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Abstract
The results of a study on the modelling aspects of horizontal wells are described in this
report. The derived iD-model is based on both experimental and theoretical work and
contains therefore several extensions compared to some other existing models. The obtained model equations are solved in such a way that the developed code is efficient and
in particular, offers the possibility to give in all the model parameters including the well
length. The code is therefore used as a tool for an extended, and described, analysis on
the influence of the model parameters on the production characteristics. This analysis
could give more insight in horizontal wells which can lead to better modelling work. The
analysis also includes an investigation on the use of ICDs. Since more extensions are
possible, recommendations for the future are described and discussed.

Chapter 1
Introduction to horizontal wells
1.1

Horizontal wells

Oil is produced from oil containing reservoirs which consist mostly of geological sand layers. the oil. The reservoirs can have different shapes, generally they can be divided into
three types : 'balloon-shaped', 'lens shaped' and layered reservoirs. See Figure 1.1.1.

as
Oil

Figure 1.1.1:

A

Fracture

Water

'balloon shaped' a 'lens shaped' and a layered reservoir.

Most of the balloon-shaped fields are already in production or emptied because it is
relatively easy and cheap to produce oil from these fields. The lens shaped reservoirs
have a thick centre region which may be relatively easy to empty as well. However, the
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tliiii edges of these fields contain oil which may be hard to recover. Some of these fields
have a centre that has been emptied a long time ago, while the edges have been drained
only recently or still have to be drained. The layered reservoirs are generally long and
relatively thin; the oil layers can have a thickness of only a few meters whereas the length
of the reservoirs can be up to a few kilometres. This shape makes it more complicated to
produce the oil in an economicaly way from these type of fields. Significant amounts of
the currently known oil reserves can be found in reservoirs with a layered shape. In order
to drain these fields, a lot of horizontal wells will be drilled in the future.
Horizontal wells are the only economicaly method for draining the thin and long reservoirs. The required technical knowledge for horizontal drilling has become available the
last ten to fifteen years. In addition to offering the possibility for draining the thin and
long reservoirs, some old fields become economicaly interesting again. For example, horizontal wells make it possible to drain the thin edges of the 'lens shaped' reservoirs.

Gas

Toe
Heel

Oil

$

Water

The Well, the production pipe
..—-..

Transport pipe
Gas -oil interface before drilling

Figure 1.1.2: A layered reservoir with a vertical and horizontal well.
Figure 1.1.2 shows a horizontal and a vertical well in a layered reservoir, the names
of some parts of the well are also shown in this figure. As one can see, a horizontal well
consists of a horizontal section and is connected with a vertical section. The vertical part
is meant for the transport of the oil upwards and consists therefore of a smooth pipe,
whereas the horizontal section is meant for the production and consists therefore of a
perforated pipe, the production pipe. The start of the perforated section is called the heel
of the well and the end of the production pipe is called the toe of the well. The section
between the heel and the toe is referred to as the well. It can also be seen in the figure
3

that a vertical well has a very short production part; approximately equal to the thickness
of the oil layer.
Horizontal wells have a lot of advantages compared to vertical wells, especially when

the oil is produced from a long and thin reservoir. The important advantages, i.e. the
advantages that are caused by the larger contact area, will be mentioned in this report.
riahe contact area of a well is defined as the area of the well which is in contact with the
oil. A vertical well has only a contact area over a length of at most the thickness of the
oil layer, whereas a horizontal well can be in contact with the oil along its total horizontal
section. The larger contact area makes a horizontal well economicaly interesting for the
production of oil. In addition, the inflow occurs along the whole contact area, which
means that, in case of a horizontal well, the oil is drained from the reservoir relatively
even. The even inflow for a horizontal well is a big advantage, in particular in thin reservoirs which are bounded above by a gas layer and bounded below by a water layer. The
reason is that the oil production can reduce significantly when a breakthrough of gas or
water occurs. An eventual breakthrough of gas and/or should therefore be delayed as long
as possible. This can be achieved by using a horizontal well rather than a vertical one,
see also Figure 1.1.2. The figure shows the movement of the oil and the oil-gas interface
towards a horizontal and a vertical well. As one can see a horizontal well can give a more
slow and even movement of the gas-oil interface towards the well compared to vertical well.
So far, only the major advantages of horizontal wells were mentioned, but also the most

important disadvantages should be mentioned. A detailed description of the particular
problems with horizontal wells is given by Tehrani et al [TP,1993]. The problems that can
show up when one uses a horizontal well rather than a vertical well are mostly caused by
the long horizontal section of the well. Since the production at a certain point of the well
depends on the pressure difference between the well and the drainage area in the reservoir
at that certain point, i.e. the drawdown at that point, a decrease of the drawdown towards
the toe will give a decrease of the inflow towards the toe. The drawdown decrease because
of to the pressure drop which occurs due to several reasons. The most important reason
for the pressure drop along the well is the friction experienced by the flow in the well.
The pressure drop in the well can become even larger due to sand production and due
to multiphase flow after a breakthrough of gas or water. Sand is produced together with
the oil and may lead to a sand particle sedimentation at the bottom of the pipe. This
gives a smaller flow area and therefore a higher pressure drop. Multiphase flow may
increase the effective viscosity of the well fluid and gives an additional contribution to
the pressure drop. The problems due to the sand production and multiphase flow do not
occur so strongly in the cases of the oil production via a vertical well. The pressure loss
can make a horizontal well less interesting than a vertical well. Furthermore, it should
also be mentioned that a horizontal well can intersect several reservoir fractures. These
fractures can have a bad influence on the production performance, in particular if the
fractures intersect gas or water in the reservoir.

4

1.2

Models of horizontal wells

In general, models of horizontal wells are made for three purposes. Models may be used
for planning the well, i.e. give insight in the optimal well length, optimal drawdown etc.
Models can also be used for a prediction of the problems that can occur. Good models
niay be able to predict the place and moment of a possible gas or water breakthrough.
Finally, models can be used to explain measurements in order to get insight in the reservoir properties. A lot of models already have been made for horizontal wells. An overview
of these models is given below, together with their limitiations and benefits. The single
phase models are listed first.
The first models made use of potential theory. These models assume an incompressible

fluid and negligible pressure drop in the well compared to the one in the reservoir. A
combination of the equation of Darcy with the continuity equation leads to a potential
equation. The solution can be estimated by using the analytical solution obtained after a
conversion from the 3D problem into a more easy 2D potential equation. This results in
a linear equation for the drawdown, V [Pa], the total production rate, Q [m3/s] and the
productivity index, P1 [m3/s/Pa]:

Q=P1.V.

The P1 is a measure of the productivity of the reservoir and can therefore be used to
compare different wells. The biggest limitiation of these models that the drawdown is
assumed to be constant while in reality the pressure changes significantly along long wells.
These models can only be used for very short wells. More information on these potential
theory-models can be found in the papers of Giger ci al [GR,1984], Joshi [SJ,1987] &
[SJ,1988] and Renard et al [RD,1990]. A deriviation of the P1 can be found in [SJ,1987]
Simulations with the developed code show that the total pressure loss along the well
can be up to half the value of the drawdown at the heel. This means that the pressure drop
in the well should be included in order to make the model more accurate. The pressure

drop in the well can be calculated by using a P1 per meter, J3 [m3/day/bar/m], rather
than the P1 for a total well. The specific P1 can be used to calculate the inflow per meter
using the drawdown at that certain point. One of the first attempting to model this, was
Dikken [BD,1990]. The result is a relative simple iD-model, which takes in account the
friction in the well. The results show that the friction in the well can not be ingored, it
gives an increase of the inflow towards the heel and has therefore a significant influence
on the production performance of a horizontal well. Another model, using the same
assumptions as in Dikken's model, is the model of Holte [SH,1993], of which deriviation
of the specific P1 is included in his paper. The advantage of the models of Holte and
Dikken is the inclusion of important physics in the model. The biggest limitation however
is that the reservoir is only taken in account via one simple parameter, the specific P1.
This results in a reservoir flow with no horizontal component. However, the horizontal
flow in a reservoir is often negligible in large section of the well, in particular when the
well is long. Therefore, the two mentioned models can be seen as a relative simple tool,
which caii be used to gain more insight in the complexity of horizontal wells.

A totally different approach is used by Landman ci al [LG,1991] and Marett ci al
5

[ML,1993J. They treat the well as a collection of point sinks. The pressure in the reservoir
is governed by Darcy's equation which gives the inflow in each perforation. The pressure
in the well is calculated by including pressure losses. These models can be used to analyse
the influence of a non uniform perforation density along the well.

The inclusion of pressure drop in the well should give better results, but it is more
complicated to take acount of the size of the reservoir and the effect of the difference
in horizontal and vertical permeability, anisotropy. Ozkan et ci [OS,1992J developed an
instationar, 3D single phase model which includes the mentioned physical aspects of the
well.

In order to give more accurate predictions a 3D multi phase model can be used.
Present models achieve this by coupling a reservoir and a well simulator. Examples of
this approach are given by Korady ct ai [KR,1991], Brekke et al [BJ,1993] and Alvestad
et al [AH,19941. Korady et al use a linear relation between the inflow and the drawdown,
which gives a 3D convection-diffusion equation. Brekke ci al and Alvestad ci ai couple a
well-simulator with a reservoir-simulator, which results in rather complicated models.
The model in this report is based on the model of Dikken. In addition some extensions
in several directions are investigated. First, the acceleration of the inflow along the well
is investigated. After a calculation it is found that it has no a significant contribution on
the pressure drop. A correction on the friction, due to the perturbation by the inflow,
does not have to be included in the calculation of the pressure drop either. Another
extension concerns the friction losses through the pipe wall, which result in a non-linear
inflow-drawdown relation. Although the friction is negligible for a normal production
pipe, it has to be included in some special cases. The model equations are solved by using
a quadratic iteration scheme in combination with second order finite difference methods.
The solution method used by Dikken is not easy to use. The model is treated like an
initial value problem. This means that the well length can not be used as an input parameter and has to be obtained by trial and error. The solution method described in this
report offers the possibility to put in all the required model parameters individually and
also the possibility for prescribing the boundary conditions at both the heel and the toe.

The goal of this study is to develop more accurate models, which can be used to
predict the production characteristics of horizontal wells in a steady state. The developed
code, which is very flexible, can be used to perform simulations in order to increase our
understanding of important physical aspects of horizontal wells and in order to be able
to explain measurements.

1.3

Outline of this report

The govering equations for the first model, that will be presented in this report, are derived
in chapter 2. The linearisation method, which leads to a quadraticaly convergent iteration
scheme, is presented in section 3.1. The last part of the solution method is the use of the

finite difference method, this is done in section 3.2. The actual goal of this study is to
6

gain more insight in the production characteristicsof a horizontal well. In order to gain
this insight, an extended analysis of the influence of all the model parameters is given in
chapter 4. Chapters 6 and 7 are dedicated to an interesting extension of the model and the
application of this extension. Since the two developed models contain simplifications and
limitations, a discussion on the assumptions and the possible extensions is given in the
last chapter of the report. Finally, the appendices contain some more detailed information
about the reservoir, the friction in the pipe, the discretisation methods and the stability
of the developed code.
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Chapter 2
The model
Introduction

2.1

rrlle models of B.J Dikken and S.T. bite are used to derive an improved model for the
steady state flow in an horizontal well. First, some assumptions are made. They are necessary for the deriviation of the governing equations. A discussion on these assumptions
can be found in section 7.1.
Assumptions:
1

:

2

:

3

:

4

:

5

:

6

:

7

:

8

:

The well contains no differences in height over its total length.
Flow inside the well is single phase and turbulent.
The production line is perforated with a given perforation density.
The properties of the well and the reservoir do not change with the time, i.e. a
steady state exists.
The pressure in the well depends only on the x-coordinate in the well.
The inflow depends linearly on the pressure difference between the well and the
reservoir.
The reservoir has constant properties along the well.
There exists a constant pressure in the reservoir at a constant distance from the
well.

The model-equations for the calculation of the pressure-drop in a horizontal well will
be derived in the next section. Therefore, some of the variables and terms will be shown
in figure Figure 2.1.1. As one can see, the positive x-direction is choosen from the heel

towards the toe. The figure shows furthermore that the main volume flow, Q(x) runs
from the toe towards the heel. The assumed constant pressure boundary in the reservoir
is also shown in the figure. At distance r = rj of the well there is a boundary with a
constant pressure pd This pressure can be seen as a reference pressure.

r
p=pd

r=rd

q(x)

V

V

Q(x)

r=r
0•

p=pw(x)

Heel

r

x

x=L
Toe

Figure 2.1.1 : The well and some of its variables and quantities.

2.2

The model equations

The model equations can be divided into three parts. One part relates the inflow with the
pressure difference between the well and the reservoir. A mass balance is used to descrie
the relation between the inflow and the main flow. The last part is the pressure drop in
the well due to several contributions.
It is assumed that a linear relation between the pressure difference and the inflow exists,
i.e.

q(x) = J3[pd—p(x)1,
\Vi th

q(x)
Js

=
=

Pd

=

(2.1)

the inflow rate per meter, [m3/s/mJ,
the specific productivity index, relates the inflow and the drawdown,
[Sm3/s/Pa/m],
the constant pressure in the reservoir at a constant distance from the well,
[Pa]

= the pressure in the well [Pa].
The details about the inflow-pressure difference relation and a deriviation of the value
of the specific P1 can be found in Appendix A. Furthermore, the difference in pressure
Pw(X)

between the reservoir and the well is refered to as the drawdown.

If the production rate is given by Q(x), then a mass balance, Q(x + dx) + dx . q(x)
Q (x), can be used to relate the inflow and the main flow. This results in

q(x) =

—(x).
9

(2.2)

q(x)

Q(x)

Q(x+dx)

x+dx
q(x)

Figure 2.2.1: A visualisation of the used mass balance.
The pressure-loss in the well is due to two effects: friction and acceleration. Therefore,
the pressure gradient can be written as

dp

dp1

dpa
= ---(x) + -—(x)

(2.3)

Friction is the major reason for pressure loss. The pressure gradient due to friction in
a pipe without radial inflow and a fully developed turbulent flow is commonly written as:
dp1

dx

with
p
d
A

f(Q)

=
=
=
=

the
the
the
the

—

,(fl(

2dJ"'1A2'

24

density of the flow,
diameter of the pipe,
area of the pipe,
friction factor.

The flow in the well is assumed to be a fully developed turbulent flow, therefore, equation

(2.4) is also used in the equation for the frictional pressure drop in the well. A small
correction, however, is required because a well can be seen as a pipe with radial inflow.
Experiments show that if the inflow is small compared to the main flow, the inflow will
give lubrification effect. On the other hand, if the inflow is large compared to the main
flow, the inflow can increase the frictional pressure drop. Correcting eq. (2.4) for effects
of radial inflow results in:
[1

=

+

Ad] f(Q(x)),

(2.5)

25. Experiments on the pressure
drop in a well, in particular due to the friction, were done by Utvik et al [US,1995] and
are described in Appendix B.
where A is an experimental determinded factor, with: A

It is assumed that the well flow is a complete developed turbulent pipe flow. This
assumption is not valid for the whole well but it will be shown in section 7.1 that the
10

region in which the flow is laminar is a small fraction of the total length of the well.
This means that several options are available for the friction factor. The following two
options for the friction factor are availablein the developed code. The first option is the
the so-called Blasius equation:
(2.6)

f(Q) = 0.3164 R&°25,
where the Reynolds number for a pipe flow is given by

Re = pIQId

(2.7)

This friction factor is based on experiments and can l)e used for smooth pipes and flows

with Re <5 iO. For larger Reynolds numbers or rough pipe the llaaland friction factor
is a better choice. This friction factor is also based on experiments and is given by:
1(Q) = 1.8log

16.9

i'"\

F

+ L-j

—2

(2.8)

,

)

a parameter for the roughness of the pipe. The magnitude of the typical roughness
d has to hold.
on the inner surface of the pipe is measured by c, where
with

As was mentioned acceleration effects also have an influence on the pressure. The
inflow does not have any horizontal velocity and the necessary acceleration causes pressure

loss. The derivation of the equation is done with a momentum balance. The force, dF,
required for the acceleration of a mass, pAdx, from x to x + dx gives the desired equation:
du
dF = pAdx
=

pAds dQdx
A

+

dQ

p

dQ

= 2QTdx.

This means that pressure loss due to acceleration is given by: AdF = pa(S) —
which leads to

2pdQ

dp0

+ dx)

29

A2dx

dx

pa(X

All the equations which are derived can be combined to only one differential equation.
Combining the equations (2.1) and (2.2) and one differentiation gives:

=

dx

dx

after using equation (2.3) the following equation appears:

Replacing
equation:

and

,

dx

dx

dx

by using the equations (2.4) and (2.9), gives the final differential-

—

dx2 — A2

(1

+

Ad!'\ 1(Q)
Qdx) 2d
11

2

—

2Q
dx

(2 10

As one can see, the mode! is a second order differential equation. This means that each
solution has two degrees of freedom and, therefore, two boundary conditions are required
for a unique solution and should be prescribed. It should be noted that two boundary
conditions are necessary for a unique solution but it does not have to be sufficient. It is
possible to prescribe two boundary conditions in one point, but this would result in a code
in which the well length can not be used anymore as an input parameter. This would be
a great restriction, therefore, one of the conditions will be prescribed at the heel and the
other will be prescribed at the toe. As boundary condition we can use the production rate
in a certain point or the derivative of the production rate in that point. It should be noted
that according to eq. (2.1), that prescribing the value of the mentioned derivative is the
same as prescribing the drawdown. One of the following two next boundary conditions
cami be prescribed at the heel:
Q(O) = Qo
or

If the drawdown at the heel is given by Do then the relation between the drawdown at
the heel and the derivative at the heel is given by:

Q = -J,D0.
Similarly, for the toe the options for the boundary conditions become:
Q(L) = QL
or

leading to
Q'L

2.3

= -J,DL.

Model properties

Before trying to find the numerical solution, it is useful to gain a bit more insight in the
model and the solution. Therefore, this section contains a small investigation on the magnitudes of the different types of pressure drop in the well. It is useful to know how large
the relative importance of the contributions to pressure loss are. After this comparison,
a small research on the solution of the model follows. This investigation on the model
solutions provides the reader with more insight into the solution.

If one takes a look at eq. (2.9) and eq. (2.5) one can see that the correction of the
frictional pressure drop for the inflow compared to the pressure drop in a pipe without
inflow, can be written as

25d-Qdx
12

A typical value of Q(x) is given by Q and the length scale on which significant changes
in Q occur is denoted as Ll. This means that the derivative of Q can be written as

dQ0(
dx

Therefore, the influence of the inflow on the frictional pressure drop compared to the total
pressure drop in a pipe without the inflow can be written as
25d

In order to obtain a significant influence of the inflow on the friction in the pipe, the
typical length scale should be of order 25d, that is
=

25d.

Calculations later will show that significant changes in Q occur on a lengthscale of order
L. If the well length is given by L l000m and the diameter of the well is 16cm, then the
relative importance of the correction for the inflow compared to the total pressure drop
in a pipe without the inflow is given by

25d!
= 5. i03.
Qdx
Therefore, no significant error will be included if the correction for the inflow is not taken
in account. So, it is ignored in the following of this report, unless mentioned otherwise.
It is also possible to compare the contribution of the acceleration with the friction. After
using the equations (2.9) and (2.5 it follows that the accelerational pressure drop compared
to the frictional pressure drop can be written as
dpa 1dp1
dx / dx

dQ
f(Q)Q dx
4d

—
—

After some calculations and using the following typical value for the friction factor, f(Q) =
2• 10—2, it follows that another way of writing the relative contribution of the acceleration
compared to the friction is given by

dx'dx

—

o

(200d

Ll

In order to obtain the same order of magnitude for the friction and acceleration the typical
length scale 1 should be of order 200d, that is

= O(200d).
If the well length is given by L = l000m and the diameter of the well is given by d = 0.16,
the relative importance of the accelerational pressure drop compared to the frictional
pressure drop can be estimated by
dPO/dPf

3. 10_2
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This means that the acceleration is quite small and negligible if necessary. However, this
is not done in the calculations, nor in the analysis which are written down in this report.

Furthermore, also the solutions of the model have some interesting properties. These
properties can be used for an analysis of the model and are derived with the use of some
knowledge of differential equations. First, it will be repeated that two suitable boundary

conditions have to be prescribed in order to obtain an unique solution and also that
this is necessary but not sufficient. It is possible that there exists no solution for the
two prescribed boundary conditions or, that infinitely many solutions for the two given
conditions can be found. Assuming that there exists only infinitely many solutions if
prescribing one of the conditions automatically forfihls the other and that this happens
only in extreme cases, it can be said that if a solution is obtained that this one is unique
for the two given conditions. The extreme cases are the cases with infinitely long wells and
infinitely large or small boundary conditions. Therefore, only finite wells and bounded
boundary conditions will be used. This knowledge can be used to derive some interesting
and useful properties of the solutions. The first one is an easy one, a finite well with
It ti. h..t 10d Thr.,Ow.l I41Sl1

P,ot,c00 tu 00?.q.nt

— DO— o .. I — boom
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$00
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14001000
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2000

(I.)

Figure 2.3.1

Three

solutions for different well lengths and different drawdowns at

the heel.
0 and Q(L) = 0 has a positive decreasing drawdown and a positive production rate
along the well. The drawdown can not become equal to zero at some point x E (0, L)
because then Q = 0 at [0, L] has to yield. Therefore, the drawdown is always positive
and due to the pressure drop along the well also decreasing. The next solution feature
is almost equal, two solutions of an equal finite well with a different drawdown at the
heel have only one equal value, that is Q(L) = 0. Hence, a higher V0 gives a higher
drawdown and also a higher production rate along the whole well. The last comparison
is made between two wells with equal V0, a different, but finite, well length and equal

V0 >

remaining parameters. The two model solutions can have only one equal value and this is
the value for V0. Furthermore, both the solutions have their only root at the toe. These
two facts combined gives the longest well the highest production rate everywhere along
the well. The last two solution properties are shown in Figure 2.1.3. The figure shows
three solutions, these solutions are obtained by using one of the next combinations of the
14

drawdown at the heel and the well length: V0 = 3.0 lO4Pa, L = 1.0km, V0 = 5.0. lO4Pa,
L = 1.0km and V0 = 5.0 i04 Pa, L = 2.0km, all the other remaining parameters solution
are equal for the three solutions. It can be seen that if the three solutions are compared
pairwise, that they have only one corresponding value: Q(L) r Dq(0)/dx.

15

Chapter 3
Numerical solution of the model
3.1

Linearisation

The model equations have been derived. Since the final model equation turn out to be a
non-linear differential equation, the equations will be linearised. For convenience 41 is
replaced by f(Q). The linearisation is done by the method of Newton, this is a common
iteration method for root finding problems. The iteration process for finding a root of a
function, f : —p is given by
(n-I-i)

= N — f(x('))

f'(xN)'

with X(2) the approximation of the root after n iteration steps. The iteration process

starts with an initial guess, which hopefully leads to an accurate approximation of a root

of the function f(x). The Newton-method is a quadratic convergent iteration scheme
The method can
which means that the error in X(n+i) is the square of the error in
also be applied to give an iterative solution for non linear-differential equations.
The root of the function F(Q) : C2[O, L} —'

F(Q) =

—

, with

,42[ f(Q)Q2 —

2Q],

(3.1)

is a solution of equation (2.10), with A = 0 subjected to admissible boundary conditions.
The iteration process for the funtion F(Q) can be defined in the following way:

F'(Q())[Q('')] = F'(Q())[Q()]

—

F(Q()),

(3.2)

in which F'(Q())[Q('')] denotes a functional derivative. This derivative is given by:
F'(q)[,b}

F( + c&) —

=
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F()

(3.3)

These last two equations can be used to find a second order convergent iteration scheme
for F(Q). This gives the following iteration formula:
Qfl+l) +

2QN Qfl+l)
2

(n)

J3PQ(fl)

—

(n)2

(n) —

[2J + Q(fl) df(
,(n)

A2

A2

with

+

Q(fl+l) =

(3.4)

()df

dQ'

j(n)) = j(Q(n))

atid

df()

—

df()Q()
dQ

dQ

As one can see, the remaining iteration formula is a linear formula in Q(n+1), which
can lead to a solution. In order to obtain a unique solution it is necessary that all

the iterates Ql) are subjected to the demanded boundary conditions. It stated that
if there is a solution for two bounded boundary conditions and a finite well that the
solution is unique. This means that if the iteration process converges, it will converge to
the demanded solution and the solution will be unique.

3.2

Discretisation

The linearisation of equation (2.10) is the first step which leads to the final solution. The
second step is the discretisation which leads to a discreet approximation of the solution
of the linearised equation. The discretisation is done on a uniform grid with N cells. The
first calculation point is taken at x = 0 and the last one in x = L. The nodes in between
are given by: x = i. h, i = 0, ... , N with h = 4 denoted as the mesh width of the grid.
The solution of the linearised equation is denoted as Q(n+i) and its discreet approximation
will be denoted as Q(n+l), with Q+l) as the discreet approximation of Q(')(x). The
derivatives are approximated by using second order central discretisation methods. The
formulas for the central second order discretisation methods for Q"(x1) and Q'(x) are
given by:
= Q+i — 2Q, + Q1— + 0(h2)
(3.5)
and
dx

Q•+i — Q*—
+ 0(h2).
2h

(3.6)

An extended analysis of the discretisation methods can be found in [KA, 1978].
Using these discretisation formulas in equation (3.4) leads to the following equations
for all the inner nodes:

lQt1 + dQ + uNQt' =
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r,

Vi=

1, ...

,

X

—

1,

(3.7)

____

with

(n)

,(n) —

—

!fi —'

—

— A2

$

d

1

(3.8)

h

(ii)
[ 2fN + Q
— — !!_eQn
A2

2

(n) =

Lf(n)

1

(39)

LQj

(n)
1

h+

(3.10)

h

A2

and

r

(n)

[

(n)

,p Q11 —

=A

Qi
(n)

—

Q

(n)1

2j(fl)

—

h

QN''(fl)

iJ

.

(3.11)

The following notation was used in the above equations
J(n) =

and

Q(fl)

=

j(Qfl))
(n)

(n)

(n)

(n)

Q1+1 — Q—i

(n)
d(n) , ti1(n) and r2 will change at the edges of the grid. How the
boundary coefficients change depends on the type of boundary condition at the corre-

r he coefficients i(n) ,

sponding boundary node. The Dirichiet boundary conditions are the easiest to deal with.
Just replace Q by its described value, this is Qo in x = 0 and QL in x = L. The following
coefficients for a Dirichiet boundary condition in x = 0 show up after calculation:
0

—
—

0,

dN
0

—
—

0,

(n)

u0

(n)
(n)

= 0,
= 0,
= ri(n)

l1 (n)Qo

and
4n)

=

0.

The treatment of a Dirichiet boundary condition in x = L which prescribes Q(L)
is similar:
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Qr.

(n)

(n)

UN_i
(n)
'N
uN
(n)

UN

(n)

=
—
—

U,

—

U,

—
—

n

=

0

(n)

.

— UN_i

Qi,,

and
(n)

=
The Neumann boundary conditions which are obtained when the drawdown is prescribed
are a bit more complicated. The problem is caused by the discretisation over the edge of
the grid. For example, this results in an appearance of Q(_ in the coefficients d and
at x = 0. Therefore, the value of Q has to be removed. This can be achieved by
using the prescribed value of Q(0) and equation (3.6). After the removal of Q the
rN

following coefficients are obtained:
—

0

=

—+

(n)
U0

—

2

(n)

—

')'
'O

and
r0

j(n)

with

Q)

—

'
J(n)
3PQ(n)2

h—

j(Q1n))
—

—

f(Q

—

+ Q(n)2Afo]

[2Q —

A2

Q(n)

A 2(n)
'JO
Q(fl)

2hQ)

2hQ

The deriviation of the coefficients is similar in the case of a Neumann boundary condition
at x = L. This leads to the following coefficients:
—

d

=

(n)
UN

=

(n)

—
—

2

+

A2

[2Q -

2QJ + QN2NI

0

and
rN

it1i

zf

—
—

J(Q- + 2hQ)

2QL

—

J3p

(n)2
N

(n)
N

(n)

(n) 'fN

NQ(7)

j(Q)

2hQ'L

After using the formulas for the boundary points, it is possible to put the equations
(3.7) into a linear system, which leads to:

=
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(3.12)

For a Neumann boundary condition at x = 0 and a Dirichiet boundary condtion at
is a tridiagonal matrix with lower diagonal [40, •.. 4], diagonal
x = L, the matrix
d1] and upper diagonal [z4°, ... , u2J. It is clear that the size of the matrix
depends on the type of boundary conditions, but for all possible boundary conditions
options one obtains a tridiagonal which can be solved by using Gauss elimination. It is
,

required for a unique and physical solution that all the matrix coefficients remain bounded

during the iteration process, it is shown in Appendix C that this does not have to be a
problem.
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Chapter 4
Results
4.1

Numerical analysis and results

It is claimed in section 2.2 and section 2.3 that the solution method has a quadratic speed
of convergence and a second order discretisation error. In order to substantiate this claim,
several simulations have been done with common values for the input parameters. The
iteration proces reaches its desired accuracy after only a few iterations, ususally only five
steps. In order to have an quadratic iteration scheme, it is required that for the relative
difference of two succeeding solutions,
5Q(fl) =
—

should

yield:

—

QII

IIQII

5Q(fl+l) = 5Q(fl)2,

which is equivalent with

1og(5Q1) =
1og(5Q())

2

1))/log(QN) versus the number of iterations. As
the results show, the value tends to its theoretical value after a few steps. The fact
that after a few steps the speed of convergence becomes smaller than its desired value
Figure 4.1.1 shows a plot of log(6Q(

might be caused by rounding errors, but it is clear that the process converges quadraticaly.

Only second order discretisation methods are used for the discretisation of the linearised
version of the model. The discretisation error, e(h) is defined as the numerical integrand
of the difference between the real and calculated solution. This integration is done with
the Simpson rule and results in
e(h) = c1

h2

,

c1 E

.

If Q(h) is the solution which belongs to mesh width h then one can write,
IIQ(h)

—

Q(2h)JI

=
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IIe(h) — e(2h)Ij,

(4.1)

it follows that equation (4.1) is equivalent with
2

log

IIQ4h

—

Q2h11

= 2.

IIQ2h) — Q(h)II

Figure 4.1.2 shows the order of the discretisation error,
2

log

IIQ4h
IIQ2h

Q2h11

—
—

Q(h)II

versus the mesh width. It is clear that the obtained value for the order is very close to
the desired, theoretical value. So one can conclude that the discretised version of the
linearised model has a second order discretisation error.
Caw.rg...c. lot odilWsnl ilon.lot 01 boiidy wdIotlS
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speed of convergence versus the number of iterations, for
different combinations of boundary conditions.

Figure 4.1.1
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Figure 4.1.2 : The discretisation error as a function of the mesh width.

4.2
4.2.1

Model analysis
Introduction

In order to gain more insight into the production characteristics of horizontal wells, an
extended analysis of the sensitivity and influence of some parameters is necessary. This is
done by running simulations and changing only one parameter at the time, while the other
parameters keep their same (standard) value. The standard values for the parameters are
shown in Table 4.2.1.1.
p

d
L

1(Q)
It

= fluid density
=
=
=
=
=
=

V0
QL

=

fluid viscosity
pipe diameter
specific productivity index
well length
type of friction factor
roughness parameter
cell length

:
:

781.0kg/rn3
1.32cP
0.16m

10.OSm3/day/bar/m
:

1000.Om

:

Haaland

:

0.Om

:

25m

drawdown at the heel

:

production rate at the toe

:

0.3bar
0.0rn3/s

Table 4.2.1.1 : List with the standard values for the parameters.
The cell length, h = 25m i-.' N = 40 points, is choosen in such a way that the difference
in the solution is less than 1% compared to the solution for a small h, like h = 0.5m.
While SI-units are used in the developed code, for input and output purposes we alow
other units. The unit for the production rate on the plots for example is choosen as
m3/day and not as rn3/s. This choice is made because the presented units are more cornmon in the oil world.

The parameter study is divided into two groups. The first group contains only the
analysis of influence of the drawdown on several output quantities. The other group
contains an analysis of all the other parameters which appear in the model.

4.2.2

Analysis of the drawdown

Some production profiles for different drawdowns at the heel are shown in Figure 4.2.2.1.
This plot can be used to describe some physical aspects about the well flow and to analyse
the influence of the drawdown at the heel.

If the drawdown at the heel is positive then the first aspect that can be seen is the
increase of the production rate towards the heel. It is shown in section 2.3 that a positive
drawdown at the heel gives a positive drawdown along the whole well and, therefore,
inflow along the whole well. Since the toe is closed, the oil has to move towards the heel.
It can also be seen in Figure 4.2.2.1, that the production profile curve become more
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steep towards the heel, i.e. the inflow increases slightly towards the heel. This is caused by
the pressure drop due to the friction and acceleration effects. As a result of this pressure
drop, the drawdown reduces if one moves from the heel towards the toe. Via the equations
(2.1) and (2.2) it follows that the friction and the acceleration give a small increase of the
inflow towards the heel.
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Figure 4.2.2.1 : Production profiles for different drawdowns at the heel.

Simulations show that an increase of the drawdown at the heel does not lead to the
same relative increase in the total production rate, i.e. the relative increase in the total
production rate is smaller than the relative increase in the drawdown at the heel. This
can be seen in Figure 4.2.2.2, this figure shows a plot of the total production rate as
a function of the drawdown at the heel. As one can see, the slope of this V0-Qo-curve
decreases if the drawdown at the heel increases. In the preceeding alinea it was mentioned
that a higher drawdown at the heel gives a higlier drawdown and production rate along the
whole well. This means that the pressure drop increases, especially at the heel. Therefore,
the increase in the drawdown along the well is smaller than the increase in the drawdown

at the heel. This results in a relative smaller increase in the total production rate than
in the drawdown at the heel.
It is possible to make a good least squares fit for the V — Q(O) relation for the used
parameters. This third degree polynomial fits very good if the drawdown at the heel is
between O.Obar and O.9bar and is given by:
Qo =

V [ciV2+c2V+c3],

with c1 = 4.2 iO, c2 = —7.5. iO and c3 =

8.1

24

iOn.

Figure 4.2.2.2 : Total production rate as a function of the drawdown at the heel.
The next plot shows the total pressure loss per meter caused by friction and acceleration. As one can see, the biggest drop appears at the heel and decreases slowly if one
moves towards the toe. The figure shows that the total pressure loss along the well has
the same magnitude as the drawdown at the heel, which was Do = 0.3bar. This means
that the pressure loss in the well can not be ignored if the input values of Table 4.2.1.1
are used. It is shown in section 2.3 that the pressure loss caused by friction is much larger
than the pressure loss caused by acceleration, this can also be seen in Figure 4.2.2.3.
p..*t. cçs 'ong 1* wel
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Figure 4.2.2.3 : Different pressures along the well with V0 =

4.2.3

0.3 bar.

Analysis of the other parameters

The drawdown at the heel is the only parameter that can be controlled during the production process. The parameters like the well length and the diameter of the production pipe
can not be changed during the production process. This means that all the information
available should be combined together with the knowledge obtained from the models of
the well length and the pipe diameter in order to choose them as best as possible. The
other parameters that are investigated in this section are the specific productivity index,
25

the roughness and the viscosity. They can not be choosen and the specific productivity
index and roughness are also quite hard to measure. This means that it is quite important
to know how sensitive the total production rate and the inflow distribution is to changes
in one of these parameters. The last appearing parameter in the model is the density of
the fluid. The influence of the fluid density will not be large for the possible densities
between 700kg/rn3 and 1000kg/rn3

A longer well gives more production, but will also have higher production costs, so it
is interesting to see how the inflow behaves if the well is made longer. Three production
profiles for three different well lengths and a drawdown at the heel of V0 = 0.3bar, are
shown in Figure 4.2.3.1. One can see that if a comparison between wells with different
lengths is made, that the longer horizontal well has a higher production rate everywhere
along the well. But a higher production rate will give also a higher pressure drop, which
means that an extension of the well gives a relative smaller increase in total production
rate.
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Figure 4.2.3.1 : Prodttction profiles for different well lengths with a constant
drawdown at the heel of O.Sbar.

If one varies the well length and the drawdown, while keeping the values of the other
parameters as in Table 4.2.1.1, then one can find that 80% of the production of a well

with a length of four kilometers can be reached by using a well with a length of only
one kilometer, independent of the drawdown that is used! This effect can also be seen in
Figure 4.2.3.2. This figure shows four curves of the total production rate as a function of
the drawdown for four different well lengths. It can be seen that the total production rates
for different drawdowns at the heel and for L = 2000nz and L = 4000m are almost equal

for every drawdown. However, the total production rate for L = l000m is almost the
double of the value of the total production rate for L = 500m, for every shown drawdown
at the heel. The required well length in order to reach 80% of the total production rate
of a "very long" well, in this case L = 4km, can be seen as the economic length of a well.
Is it worth to try to produce the last 20% considering the extra costs. The length of the
"very long" well depends on the value of all the parameters, but can easily be found with
the developed code.
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Different radii of the production pipe give different production profiles. Three of the
profiles are demonstrated in Figure 4.2.3.3. It is not clear which diameter gives the most
optimal result, so a small analysis on the influence of the diameter of the production
pipe is useful. According to the equations eq. (2.9) and eq.(2.4), a larger pipe diameter
will give a lower pressure drop. Therefore, a larger pipe radius will increase the total
production and give a more even inflow. A common value for the pipe diameter is O.15m,
the production profile for a pipe with this diameter is shown in the plot. Simulations show
that for the used well length and used drawdown at the heel, the influence of the pipe
diameter is very strong around d = O.16m, a change of the pipe diameter in that area will
lead to a relative larger change of the total production rate. In addition, the influence
of the pipe radius on the total production rate is very small if the radius is larger than
approximately O.25m for the used well length and drawdown at the heel.
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Figure 4.2.3.3: Production profiles for different diameters of the production pipe.
The production profiles for three different values of the specific productivity index, J3,
are shown in the Figure 4.2.3.4. It can be seen that a higher .J gives a higher production
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rate along the well which in addition gives a higher pressure drop. The higher pressure
drop reduces the effect of the higher J3 somewhat and gives also a less even inflow along
the well.
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Figure 4.2.3.4 Production profiles for different product ity indices.
:

A few production profiles for different roughness of the pipe are shown in Figure 4.2.3.5.

The figure shows that a well with a higher roughness c, gives a lower total production
rate and a less even inflow. Therefore, it should be tried to keep the pipe as smooth as
possible.
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Figure 4.2.3.5 : Production profiles for different values of the roughness parameter.
Some production profiles for different oil viscosities of the oil are shown in Figure
4.2.3.6. The variation in viscosity can be a few orders of magnitude. For example, the
production of water can give small drops in the oil which can lead to a large increase of
the viscosity. Therefore, it is useful to know how the production reacts to changes in the
viscosity. A more viscous fluid will increase the friction quite rapidly and, therefore, gives
a smaller total production rate and a less even inflow
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Figure 4.2.3.6 : Production profiles for different viscosities.

4.3

A comparison with other models.

'Flie model described in this paper is compared with a model which does not include
any pressure drop in the well. The goal of this comparison is to find out for which well
length the pressure drop in the well can not be ignored. The standard values for the other
parameters of Table 4.2.1.1 arc used for this comparison. The total production rate in
the "no pressure drop" approach, is calculated by the following formula:

Q0=PI.V,
with

P1 = J

.

L.

The formula for the P1 is not the same one as the one used in [SJ,1987], [SJ,1988] or
[GR,1984}. The formula given by these people could not be applied because there was
not enough information avaliable on the determination of the productivity index.
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Figure 4.3.1 : The total production rate for different well lenghts, for different
approaches.
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The total production rate for different well lengths for the two compared models is
given in Figure 4.3.1. The figure shows that the difference between the two different models

becomes significant if L > 500m. This well length depends on all the used parameters
but shows that after a certain length, which will be significantly smaller than the well
length, the pressure drop in the well has a significant influence on the total production
rate. In the preceeding two sections it was described what the influence of the different
parameters was on the production profile. All the changes that result in a higher pressure
drop, i.e. give a less even inflow, will decrease the maximum value of L for which the
pressure drop can be ignored.
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Chapter 5
An extended model
Introduction

5.1

In the model that was developed in section 2.1, it was assumed that the inflow depends
linear on the drawdown. The justification for this assumption is given in Appendix A
by using Darcy's equation, but is only valid when the pressure drop through the wall of
the pipe is negligible compared to the drawdown. This means that the linear equation
for the inflow (eq. (2.2)) is not valid any more when the pressure through the pipe wall
becomes significant. The pressure drop through the pipe wall becomes important if the
flow through the perforations occurs with a high speed, i.e when the relative perforated
area of the pipe is small. The relative perforated area of the production pipe is given by
the open area of the pipe divided by the total area of the pipe. The calculation of the
pressure drop caused by the pipe wall is very difficult, therefore, some experiments with a
production pipe with a small relative perforated area were done in order to investigate the
pressure loss through the pipe wall. The experiments were done at Norsk Hydro in 1996
by Rinde et al and are described in [RU, 1996]. The results show that the pressure loss
through the pipe is only important when the relative perforated area is small, iO. The
flow through the perforations does not depend linear on the pressure difference between
the well and the reservoir if the pressure drop due to the pipe wall is important. Therefore,
for the extended version of the model, assumption 6 that was given in section 2.1 will be
replaced by the following one:
6'

5.2

:

The inflow is determined by the combined effects of the pressure drop in the
reservoir and the pressure drop caused by the wall of the pipe.

Model equations

Assuming that the flow through the pipe wall can cause a significant pressure drop, the
pressure difference between the well and the reservoir can be written in terms of the flow
resistance in the reservoir and the induced pressure loss resulting from the flow through
the perforations. Therefore, the pressure drop between the well and the reservoir is written
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as
Pd — pw(X)

= Pres(X) + Lippipe(X).

(5.1)

The flow in the reservoir experiences resistance on its way to the pipe. The pressure
difference needed in order to get the fluid in the pipe is given by:
Lpres(X) =

(5.2)

with

Pre,(2) =

the part of the drawdown which is used for the movement of the flow in the
reservoir.

The part of the pressure loss due to the flow through the perforations depends on the absolute value of the fluid velocity in the perforations. Therefore, the pressure drop caused
by the flow through the perforations is given by
LPpipe(X) =

pcj [Vper(X)]',

(5.3)

with
.-Ppipc(.T)

v(x)

=
=
=

cjr
-y

the part of the total pressure loss due to the flow trough the pipe wall.
the velocity of the flow in the perforations.
the friction coefficient. [(rn/s)2"]
pipe wall constant, usually in the range y E [1,2]

The fluid velocity in the perforations depends on the relative perforated area of the pipe
and the volume flux into the pipe. The relative perforated area, Rpa, is given by
Ape,.

—

RpO_

ird

wit 11

Nper

=
=

the number of perforations per unit length.
the area of one perforation.

The relative perforated area makes it possible to calculate the fluid velocity in the perforations. Given a radial volume flux q(x), it follows via a mass balance that
V(X)per

(5.4)

=

Using the the equations (5.1), (5.2) and (5.4) gives the following equations for the inflowpressure difference equation.
Pd — Pw(X)

=

+ aq(x),
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(5.5)

with
—

pcf

(irdRpa)
Before calculating the final model equation it should be noted that the Rpa does not
have to be constant, i.e. the relative perforated area might be a function of x. Equations
—

eq.(2.4) and eq.(2.9) that describe the pressure drop in the pipe remain the same. Also the
relation between the production rate and the inflow rate, see eq. (2.2), does not change.
Using the same steps and notation for the friction as the one described in the last part of
section 2.2 gives the following equation, which describes the model with non-linear inflow.

dx2

+

= JSP [f(Q)Q2—

[—['

2Q].

(5.6)

—

As one can conclude from (5.5), the inflow-drawdown equation remains linear if'y = 1.
But in order to get back to the original model of section 2, requires also a constant 11pa•

In that case, the pressure drop through the perforations can be taken into account by
using a smaller specific P1.

5.3

Numerical solution of the model

In order to be able to solve for eq. (5.6), the model equation has to be linearised. The
linearisation method that is used in section 3.1 is applied to the differential equation and
one can find after some calculations that the linearised equation looks like
=

+

+

(5.7)

with

=

[i +

=

[2JSPQ(n)

=

[_Q)]']
[_Qn)} [(1 — y)Q

+

..j(n) 2f' +
"
A2'

+

dQ

and

=

f'Q(n) [Qn1n + Q(fl)2df(

(1

—

2Qh1)]

[—Q]

—
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+
—

Q)]

Equation (5.7) is a linear differential equation which can be solved by using the finite
differeiicc method. The used second order central discretisations are described in section
3.1 and [KA, 1978]. After the discretisation with use of (3.6) and (3.5) one obtains
again a linear system like equation (3.12). This system can then be solved by means of
i, d and u, and the
Gauss elimination. The matrix coefficients of the matrix

right hand side r, can be determined via the discretisation of eq. (5.7). Not all the
possibilities for the matrix coefficients will be written down, only the coefficients for the
inner nodes will be shown. The discretisation becomes rather easy if one use the formulas
for AN, BN, C(") and RN, the coefficients for the inner nodes become
—
—

=

ç(n)

1

'-'1,:

—

'-'2,i

2/i'

—2C +

=
and
(n)

—
—

,

C

= C1(Q ,Q'),Q]1), etc.
This equations will change in case of a boundary point, the treatment for the different
boundary conditions at the edges of the grid was described in section 3.2. The additional
friction term in this extended model makes the model and solution somewhat more complicated, but also more stable because of the more spreaded inflow in the well, i.e. the
convection term becomes less important. Therefore, the conditions for a stable solution,
which are given in Appendix C for the first model can be used for the extended model.
with

5.4

Model properties

It was written in section 5.1 that the pressure drop caused by the pipe wall, becomes
significantly large if the relative perforated area of the pipe is very small. But how small
does it have to be? Investigation on the relative importance of the pressure drop due to
the pipe wall is therefore next.

It was shown in section 5.2 that the pressure difference between the well and the
reseroir can be divided into two parts, one for the friction caused by the pipe wall and
one for the resistance that flow experiences in the reservoir. The ratio of these two parts
is given by
Ppipe

pcjq'

—

(7idR0)1'

tXPre, —
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In order to get an estimation for this ratio, some typical values are used : - = 1.44,c1 =

30.5 (m/s)2, p = 781kg/m3, J5 = 1.lSm3/s/Pa/m (= lOSm3/day/bar/m) and d =
0.16m. A typical value for q(x) = —Q'(x) depends on the typical value for the total
production rate, Q, and the length scale on which the significant changes in Qo occur,

l. These values are given by Q =

102m3/s and i.l = 1km, therefore q(x) =

2

0(2. 105m3/s/m. From this it follows that the pressure drop in due to the pipe wall has
the same order of magnitude as the pressure drop in the reservoir, if
Rpa

= 0(1O).

Normally production pipes have a R which is much larger then the calculated value. A
more common value for the relative perforated area is given by Rpa = 0.05. If this value
is used together with the preceeding common values, then the relative contribution of the
pressure drop throug the pipe compared to the pressure drop in the reservoir is given by:
LPpipe

Pres

= 2•

The preceeding calculations show that the influence of the pressure drop through the
pipe is only important in those cases where the relative perforated area is small enough.

The case with interesting aplications, use of ICDs, is given and analysed in the next
section.
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Chapter 6
Analysis of the extended model
6.1

Introduction

It was shown in section 5.4 that the friction experienced by the inflow is only significant
if the relative perforated area of the production pipe is very small. This can be achieved
by installing Inflow Control Devices (lCD's) in the production pipe. An lCD can be seen
as a flow restriction, the inflow has to go through a few small channels before it reaches
the main flow. The small relative perforated area of the lCD's results in a high fluid
velocity through the lCD. This high velocity results in a significant pressure loss, which
increases if the volume flow increases. The pressure drop can be used in combination with
a variable lCD density in order to regulate the inflow from the reservoir into the well. A
description of ICDs and the test that have been done with them can be found in [RU,1990J.
Inflow Control Devices are used in combination with a double rimmed pipe. The flow

from the reservoir enters the annulus between the two pipes via the outer perforated
outer pipe, then moves downstream in the direction of the lCD and reaches the main
flow, see Figure 6.1.1. The flow into the annulus is determined by the pressure difference
between the reservoir and the annulus. The pressure in the annulus is determined by the
combination of pressure at the lCD and the pressure loss in the annular section. If the
distance between two succeeding ICDs is small compared to the well length, then pressure
loss in the annulus is small compared to the pressure difference between the well and the
reservoir. If one looks at a well with no ICDs installed, then one can find that the pressure
loss over a small section is small compared to the drawdown. Therefore, the use of ICDs
can be simulated by the developed model when the pressure drop due to the lCD is taken
in account as described in section 5.1. rfhe performed simulations are explained in the
next chapter and result in guidelines for the use of ICDs.
The friction that is experienced by the flow depends on three parameters : c1, 'y and

I. The first two parameters have to be determined by experiments, this results in

=

1.44

and
c1

= 30.5
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The relative peroforated area at a position with an lCD can be measured by the total
area of the flow channels of the lCD in combination with the distance until the next
lCD downstream. This results in a step function which cannot be used in the developed
code and therefore the Rpa is made continuous. The other parameters that occur in the
developed model get the values that are shown in Table 4.2.1 unless mentioned otherwise.

q(x)

q(x)

q(x)

q(x)
Figure 6.1.1 : The flow in a liner with an lCD installed.

6.2

Analysis of the influence of lCD's

In this section an analysis is given of the influence of ICDs on the total production rate
and the inflow. This is achieved by simulating a few different lCD distributions along the
well. These distributions are converted into a Rpa-function which is used in the model.
This function is given by the following parabolic function
Rpa(2) = (Rpa,heel —Rpa,toe)

/L—x
L

2

)

+ Rpa,toe.

(6.1)

This choice is made because the inflow tends to increase towards the heel, so the flow
has to be controlled somewhat stronger over there. The values that are used for the four
different test cases are shown below. The value given below in Table 6.2.1 are used in
combination with all the other input parameters which are given in Table 4.2.2.1.
case I
case II
case III
case IV
case V

Do = O.3bar
Do = O.3bar
Do = O.3bar
Do = O.45bar
Do = O.3bar

No use of ICDs
Rpa,toc = 4.6
Rpa,toe

.

iO—

= 2.3• iO—

Rpa,toe = 2.3•
Rpa,toe

= 4.6•

1O_6

Rpa,hcel = 4.6 io—
Rpa,heel = 4.6 . io—
Rpa,heel = 4.6
Rpa,heel = 4.6

iO—5
iO—5

Table 6.2.1 : The values for the five different test cases.
The production profiles of the cases II, III and V are shown in Figure 6.2.1. It can
be seen that the use of ICDs results in a lower total production rate, in particular in case
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V. Therefore, one must always remember that ICDs can help to regulate the inflow but
they result also in a lower total production rate, this is the price that has to be paid for
its use. The different inflow patterns for the cases I, III and IV are shown in Figure 6.2.2.
If the inflow pattern of case II is compared with the one of case I then it can be seen
that the uniform lCD distribution from case II results in a more even inflow along the
well. This is due to the pressure loss through the lCD's, which increases when the inflow
is high, like in the heel of the well. The Rpa—distribution of case III results in an almost
equal inflow along the whole well and can therefore be seen as an optimal distribution
for the given set of input parameters. The developed code predicts that the drawdown
should be increased with about 50% in order to regain the loss of production compared
to case I. This higher drawdown gives a higher pressure drop and would normally result
in a less even inflow pattern, but as one can see in Figure 6.2.2, the differences in inflow
along the well are still small. The extra pressure drop induced by the extra production is
small compared to the pressure drop through the lCD's and, therefore, has no significant
influence. Case IV can be used to show that it is quite easy to obtain a R which is is
too small. The inflow is decreasing towards the heel in this test case, due to the high
pressure drop in the ICDs at the heel.
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production for the cases II, III and V.

As can be seen in Figure 6.2.2 it is possible to obtain an even inflow for the used
set of parameters, but a few guidelines for the choice of the Rpa is more useful. Since
all the production profiles without ICDs installed are convex, it might be wise to choose
the distribution for the R,a the same as the one described by eq. (6.1). The optimal
distribution is defined as the distribution that results in an even inflow and the lowest
possible drawdown as possible, for a given total production rate. In order to get the
smallest drawdown, given a fixed total production rate and an even inflow, the value of
Rpa,toe should be choosen as large as possible. Now only remains to be found the value
of Rpa,heel, this is done with use of the eq. (5.1). The values of V and q(x) at both the
and q(x) = Q0/L. If the total
heel and the toe can be used in combination with

pressure loss in the pipe, V0 — DL is known, then the value of Rpa,heel can be calculated
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Figure 6.2.2 : The inflow paUerns along the well, for the cases I, III and V.
via

Vo—VL=

pcj-

pcj

7rdRpa,heel — irdRpa toe

Unfortunately, the total pressure loss is not known, however, it can be estimated by the
Rpa,ioe. This can be done since the
pressure drop in the same well, except that Rpa
total pressure loss will not change so much if the total production rate remains constant.
The function for Rpa than can be converted into an lCD-distribution along the well. It
follows via the performed simulations that the 'even inflow situation' is not so sensitive
for changes in the drawdown; the calculated Rpa can also be used for other drawdowns.
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Chapter 7
Discussions, extensions and
conclusions
7.1

Discussion about the assumptions

Some of the assumptions that were made by Dikken for his model were also used for the
deriviation of the models that are described in this report. The assumptions made it possible to derive the govering equations, but introduce also limitations of the two models,
which were described in this report. Therefore, a discussion about the assumptions listed
in section 2.3 is given.

The first assumption, which says that a well contains no differences in height, makes
it hard to compare simulations with the measurements obtained from a well, which will
often include differences in height. But since this research is done to gain more insight
in horizontal wells, this assumption can only be seen as limitation that can be corrected
easily if necessary. The next assumption says that the flow inside the well is assumed

to be single phase and turbulent. This assumption is a an important one, since the
flow regime and the type of fluid have a major impact on the pressure drop in the well.
However, laminar flow and the transition of laminar to turbulent flow are not included in
the model. But it can easily be shown that this simplification will not influence the results
significantly. The transition from laminar to turbulent flow happens at a Reynolds number
of approximately Re = 2000. If the values of Table 4.2.1 are used, then the transition
happens at v = 5 103m/s(= 8m3/day). These low values occur only within a small area
around the toe. According to the developed code of chapter 2, a drawdown at the heel
of 0.3bar and a well length of 1km results in a 5m long laminar section and V0 = O.lbar
results in a lOm long laminar section. Further simulations show that the laminar section
caii not be ignored if the total production rate of the well is lower then 50m3/day, but
wells with such a low total productivity rate are generally not interesting. Although the
inflow influences the flow structure in the well, its actual influence is small, see section
2.1. The assumption about the single phase can be seen as a crude approximation of the
multiphase flow in the well, provided that the different phases in the horizontal section
are mixed together and result in a homogeneous fluid with average properties. It should
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be noted that a single phase assumption implies also a incompressible fluid. It is assumed

that a steady state exists, which is then simulated by the model. There is not so much
known about the different time scales during the life of the well, although several different
phases seem to exist. The pressure differences in the well in the radial direction are not

of major interest and are therefore not included in the model. Although the results
would be different if the pressure differences are included, the additional complications
are worse than the obtained greater accuracy. It was written in chapter 5.1 that the
assumption about the linear relation between the inflow and the drawdown is only valid
when then pressure drop through the pipe wall can be ignored. In that case the linear
inflow-drawdown relation can be justified by Darcy's equation, see Appendix A. The
assumption about the linear flow in the reservoir is only valid for one point, whereas
the linear equation (2.9) well. Therefore, it is necessary to assume that the reservoir
has constant properties along the well, although it is quite doubtful. But the previous
discussed assumption is not enough to get the linear inflow-drawdown equation. One way
for obtaining this formula is to assume a constant pressure at a constant distance from
the well. This will not be valid in general, especially not when the pressure loss along
the well becomes significant. But this assumption combined with the last listed equations
results in a constant specific productivity index along the well.

7.2

Model extensions

The present model can be extended in several directions. Some of the extensions do not
have to be so difficult, while others can make the model very complicated. The first
recomodations about model extensions can be achieved by a 1 D-model, while the other
extensions probably only can he included in a 3D-model.

In general, a well will contain differences in height. The height differences have an
influence on the pressure distribution and the inflow along the well. Due to the height
differences, the inflow may increase at a certain point. In order to be able to regulate
the inflow along a well which contains known height differences, the influence of the
hydrostatic pressure can be be investigated. This is just a small extension of the developed
models. The biggest limitation of the developed model is the contraction of the whole
reservoir into one quantity. A good improvement of the model would be the inclusion of
the reservoir flow, especially around the tips of the well. In the best case, this extension
leads to a non-constant specific P1, which can easily be included in the developed model.
In the worst case, the whole reservoir has to be included in a difficult 3D-way. There can
be some places appearing along the well where the diameter of the drilled hole is larger
than the diameter of the production pipe, which will lead to an annular flow along the
well. As can be seen from measurements, the annular flow gives a concentration of the
inflow into the pipe at the heel. The annulus makes it difficult to measure the flow in
the reservoir. Although the iD-model will be somewhat complex, an investigation could
be done in order to gain insight. After the start of the production process, the well will
become filled with oil. This is the so-called transient behaviour of the well. It might
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happen that during the transient behaviour of the well a lot oil is produced at the heel of
the well, therefore, the transient phase of the well might have an influeiice on the coning
proces or on other physical aspects. There is relatively little knowledge about transient
behaviour for "pressure drop included models", therefore, some energy could be spended
in order to obtain the required knowledge. The developed model will be time dependent,
but can probably be kept in a iD-model. The preceeding extensions can (perhaps) all be
done with a iD-model, but a lot extensions can only be done with a. 3D-model. Since a
lot of possible extension can be made by a 3D-study, one should read the references given
in chapter 1.3. Although a 3D-model can contain more physical aspects, it should not be
fortgotten that the final code will be very difficult.

7.3

Conclusions

A study on the production characteristics of a horizontal well was performed in this report. This was done by developing a iD-model, which was based on both theoretical and
experimental work. The resulting equations were solved by means of efficient and accurate
numerical methods, which resulted in a. fortran code. The code was used for a study on
all the parameters in the model. Compared to the model of Dikken, several extensions
have been made and investigated. Finally, a list with relevant and used literature is given.
The parameter study showed that the pressure drop in the well gives a small increase
in the inflow towards the heel of the well. A change in one of the model parameters will

result in a change in the pressure drop along the well and therefore also result into a
change in the inflow. A higher drawdown at the heel for, example, gives a higher total
production rate, but also a higher pressure drop and therefore a less even inflow along the
well. Also an increase of the well length gives a less even inflow along the well, in fact the
total production rate reaches an asymptotic value if the well is made longer and longer.
The inflow can also be influenced by using a variable (small) relative perforated area along
the well, this can be obtained by using Inflow Control Devices along the well. The results

show that it is possible to obtain an almost even inflow along the well. Although the
model contains a lot of the significant physics, some possible extensions, that result in a
more accurate model were given.
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Nomenclature
Q(x)

= The volume flux in the well at position x. If Q > 0 then the flow

q(x)

goes in the negative x-direction. [m3/s]
= The inflow in the well at position x. [m3/s/mJ

= The pressure in the well at postition x. [Pa]
= The constant reservoir pressure at a constant bounder [Pa].
= The difference in the pressure at the drainage radius and the

pw(X)
Pd

Do

pressure at the heel of the well [Pa].
= The difference in the pressure at the drainage radius and the
pressure at the toe of the well. [Pa].
= The change in pressure caused by friction. [Pa]
= The change in pressure caused by acceleration effects. [Pa]

DL

dpj(x)
dpa (x)

a

= The friction-factor for the volume flux IQI.
= Roughness parameter used in the Blasius frictionfactor for

f

=

turbulent flow, a E [0, 0.25].
Roughness parameter used in the Haaland friction-factor [mJ.

=

Reynoldsnumber for a pipe.

f(Q(x))

Re

=

A

J
d
A
p

p
L
Rpa
Vrad

pQId
1LA

Experimental factor for the calculation of the correction which
which is needed because of the inflow in the pipe.
= The productivity index (P1) per meter or specific P1. The specific
P1 is a well constant for measuring the performance (= inflow per
second) of a well per bar and per meter. Using this parameter
makes it is possible to compare different wells, with different
drawdowns and different lenghts. [Sm3/s/Pa/m]
= Inner diameter of the production-pipe. [m]
= Inner surface of the production-pipe. [m2]
= Density of oil, assumed constant. [kg/rn3]

=

= The viscosity of oil. [kg/(ms2)]
= Length of the well. [rnJ
=
=

Relative perforated area of production line = perforated area/pipe area.
The radial velocity in the reservoir. [m/s]

= The radius of the well.
rd
k

=
=

[m]

The distance from the constant pressure boundary to the well. [m]
The permeability of the reservoir. [rn2]
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Appendix A
The reservoir
It is assumed that the inflow depends linearly on the pressure difference between the well

and a certain constant boundary in the reservoir. It is also, indirectly, assumed that
the specific productivity index is constant along the well. This appendix contains the
justifications of the linear inflow-drawdown relation and the constant specific productivity

index, taking in account the assumptions 5, 7 and 8. In order to be able to give an
analytical deriviation, it is assumed that the permeability is equal in all the directions.
rFllis results in the following reservoir equation, 'Darcy's equation',
k

v(x,y,z) = —Vp(x,y,z).

(A.1)

IL

with

= (u, v, w), the velocity of the fluid in the reservoir, Em/si
k
= the perineabilty of the reservoir, Em2]
= the viscosity of the fluid, [kg/(ms2)]
p
p(x,y,z) = the pressure in the reservoir [Pa].
It is assumed that there is a boundary on a constant distance of the well, rd, with a
constant pressure Pd• This constant pressure boundary will be used for the deriviation of
the typical length scale in the reservoir along the flow line in the direction towards the
well, l. l is a meausure for the distance on which significant changes in the drawdown
occur. For the calculation the following common values are used, Qo = 2000m3lday,
v(x, y, z)

L = l000m, r = O.16m, k = iDarcy = 9.8• 10'3m2, p = 1.3cP and V0 = O.3bar. Via
the following equation

0(Qo

1

L27rr) —

it follows that this typical length scale is in the order of one meter, i.e. Ll = 0(1). The
constant pressure boundary is assumed to occur on a distance rd from the well, the distance r, is assumed to be of order L1. The next typical length scale is for the significaiit
changes in the well pressure in the x-direction, calculations show that this length is given
by L.
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After using the continuity equation for an incompressible fluid,
V-

it follows that

ía2

v(x,y,z) =
a2\

a2

+

0,

p(x, ij, z) =

0.

+

The use of cylindrical coordinates, see Figure A.1, makes it possible to rewrite the equation

ia r—(x,r)
a

as

ô2p
j_(xr)
+ ——

= 0.

(A.2)

The derived typical length scales can be used to simplify this equation, the problem will
be split into three parts. The first part is that area with x < Xheel, with Xheel = O(z1)
this area the significant changes in both the radial and x-direction happen on a lengthscale
of order Ll. The second and largest part is that area where Xheel X L — Xgoe, with
O(Ll) holds. In this part of the reservoir, the significant changes in the pressure in
Xjoe
the x-direction happen on a lengthscale of order L, whereas the significant changes in the
The last part is the
pressure in the radial direction happen on a length scale of order
section where x > L, for this part holds the same as for the first one. A comparison of
the leiigthscales gives .Xl << L, the same yields for the three different mentioned areas. If
the two areas at the lice! and the toe of the well are assumed to have the same properties
as the middle section than the made error is of order 1l/L. So, the significant changes in
the pressure in the x-dircction happens now on a lengthscale with length 0(L), whereas
all the significant changes in the radial direction occur on a Iengthscale of order Ll.

The variables in eq. (A.2) can now be scaled as, x = x' L and r = r'- Ll. This results
in the following differential equation:

l2ô2p
,
,
ô
—(x,r)--1

,ap
r-(x,r)
=0.
,

After ignoring the O(l2/L2)-terms, the following equation remains
1

a

—j—

,ap ,
r—(x,r)
=0,

with boundary conditions, p(x',rzl) = Pw(X' L) and p(x',rdLl) = Pd and general
solution

p(x, r) = a(x) + b(x)log(r).
It should be noted that the boundary of the problem is given by r = r,,, and r = rd, since
the changes in the gradient of the pressure in the x-direction are ignored. All this results
in the unscaled pressure distribution in the reservoir
p(x, r) = pw(X)

[p
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log
—

Pw(x)]

(j)

,.'

log(\;)

(A.3)

Via eq. (A.1) it follows that the radial velocity, Vrad(X, r), is given by
Vrad(X,r) =

--p(x,r).

(A.4)

If the pressure drop due to the pipe wall is negligble compared to the pressure drop in
the reservoir, then equation (A.4) combined with eq. (A.3) and the infiow-drawdown
equation,
q(x) = 2lrrwvrad(x,

r),

result in the linear inflow-dr awdown equation

q(x)_—J3[pd—p(x)]
with the constant specific P1;
1

L

log ()
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(A.5)

Appendix B

The pressure drop in a pipe with
radial inflow
The pressure drop in a pipe with a constant volume flux Q, a length Lx and a complete
developed turbulent regime is given by
1Pfric,Q =

1.±f(Q)Q2,

(13.1)

with

= The total pressure loss in the pipe [Pa].
= The length of the pipe [in].
1(Q) = Friction factor for a completely developed turbulent pipe flow.
For the describtion of the pressure drop in a pipe with a non-constant volume flux,
equation (B.1) is not valid anymore due to several reasons and should be modified. First
of all, the inflow increases the volume flux in the well, which results in the pressure loss
due to the accelerational effects, see section 2.2. The accelerational pressure drop can be
determined analytically and gives therefore no problems. The main problems are caused
by the changes in the friction. It was assumed that the well flow was fully developed,
but probably the flow will be developing along the whole well. The inflow results in extra
internal friction due to the higher velocity differences in the well, but the inflow results
gives also a decrease of the inflow due to a lubrification effect. The changes in pressure
drop are partly taken in account via the acceleration term, but the changes in the friction
arc not. The changes in the friction due to the inflow can be contracted in a so-called
correction term, which has to be determined via experiments.
All the experiments on the correction term, see [Us, 1996], are done with a perforated
pipe with a certain length, x, of a few meters. The pressure drop along such a pipe, Lp
is given by

= /pj + Pa + 1Pc,
with
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___dpj

the pressure drop due to friction, described by eq. (B.1) where the volume
flux at the beginning of the test section is used, i.e. the lowest volume flux,
and assumed to be constant [Pa],
Integrated version of eq. (2.9) [Pa],
1Pc = The change in the friction due to the inflow [Pa].
It should be noted that the use of eq. (B.1) gives another result than the integrated
version of (2.4). But via some integration rules one can find that the introduced error
is of order 0(q(x)/Q(x). The pressure difference between the two endpoints of the test
section is measured, LPmeos and this gives the following equation for Lp
=

Pa =

Pc = Pmeas — LpJ

—

SPa.

Since, the obtained experimental data contain a lot of noise, some scaling of Lp is useful.
The typical pressure scale in the obtained measurements is the value of zp1 this results
in the following formula

Pc = KLJf.
Some more typical scales exist. The inflow can be compared with the radial volume flux
at each position; , = rq(x)/Q(x). Experiments show that if the total inflow along the
test section is small compared to the volume flux at the start of the test section, the inflow
makes the pressure drop less. This is caused by a so-called lubrication effect; the axial
flow experiences a more smooth pipe wall. This results in the final typical scale of the
experiments. The inflow givcs a lubrication effect which depends on the velocitie of the
inflow, '-' 0(d). The inflow also gives velocity differences in the axial flow and therefore
additional fluid friction. This friction effect is the strongest in the neighbourhood of the
pipe wall, therefore the friction effect is of order 0(d). The final result is the following
formula for the correction term
=

—dLp1.

Experiments with different pipes with different diameters show that the maximal difference in \ is about 25% of its average value, .A = 25. This can be considered as an
acceptable error, in particular when one knows that the integration error for the friction,
0(q(x)/Q(x)) does not depend on the pipe diameter and introduces in this way an

-

additional (small) error.

What remains now is the pressure gradient of the correction term. If the length of
the pipe section is small compared to a well length then the values of q(x) and Q(x) can
assumed to be constant. This results in the following equation
Q(x) dx

dx
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Appendix C
Stability
This appendix contains the conditions which lead to a stable solution of the model described in chapter 2 when it is solved by means of the numerical methods described in
chapter 3. There exist several definitions for the stability, in this report the following one
will be used:

Definition C.1: A solution Q(M) is called stable if there exists a constant C, independent
of n, Q(°) and a nearby solution Q(°), so that
—

QII < ClIQt0

V 1 < n < 1I,

—

holds for all 1 <Al <oo.
Since the number M eciuals the number of iterations and since the number of iterations
will always be bounded, it. follows via an induction argument and Definition C.1 that Q(M)
can be called a stable solution if the following holds
—

< CYQ'

—

Q"H, V 1 <

n < oo,

(C.1)

for all nearby initial guesses (°). Suppose that the solutions q(n+i) and (n+1) are
and Q(Il) =
see eq. (3.12), then it follows
obtained via, Q(") =
that the condition (C.1) is equivalent with:

A'1rt

IIA1r

—

<

C()Q

—

V1

< n < 00.

and AN_i
This condition can be achieved by demanding non-singular matrices
during all the iterations steps. In order
and bounded right hand side vectors r" and

j)

to keep things smple a continuity argument is used, which means that the final desired
properties for q(o) are assumed also to hold for Q(°). All this will result in a stable solution Q(M) V 1 <Al <00.
First the conditions for a non-singular matrix

lowing definitions and theorem will be used.
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will be derived, therefore, the fol-

Definition C.2: A matrix A, of order K > 1, is called weakly diagonally dominant if
and for at least one value of i yields the '>'-sign.
Ja1j

Definition C.3: A matrix A, of order K >
choice of i and j with 1 i, j
such that
ak1k2... ak, 7' 0.

K

1,

is irreducible if and only if for every

j yields that either A13

and i

0 or ( k1, 1c2, ..., k)

Theorem C.1: An irreducible and weak diagonal dominant matrix with bounded coefficients is non-singular.

The condition for a weak diagonal dominant A" can be made a bit stronger for the
inner nodes. This results in:
IdNI

> iii + luNi, V i =

..., N

1,

— 1.

After ignoring the 0(1)-terms one can find the following conditions for all the inner nodes:
2A2

O<h<

Vi=i,

,

...,

N—i,

(C.2)

J3pIQN I
and

Vi=

IQ)d

1, ...,

N

— 1.

(C.3)

If one takes a look at the boundary coefficients in section 3.2, than it can be concluded
that the boundary coefficients do not give any problems. What remains now are the
irreducible. It can be calculated that
conditions which make the tridiagonal matrix
A" is irreducible if and only if
jh4),

0, 1 < n < M,

dN,

holds for all the the "existing" matrix coefficients. This can be obtained for all the matrix
coefficients by eq. (C.2). Concluded, a monotonic q() and a mesh width that satisfies

0<h<

2A2

,Vi=O,...,N.

(C.4)

J,pIQNI

results in a non-singular

has to be non-singular for all n > 1, i.e. the conditions for a nonThe matrix
singular A" have to hold also for all n. It is not so difficult to verify that if the mesh width
is small enough and if Q(11) is monotonic that the next iterate Ql) will be monotonic
again. The only remaining problem is now to start with a mesh width that is small
enough during all the iterations. For this calculation it is assumed that the production
rate at the toe is the largest production rate along the well, Q') will therefore be used
for the calculation of the maximum allowed mesh width. lithe following common values
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j

and Q =

used, d = 0.16m, p = 781,0kg/rn3, J, = lOSni3/day/bar/m
then the maximum allowed mesh width appears:
are

2000m3/day

h < 4.0. iO4rn.

Although this is a very large allowed mesh width, it should not be forgotten that the
ignored 0(1)-terms might have a certain influence on the stability, i.e. the diagonal
dominance.
It was also mentioned that the coefficients in the matrix and the right hand side vector

have to remain bounded during the iteration process. This is not so difficult, only the
computated version of the derivative of the friction term can give some problems. But for
a inner node, this term can be written as:

f(Qi)

—

Q(n÷
—

—
—

df(Q)
dQ

1

(n)

(n)
—

—

2dJ()
dQ3

'' <
(n)

'

<

Q(n)

i-i.

The Ilaaland equation for the friction factor has the properties that its third derivative
remains bounded as long as QN < oo. In case of a Neumann boundary condition a
similar result can be found.
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Supplement I
Norsk Hydro
Norsk Hydro is established in 1905 to utilize Norway's large resources of hydro electric
power in te first industrial manufacture of nitrogen-based mineral fertilizer. Nowadays,
Norsk Hydro is the world leading manufacturer of mineral fertilizer. Energy, both in the
form of hydro electric power and petroleum, has been the basis for Hydro's growth and
represents an important connection between the different businnes areas. In 1951 the
company expanded its activities by starting to manufacture magnesium. In 1967 this
energy-intesive light metal activity was extended to include aluminium productivity. Today the company ranks among the worlds leading 'manufacturers in both aluminium and
magnesium. Wimemi exploration for oil and gas was started in the North Sea, Hydro participated right from the beginning when the first licenses were granted on the Norwegian
shelf in 1965. Hydro and its partners found oil and gas in the Ekofisk field in 1971. These
finds formed the basis for the company's development as an important producer of oil and
gas. As operator for large offshore projects, amongst others the Oseberg field in the North
Sea, Hydro has established itself as a fully fledged oil company. Oil production in the
North Sea gave Hydro long-term acces to natural gas liquids which has provided the basis
for further expansion into the petrochemical industry. Ilydro now has refinery operations
and retail marketing companies for petroleum products in Norway, Sweden and Denmark.

Most of the Hydro's involvement in the oil and gas businnes is connected with activities on the Norwegian shelf. Hydro has participated in two-thirds of all drilling on
te Norwegian shelf and is one of the leading oil companies operating in Norway. Hydro
has interests in several of the larges oil and gas fields on te continental shelf, including Gullflaks, Ekofisk and Frigg. In addition, the company is operator for development
projects such as Troll Oil. Ilydro is joint owner of the Swedish refinery Scanraff and
markets petrol and petroleum products through its own petrol stations and distribution
network in Norway, Sweden and Denmark. Some data about the company.
Employees world wide
Employees in Norway

Turn over
Profit

:
:

:
:

35.000 people
17.000 people

80.000 million Nok
2.800 million Nok
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Supplement II
Experimental Work
Mostly, the produced oil contains water and also gas. This gives a niultiphase axial flow
in both the production pipe and transport pipe and also a multiphase radial inflow into
the production pipe. The water and, in particular, the gas can have a significant influence
on the pressure drop in the different pipe sections. The pressure drop in the well and production pipe, depends on the gas-oil ratio (GOR) and the water-oil ratio (WOR). Since
it is very hard to calculate the pressure drop of a multiphase system, some experiments
have been performed in order to get the needed insight and correlations.
The experiments were performed at a low pressure loop with a perforated pipe. This
system offers the possibility for air and water phases in both the axial and radial direction, where the radial inflow is uniformly divided along the test section. This system
loop is not used for tests with oil phases, those tests are performed with a closed high
pressure rigg. The different performed experiments with the low pressue rigg were divided
in different sets, the first set was done with only axial water flow. This set is necessary
for determing the roughness of the pipe. Using the obtained data for several values of
the volume flux, range 10m3/hour untill 120m3/hour, in combination with eq. (2.4) gives
an estimation of the roughness parameter. This test set can also be used for comparison
with the following sets of experiments. The second set of experiments was done with
only water in both the axial and radial direction. This set had several goals; obtain more
data, compare with previous data and compare with the following set. For the axial flow
a few values were used and for each of these values a sequence of values for the radial
inflow was used (range 0m3/hour until 20m3/hour). The obtained test matrix was used
with the obtained roughness parameter and the formula given by equation (2.5). The
last performed test set was a multiphase one, the used water in all directions did contain a percentage of air, 0% untill 5%. Using different percentages of the air in the water
and using the combinations as used in the second set gives a three dimensional test matrix.

The main goal of the experiments is to obtain correlations between the GOR, the
WOR and the pressure drop in the well. Therefore the pressure, i.e. the pressure difference with the absolute atmospheric pressure, was measured at four different positions
along the test loop. A pressure meter, accuracy 5Pa, was placed at the beginning and
at the end of the test section, whereas the two others where placed at approximately
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one-third and two-third of the test length. During the experiments of each 2-3 minutes
the pressure was measured each 10 seconds. By dividing the pressure difference between
two meters by their distance the pressure drop can be obtained. It should be noted that
the pressure drop given by the pressure difference between the first and the last gives the
most accurate information since the division is done with the longest possible lenght.
The obtained data were analysed with some statistical tools. Due to several reasons
there was some noise present. One can think about temperature, fluctations in the main
flux and pressure differences in the atmospheric pressure. But since there were a lot of
measurements, and since the length of the test loop is about 15m, one can say that the
influence of the noise has not any major influence on the measurements. The obtained
data of the first set show that, inherent to the expectations, the pressure drop increases if
the main, axial, flow increases and, more suprisingly, that the roughness parameter could
depend on the main flux. The measurements in the second set show a know fact. For
fixed axial flow, increasing radial inflow gives at first a small decrease of the pressure drop
and after a certain value of the axial flow-radial flow ratio a small increase in the pressure

drop. The complicated last set gives a lot possible correlations and reactions. The main
result is that for each fixed pair of axial and radial flow, a increase of the air percentage
gives an increase of the pressure drop.
rfhe data from the experiments behave like expected. In particular the first and second
set give approximately the same results as the ones calculated by eq. (2.8) respectively
eq. (2.5). Since the are not so many accurate relations for the last set, the obtained data
are very useful. The data show the same trend as the known formulas, but the data can
help to gain the better insight and correlations. Therefore the whole project can be seen
as succesfull.
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