z-axis. Boundary-dominated flow regime, BD, developed very early,
tD = 0.1, due to the circumstances around the z-axis explained earlier. Its characteristic signatures on the log-log
plot of PD were shown in Figure 8. It was observed that the PD curve straightened horizontally, indicating a
constant value; PD’slopes downwards tending towards zero. This trend is consistent with the trend observed in

literature [26].
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Figure 6: Comparison of results from the Ogbue et al. model and the Mutisya ef al. [25] model on a log-log plot.
Ogbue et al. model: Present study

In spite of the higher permeability along the y-axis, permeability could not compensate for the farther distance of
the boundary to the well; hence, along the y-axis, it was not felt earlier than the z-axis. The curve obtained from
the present study model compares well with the Mutisya et al. [25] model, though higher values of PD, PD’ were

obtained at some point. There were points along the curve where the Mutisya et al. [25] model had lower values.

3.2. Description of the Flow regimes
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Some flow regimes cannot also co-exist. When two consecutive flow regimes overlap, only the one that was
fully established was shown, while the other was masked.

ERyz: The flow is along the y- and z-axes but confined within the well along the x-axis flow. Early radial flow
regime around the well length, provided flow has not gone beyond the tip of the well. During this time, flow
along the x-axis is not affected by time, as flow is still within the well. It stops when flow is beyond the well or
when any of the other external boundaries other than the x-axis are felt. Dimensionless pressure rises
moderately with respect to dimensionless time. The slope of the log-log plot for the pressure derivative is

constant; likewise, the dimensionless pressure derivative is constant.

EExyx: Flow along x, y, and z axes. It starts if there is sufficient time for flow to go beyond the tips of the well
before any boundary is felt. This type of flow is an ellipsoidal flow regime. It occurs if well length is short
compared to layer thickness along the other two axes or permeability values are comparatively closer to values
along permeability along the axis of the well. The dimensionless pressure rises very sluggishly with time, while
the dimensionless pressure derivative rises very moderately with time. It can be a symptomatic tool that

suggests the need to extend producing well length. Deviated well completion is also a good alternative.

ELy: Flow along the y-y-axis. It occurs when only the top boundary has been felt. It occurs if the reservoir
thickness is low compared with other dimensions of the reservoir or vertical permeability is relatively high. The
dimensionless pressure tends to straighten horizontally, while the dimensionless pressure derivative declines

rapidly and tends towards zero, thus indicating external energy. It obliterates spherical flow if it occurred.

ELz: Flow along the z-axis. It occurs when the boundary along the y-axis is felt first before other boundaries. It
is possible when reservoir extent is closer along the y-axis or the permeability along that axis is relatively high.

It obliterates spherical flow if it occurred.

PRxy: Flow along x- and y-axes. The flow pattern is radial at the top and bottom of the well. The dimensionless
pressure rises at a constant rate, while the dimensionless pressure derivative straightens horizontally to a
constant value.

PRxz: Flow along the x- and z-axes. This is the pseudo-radial flow regime. The flow pattern is radial at the tips
or at the sides of the well. It is not as the real radial flow observed since the boundary effect has commenced.
The dimensionless pressure rises at a constant rate, while the dimensionless pressure derivative straightens

horizontally to a constant value.

PRyz: Flow along the y- and z-axes. This is given a pseudo-radial flow regime. The flow pattern is radial at the
top or at the sides of the well. The dimensionless pressure rises at a constant rate, while the dimensionless

pressure derivative straightens horizontally to a constant value.
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LLx: Flow along the x-axis. The flow is late-time linear flow. The dimensionless pressure tends to rise rapidly,

while the dimensionless pressure derivative also rises rapidly.
LLy: Flow along the y-y-axis. The flow is late-time linear flow. The dimensionless pressure and its rise rapidly

indicate a completely sealed boundary.

LLz: Flow along the z-axis. At least boundaries along two axes have been felt. Another linear flow, late-time
linear flow, is observed. The dimensionless pressure tends to a constant value, and its derivative declines

towards zero, indicating a completely constant pressure boundary.

BD: All boundaries are felt, or the bottom boundary along the z-axis is felt. This is a complete boundary-
dominated flow regime. The dimensionless pressure tends to a constant value, and its derivative declines
towards zero, indicating a completely constant pressure boundary.

Conclusion

The inclusive pressure distribution of a horizontal well in a reservoir subject to bottom water has been presented
in the form of a mathematical model. During a flow period, it is not possible for all the flow regimes to be
experienced. The type of flow regime that would exist and its interval of existence are determined by the
reservoir system parameters, architecture of the reservoir system, and the fluid properties. Unlike in most
models in which the author decides the flow regime that occurs, the flow regime that may occur from the array
of all the possible flow regimes and the duration of existence is determined by the values of parameters,
geometry of the reservoir, fluid properties, and well architecture selected. The model was observed to produce a
series of radial and linear flows along individual principal axes or combinations of any of the three principal
axes. Each flow regime could be recognized by its characteristic signature in the log-log graph plots of the
pressure, pressure derivative versus time, geometry of the reservoir system, and the petrophysical properties of
the reservoir. The interval of existence depends on the reservoir system parameters. The existence of some flow
regimes obliterates other flow regimes. Also, when the interval of subsistence is short, the flow regime is

masked and not observed.

Acronyms:

ER Early radial

EE Early Ellipsoidal
EL Early linear

PR Pseudo radial

LL Late linear

BD Boundary dominated
Subscript
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D dimensionless
extremity of reservoir
well
el economic limit
Nomenclature
h formation thickness, ft
L total length of horizontal well, ft.
dimension of reservoir along x-axis
y dimension of reservoir along y-axis
Zz dimension of reservoir along z-axis
distance between the external wall of well and the bottom/top of the reservoir
shortest distance between the tip of the well and boundary of the —axis, ft
shortest distance between the well and boundary of the —axis, ft
shortest distance between the external wall of well and boundary of the —axis, ft
longest distance between the tip of the well and boundary of the —axis, ft
longest distance between the well and boundary of the y —axis, ft

longest distance between the external wall of well and boundary of the z —axis, ft

Dimensionless Parameters
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