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Abstract

A fast and accurate method was developed for predicting
long term horizontal well performance. Heterogeneous,
anisotropic geology close to the wellbore were considered in
addition to pressure loss through the completion. Speed and
accuracy were achieved by replacing the well and reservoir
simulation with a semi-analytical network approach, and by
upscaling reservoir properties for radial flow. Comparison to
fine grid reservoir simulations verify that both total well
productivity and flux profile along the well are maintained for
the simplified approach. Computational efficiency and
comprehensive treatment of the horizontal well problem make
the method suitable for complete incorporation of
uncertainties connected to the completion, the near wellbore
geology and formation damage. The procedure was applied to
illustrate how uncertainties in geology and completion
efficiency affect the distribution of total well productivity for
finite and infinite conductivity horizontal wells of different
lengths. The method proved to be very efficient for this type
of study, and indicated positively skewed (log-normal like)
productivity distributions for short wells, normal distributions
for long wells and a tendency for negative skewness of the
productivity distribution from pressure loss in the wellbore.

Introduction

Developments in drilling and completion technology have
resulted in horizontal wells with longer wellbores, more
complex geometry well paths and with sophisticated
completion designs. These wells usually have a more
complicated interaction with the reservoir than vertical wells.
In addition, the parameters affecting the well performance
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also involve a higher level of uncertainty as compared to
vertical wells.! Horizontal wells are affected by geological
variations in the horizontal direction besides involving a
larger variation in the outcome of the more complex drilling
and completion operations. Thus, the application of long
horizontal wells increases the potential both for success and
failure. The potential for success can be enhanced by better
understanding the total reservoir and wellbore interaction
and flow behavior. Unexpected failures can be avoided by
efficiently including all uncertainties in the predictions.

Throughout this study, the focus has been on the
development and application of methodology for
comprehensive prediction of production performance for
horizontal wells. Besides providing accurate and CPU-time
efficient calculation of the entire horizontal well flow
problem, the methodology is developed for the purpose of
incorporating the uncertainties connected to the near wellbore
geology, formation damage and completion efficiency. In this
study the theory used to describe the horizontal well flow
problem is applied to three different regions as follows:

1) Flow through the near wellbore reservoir zone.
Upscaling methods have been developed for radial flow in the
formation close to the wellbore. The methods are based on a
single phase, steady-state flow assumption. Fine grid
simulations confirmed the development of a steady-state flow
zone around the wellbore after a very short time. The
upscaling methods incorporate the effects of convergent flow
around the wellbore through heterogencous and anisotropic
formation. The theory and a computer program are developed
for converting the description of a heterogeneous, anisotropic
reservoir geology in Cartesian coordinates to an equivalent
system in cylindrical coordinates for upscaling.

2) Flow in the Outer Reservoir. Two mcthods were
considered for coupling well and near wellbore simulations to
the response from the outer reservoir. The network model for
the well and near wellbore reservoir can be coupled to a
numerical reservoir simulator by an iterative coupling
scheme. It is also shown how a semi-analytical pseudo steady-
state reservoir response for non-uniform inflow and pressure
profile along the well may be integrated with the well and
near wellbore flow calculations through the network model.
Productivities are derived by applying superposition in three
dimensional space for the connection points between the near
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wellbore reservoir zone and the outer reservaoir.

3) Flow through the completion. For the wellbore, the
applied pressure loss model accounts for the friction pressure
loss and the additional pressure loss due to acceleration of the
radial inflow to the wellbore.

The mass and momentum balance for the entire flow
system are then solved by combining the flow regions in a
nonlinear network solver developed in this study. Results
from applying the developed methodology are verified by
comparing to fine grid simulations using the Eclipse?
numerical reservoir simulator. For single-phase flow through
a highly heterogeneous near wellbore formation, both the
total well productivity and the inflow profile along the well
(obtained from the network model) correspond to the results
from fine grid simulations. The effects of pressure loss along
the completion on the well productivity and the magnitude of
the acceleration’s contribution to the pressure loss are
illustrated.

A large number of heterogeneous realizations for the near
wellbore reservoir zone were generated from variograms and
an average value for the permeability by applying
unconditional Sequential Gaussian Simulation.> These
realizations formed the basis for the generation of well
productivity distributions. Statistical results for the total well
productivity are illustrated and discussed for cases of different
well lengths and different levels of pressure loss along the
wellbore.

Incorporating the Uncertainties Affecting Productivity
The comprehensive incorporation of the effects from
uncertainties in different parts of a horizontal well system can
theoretically be performed by applying traditional reservoir
simulation techniques. However, to create a reliable
probability distribution of well productivities may require
several hundred simulation runs. The CPU time and the
engineering labor combined with a large number of
simulations are substantial. If productivity distributions are
required for a variety of different completion and reservoir
parameters such as correlation length, well length and well
path, skin, completion diameter and roughness, the problem
quickly becomes unmanageable with current technology.
Thus, a flexible, sufficiently accurate and fast method for
prediction of well performance is a critical element in a
successful practical approach. Figure | illustrates the layout
of the risk assessment procedure. A nonlinear network solver
is indicated in the middle as being this critical element.
Average values and spatial correlation for the permeability
may be present from information gained from wells in the
same or similar reservoirs, seismic data or outcrops. A
statistical method, in this case unconditional Sequential
Gaussian  Simulation, was used for gencrating multiple
permeability fields for the near wellbore zone. If data from a
pilot hole are available, conditional simulation may be
applied to reduce uncertainty. The permeability fields are
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upscaled for a certain well trajectory and effective
permeabilities are generated as input for the network solver.

Distributions for skin and completion roughness can be
drawn from previously defined distributions. These
distributions may be obtained empirically and are likely to be
field specific. For this study, the distributions for skin and
roughness were not made dependent upon other parameters.
However, the skin distribution may be linked to the
formation’s exposure time to mud during drilling operation®
and to local permeability at a given location along the
wellbore.

The Steady-state Network Solver

The basic theory for linear network solvers has been well
documented.’ Linear network solvers are most thoroughly
documented, but can be applied only for linear problems such
as steady-state, single-phase flow of Newtonian fluids through
porous media. For single-phase turbulent flow and multiphase
flow along the well, and for multiphase flow through porous
media, a nonlinear relationship exists between rate and
pressure loss. One or all of these flow conditions are normally
present in a horizontal well, and a nonlinear network
solver®”® was, therefore, required. The solution 1o the
problem has to be approximated by applying an iterative
approach.

The network consists of nodes (connection points) and
arcs (flow connections) as illustrated in Figure 2. The nodes
may be configured as one of the following three types:

a) Unknown flowrate and pressure nodes
(typically used for internal nodes)

b) Specified pressure, but unknown mass flowrate
(typically used for boundary nodes)

¢) Specified mass flowrate, but unknown pressure
(typically used for boundary nodes)

For the resulting problem to be well posed, at least one
terminal node should be a specified pressure node. The
network flow problem is constructed from mass and
momentum balances. As no accumulation of mass is allowed
anywhere in the system, a mass balance, as given by Eq. 1,
can be formulated for each node accounting for all mass
entering or leaving the node through the connected arcs.

Y =0 0
i=]

In this equation, n is the number of arcs connected to the
specific node.

Thus, internal nodes have a net mass flow of zero.
Boundary, or terminal nodes may be assigned a net incoming
or outgoing mass flowrate as shown in Eq. 2. Production from
the node is assigned a negative mass flowrate and a positive
mass flowrate denotes injection. In this case the pressure for
the node is to be calculated.
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If the pressure rather than the mass flowrate, is being
specified, the mass balance is omitted and an equation
specifying the pressure is generated as given in Eq. 3.

pj = psprfiﬁcd (3)

For each arc in the nctwork a momentum balance can be
defined which simply describes the pressure differential
between the arc’s upstream and its downstrcam connccted
node as a function of the mass flowrate. For nonlincar
pressure loss versus mass flowrate relationships, the pressure
loss through the arc for the new iteration level (k+1) can, by
applying Newton’s method, be expressed as:

dAp, * 8Ap
Aplul_ -k 'mgu:Apk—m"_-k (4)
& m d m,

The derivatives of pressure loss with respect 1o mass
flowrate are found numerically for the arcs by perturbing the
mass flowrate and performing two pressure loss calculations
for each arc. Thus, the program requires routines to describe
each arc’s pressure loss for a given total mass flowrate. The
combination of momentum and mass balances are finally
arranged as a matrix problem and solved by using any
standard sparse matrix solver.

Network Solver Applied in the Near Wellbore Zone

As the network model relies on the assumption of steady-
state mass flow, its applicability for reservoir flow prediction
is not obvious. However, if we assume that the part of the
reservoir close (o the wellbore attains steady-state flow after a
short production time, the network simulator may be used to
model the pressure and flow behavior in the near wellbore
zone by ignoring short lived transient effects. It was found
that for the purpose of long term production performance
prediction transient effects in the reservoir close to the well
could be ignored.’

Efficient use of the network solver in the ncar wellbore
reservoir zone is dependent on some prior knowledge of the
main (low direction with respect to the well. Far away from
the well, where the pressure gradient is small, the direction of
the flow may be strongly dependent on the geology and, thus,
hard to predict. However, close to the well, where the
pressure gradient in the direction of the well is significant,
and the pressure gradient in any other direction is small, we
found that radial flow perpendicular to the well is the
dominant flow geometry. The radial flow assumption together
with the steady-state flow assumption facilitate lumping of a
large number of block permeabilities into one apparent
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permeability representing the flow and pressure behavior of
the *“real” fine grid heterogeneous case.

Figure ‘3 illustrates how the near wellbore zone can be
implemented in the network solver. If a fine resolution
heterogencous description of reservoir properties is available
(e.g., from applying geostatistical methods), this description
is likely to be presented in a Cartesian grid. If we now
imagine that we overlay the Cartesian grid with a cylindrical
grid centered along the well axis, each cylindrical grid block
will have a directional apparent permeability towards the
well. The apparent directional permeability towards the well
may be found by applying the upscaling methods for radial
flow presentcd below. A single apparent permeability may be
obtained for a full cylindrical block, or if a definition of
inflow in the 6 direction is required, the cylinder can be
divided into ‘“slices” with each having an upscaled
permeability.

Blocks may also be averaged in the direction of the well
without directly affecting the total well productivity
significantly. However, a lumping of blocks in the well
direction will smear out the inflow profile along the well and
may, therefore, indirectly affect the total well productivity
through the completion pressure loss calculations.

Permeability Upscaling. When upscaling a heterogencous
permeability formation close to the wellbore, we require that
the flowrate-drawdown relationship for the well with the
upscaled formation should resemble, as closely as possible,
the flowrate-drawdown relationship for the well with the
original, fine scaled near wellbore formation. For a horizontal
well, the upscaling of permeabilities around the well also
require some additional physics of the flow problem to be
maintained:

1) As the pressure loss along the wellbore affects the well
productivity, the inflow profile along the wellbore should be
preserved through the upscaling process.

2) The pressure loss through an anisotropic near wellbore
zone may be a strong function of 8. Thus, the method should
allow generation of upscaled near wellbore segments for at
least four discrete portions of the near wellbore cylinder (top,
botiom, sides).

The upscaling method should handle variations in
Cartesian block shape and resolution along the well. To
effectively upscale for undulating wells, the upscaling
procedure should handle any horizontal well location within a
near wellbore zone element.

Two common approaches for upscaling small scale
permeability variations into a larger scale apparent
permeability are the “No Cross Flow” and the *Vertical
Equilibrium™ upscaling methods.'®'' For linear flow
upscaling, these methods have been combined into what is
commonly called the *“Incomplete Layer” method by
performing an arithmetic averaging of the two.

The “No Cross Flow™” and the “Vertical Equilibrium”
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methods are applied here under the assumption that the flow
in the upscaled zone is predominantly radial. Thus, the flow
can be described with the steady-state equation for radial flow
through porous media.

No-Cross Flow Upscaling. By assuming that the flow
close to the wellbore is radial, the near wellbore zone of
interest can be divided into separate flow sectors in the B
direction. The seclors are assumed to have no cross flow
between them. Thus, the flowrate through any cross-section of
a flow sector is independent of distance from the wellbore.
This assumption motivates the application of Darcy’s law for
radial flow at different radial locations in a sector as
illustrated in Figure 4. The sum of the pressure losses through
the serially connected segments in a sector is the total
pressure loss and the apparent permeability for each sector is
the harmonic average permeability for all segments making
up the sector, i.e.,

1
i = n(r,/r,) - )

J Z— In(r,, /1)

The other assumption applied in the No-Cross Flow
upscaling method is a uniform pressure outer boundary for
the area of investigation. The total pressure loss through all
sectors is equal and the flowrates for all individual sectors
add up 10 the total flowrate from the near wellbore zone of
interest. This relationship is then used to determine an
apparent permeability for either the entire circumference of
the near wellbore zone or for a particular angular slice of the
near wellbore zone, i.e., for all m sectors,

2k, ()

j=

_1
"_m

Combining Eqs. 5 and 6 provides the following final
expression for the upscaled no cross flow permeability:

i In(r, /r,)
= -In(r,, /1)

1
o

= 1 M
i K,

Vertical Equilibrium (Full Cross Flow) Upscaling. The
previously described No Cross Flow upscaling method focuses
on the limiting case where flow only occurs in the radial
direction and no flow occurs in the 8 direction. The Vertical
Equilibrium (Full Cross Flow) method considers the opposile
extreme flow conditions and has already been applied to
convergent flow around a wellbore.'? It is assumed that the
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flux is evenly distributed around the perimeter of an annulus
at any distance away from the well. Thus, the apparent
permeability of an annular space in the permeability field can
be found by applying a volume weighted arithmetic average
of the Cartesian block permeabilities appearing in the
annulus. An apparent permeability for either the whole or a
particular angular slice of the near wellbore zone can then be
derived as the harmonic average of the annulus permeabilities
as given by

[ = In(r,/r,) . ®

app m l
Y ——In(r,,, /1))

=1 Zk

t

1
noi=

Transformation From Cartesian to Radial Grid System.
As presented in the previous sections, the upscaling for radial
flow in the near wellbore reservoir results in a straight
forward and simple procedure as long as we operate on a
cylindrical grid system. However, the permeability ficld we
have to work with is more than likely to be presented in a
Cartesian coordinate system. (The theoretical tools for
reservoir characterization have been developed for a
Cartesian system.) Thus, in order to perform upscaling for the
convergent flow around the wellbore, it was necessary to
develop theory for transformation’ of the Cartesian based
permeability field to a cylindrical coordinate system.

The basis for the transformation is to develop an apparent
permeability for the cylindrical grid block which is made up
of various heterogeneous Cartesian grid blocks. If we observe
an arbitrary radial grid block, as given in Figure 5, it is
apparent that the radial block can be sliced into a variety of
smaller, odd shaped volumes by the Cartesian grid system.
The geometric shapes and volumes of the Cartesian block
contributions will depend on the rotation of the cylindrical
grid block with respect to the Cartesian system and the
relative resolution of the Cartesian to the radial grid. As the
pressure gradient is large close to the wellbore, the radial grid
block size is increased exponentially when moving away from
the wellbore in the radial direction. Thus, even if the
Cartesian grid block size is constant, the radial grid block
size varies throughout the near wellbore zone and a wide
range of relative block sizes are encountered.

The developed transformation attempts to calculate the
volume of each Cartesian grid block contributing to the radial
block in question and we apply these volumes as weighting
factors in the averaging procedure. The contributing
Cartesian blocks and the cylindrical blocks have the same
length in the direction of the well. Thus, an area weighted
average for the apparent radial block permeability given by
the following . pression applies:

=(1/A) (A +hyAy+....tk,A) . O
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Upscaling Anisotropic Formation. A critical factor
determining the productivity of a horizontal well is the degree
of anisotropy present. If the communication in the vertical
direction is poor, the horizontal well productivity will suffer.
The large scale anisotropy caused by layers of varying
permeability is automatically taken into account in the
upscaling process. However, anisotropy on a smaller scale has
to be accounted for by considering the directional
permeabilities throughout the near wellbore zone. Thus, a
procedure for upscaling the near wellbore formation with
different ratios of vertical to horizontal permeabilities'® was
implemented in the radial upscaling scheme.

The starting point for the anisotropic upscaling is the
directional permeabilities for each Cartesian grid block.
When applying the area based averaging procedure to
determine the radial grid block permeabilitics, a directional
radial permeability can be calculated for the radial grid block
from the x and y Cartesian system block permeabilities. The
radial grid block orientation with respect to the wellbore is,
unlike for the isotropic case, now of great importance as each
Cartesian block contribution to the radial permeability is
dependent on its direction from the wellbore. For the
upscaling of radial flow around the wellbore, only the
permeability in the vertical direction (z) and the horizontal
direction perpendicular to the wellbore (x) is used. The
horizontal permeability parallel to the well (y) is not applied
in this process unless upscaling also is performed in the well
direction. A schematic illustration of the anisotropic
permeability problem is given in Figure 6.

Rotation of the coordinate system can now be applied and
the directional, apparent permeability towards the wellbore
can be found by combining the tensor elements according to
the following equation'>:

k _kxz 'kzx '

k . P

r.app = (10)

p#4

The final relationship for the permeability in the direction
perpendicular to the wellbore is given by

k — kz 'kx
rarp k, -k, ~cosz(6)+ k, -cos2(6)

(an

The angle 0 is measured from the Cartesian x axis (o the
line drawn from the grid block of interest towards the
wellbore. The apparent radial permeability given in Eq. 11 is
valid only for principle directions of anisotropy corresponding
to the Cartesian x and z directions.

Implementing Outer Reservoir Response
The objective for applying the network simulator in the
near wellbore zone is to reduce the computational problem by
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significantly reducing the involved number of grid blocks in a
numerical simulation of the reservoir and well. However, the
well and the near wellbore zone can not be considered an
isolated flow problem uncoupled from the outer reservoir. The
shape of the inflow profile has a profound impact on the
productivity of the reservoir towards the boundary of the near
wellbore zone. Thus, methodology for including the outer
reservoir performance in  the network model were
investigated.

Coupling the Network Solver to a Numerical Reservoir
Simulator. If the network solver is used to simulate only the
wellbore and near wellbore formation, the transient response
from the outer parts of the reservoir may be obtained by an
iterative coupling to a numerical reservoir simulator, The
feasibility of this procedure has already been proven® and the
methodology described. Due to an underlying goal of
simplicity and CPU efficiency, this option was not
investigated further in this study.

Outer Reservoir Response From Superposition in Space.
Since the scope of this work was o investigate long lerm
productivities, we are interested in the pseudo-steady-stale
flow performance more than the early transient reservoir
response. Several pseudo-steady-state relationships  for
horizontal wells are available in the literature. However, all
these methods make the simplifying assumptions of either
uniform flux or uniform pressure along the well. Models
considering a random inflow profile or pressure profile along
the well are not readily available. For the problem of
modeling the pseudo-steady-state response from the reservoir
outside a heterogeneous near wellbore zone, a non-uniform
inflow and pressure profile model is required. The pressure
loss inside the well will cause a non-uniform well pressure,
and the pressure loss and rate through the near wellbore zone
will vary with location along the well.

Similar to the near wellbore zone, the response from the
remainder of the reservoir has to be divided into discrete
sections along the well for inclusion in the network simulator.
Unlike the near wellbore zone, the cross flow in the reservoir
can not be neglected. The outer reservoir productivity for a
connection point is highly dependent on the flowrate of the
connection point in question. The connection productivity is
also dependent on the produclion rates for the neighboring
connection because the connection points are competing for
drainage volume. The larger the rate for a connection point,
the larger its drainage volume becomes and, as a result,
productivity increases. Also, small production rates from
neighboring connections favor a more pressure loss efficient
shape of the drainage volume for the connection point in
question. The productivity is, therefore, improved.

Thus, the interdependency of the connection points must
be taken into account when calculating the productivities.
Muskat developed steady-state theory'® for multiple wells
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inside a circular drainage area. He assumed two dimensional,
steady-state flow. Muskat’s theory is based on superposition
in space. The method, originally presented for multi-well
systems in two dimensions, was extended to three dimensions
in this study, and, rather than considering multiple wells,
superposition was performed for all the connection points
between the reservoir and the near wellbore reservoir zone
along a horizontal well. We assumed that the near wellbore
zone elements could be regarded as small cavities in the
shape of spheres and that the reservoir itself has the shape of
a sphere. A schematic illustration of the configuration is
given in Figure 7, where ry; denotes the radius of each
producing sphere, d;; is the distance between two producing
spheres and r, is the radius of the reservoir sphere. For each
connection point in three dimensional space, the pressure
distribution can be represented by

p=C— ()

(12)
4rk

The average pressure on the spherical reservoir boundary
can be determined by adding the effects from each connection
point using the average distance from the connection point to
the boundary. The average boundary pressure is given by

= _— (13)
€ Z Artk (r )

Here, ¢ is a function of time which must be determined to
ensure that material balance is preserved during pseudo
steady state flow. This given value can be found either from
performing an analytical material balance calculation or a
reservoir simulation, For the more likely case where the
rescrvoir takes a different shape than a sphere, the average
radius from the well to the boundary is found as the radius of
an equal volume sphere.

The pressure at any of the involved connection points
between the reservoir and the near wellbore reservoir zone
can now be determined by adding the contribution from all
connection points. The connection pressures can be
determined by the expression given in Eq. 14

q; K 2 fI.

14
4nkr islin; 4 (4

D =C— —),
J
where c is the same as for Eq. 13.

The only remaining unknown paramelter is the apparent
wellbore radius for the sections of the near wellbore zone,
This value can be found by matching the network model outer
reservoir  connection productivitics 1o the productivities
obtained from a reservoir simulation of the uniform wellbore
pressure case. Thus, only one reservoir simulation is
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necessary to match the reservoir part of the network simulator
and the network simulator will now work for any non-
uniform inflow profile resulting from pressure loss along the
wellbore or heterogeneous near wellbore geology.

If the network model is to be applied without the
assistance of a reservoir simulator, the apparent radius of the
spherical wellbore used in the superposition can be found by
equating the surface areas of the spherical and the actual
cylindrical near wellbore reservoir region.

It should be noted that the well is assumed to be located in
the center of the reservoir. Thus, the inflow profile resulting
from applying the method is not influenced by reservoir
boundaries being closer to the ends of the well. The method
also assumes an isotropic, homogencous formation in the
outer reservoir. An upscaling procedure based on spherical
flow geometry is required for implementing the effects of
anisotropy and heterogeneities in the superposition scheme. A
pseudo-radial flow regime in the outer reservoir may be
implemented by the use of image wells or by using other than
the spherical flow equation,

Network Simulator Used to Model Flow Through the
Completion

The flow inside a horizontal well differs from regular pipe
flow because of the non-uniform flowrate along the well due
to the influx from the reservoir. The fluids are continuously
entering the wellbore from the upstream (loe) part of the well
towards the downstream (heel) part of the well. An
approximate solution can be obtained by dividing the
wellbore into flow connections where the main flow
connections represent the wellbore and the branched flow
conncections relate to the flow entering the wellbore through
scgments of the reservoir. The network solver can in this way
be used to divide the wellbore into elements with increasing
flowrates towards the heel part of the well. For single-phase,
turbulent liquid flow through a wellbore arc, the pressure loss
was modeled by using the equation for single phase flow
frictional pressure gradient and a Moody type friction factor.

In addition to the frictional pressure gradient, an
acceleration pressure loss is present along the wellbore. The
flow configuration causing this pressure loss is illustrated in
Figure 8. Both the fluid entering a wellbore arc from the
upstream part of the wellbore (subscript u) and radially
(subscript r) from the reservoir along the arc is being
accelerated to their combined axial velocity (subscript d) at
the downstream end of the arc. Several studies have been
performed investigating this additional pressure loss, and
Aasheim derived a relationship'® for the acceleration pressure
loss due to radial inflow given by

-m v)
Appec = A -

This equation is based on a simple momentum balance

(mgva (15)
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along the pipe past a perforation and assumes that the radial
inflow is entering the completion with a zero velocity. Thus.
no energy is assumed to be gained from the entrance velocity
of the radial inflow. The model was in good agreement with
experimental data'® obtained from a large diameter test
facility for axial flow with radial inflow.

Model Verification

Simulations were performed to verify each part of the
network model separately. Initial simulations verified the use
of upscaled permeabilitics for the ncar wellbore zone.
Simulations were also aimed at verifying the results from
using superposition in space to obtain the outer reservoir
response. Finally, comparative cascs with anisotropic near
wellbore zone and friction in the wellbore were run. Full
detail of the verification runs can be found in Ref. 9.

Verification of the Permeability Upscaling Procedure. The
integrity of the upscaling procedure was investigated by
comparing the results from fine and upscaled grid reservoir
simulations to the results from using the network model with
upscaled near wellbore reservoir zone permeabilities. Two
arcas of particular interest were the conservation of total well
productivity and inflow profile along the wellbore.

An Eclipse reservoir model with a fine grid and a
heterogeneous permeability distribution in the near wellbore
zone represented the ‘true case’. Coarse and fine grid
rescrvoir models with upscaled permeabilitics around the
wellbore and the network model with upscaled permeabilities
were run under otherwise similar conditions.

The ncar wellbore zone had permeabilities ranging from
1.5md to 3000md, and a hetcrogencity coefficient (standard
deviation of permeability divided by mean of permeability) of
2.24 which can be expected for a well penctrating different
facies. The near wellbore zone which originally consisted of
7260 grid blocks was reduced to 60 blocks through the
upscaling procedure. Thus, the coarsening of the grid was
considerable. However, the fine and coarse grid had cqual
resolution in the direction of the well. The base case used in
this comparison had the following characteristics:

Reservoir Data:

Permeability outside near wellbore zone - 100 md
Porosity - 20%

Fine grid - 15x64x15 blocks (213m x 510m x 213m)
Coarse grid - 5x64x5 blocks (213m x 510m x 213m)
Near Wellbore Zone Data:

Fine gnd - 11x60x11 blocks (11m x 310m x 11m)
Coarse grid - 1x60x11 blocks (11m x 310m x [1m)
Avcrage permeability - 100md, Porosity - 20%
Variance (log-normal permeability distribution) - 50,000md?
Spherical semi-variogram, Rx = 20m, Ry=20m, Rz=5m
Horizontal Well Data:

Length - 300m

Wellbore radius - 0.1m
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Centrally located in the reservoir along the y direction
Number of connections between well and reservoir - 60
Fluids Data:
Single phase oil, p, = 1.82cP and p,=811kg/m’ - at reservoir
conditions

The simulations were run with a uniform pressure along
the well and with a constant oil flowrate of 100 Sm3/d. for a
period of 11 days.

Fully Penetrating Horizontal Well. The upscaling
proccdure  was developed to  perform  upscaling  of
permeabilities for radial flow. Thus, the method preserves the
physics of the flow problem along the middle parts of the
well. However, at the end points of the well, a spherical
model would be required for an accurate upscaling. Thus, to
eliminate potential errors stemming from end contribution
cffects, a fully penectrating horizontal well was first
considered. A case where the original permeability field in
Eclipse was replaced with the upscaled permeabilities while
still using the fine grid was run to eliminate potential grid
cffects. The error in drawdown changed rapidly for both cases
during the first fraction of a day, but slabilized after 0.5 days
at a value of 4.0% for the vertical equilibrium case and at
0.05% for the no cross flow case.

The early errors are duc to transient flow behavior in the
near wellbore zone while steady-state flow was assumed in
the upscaling process. The better performance for the no cross
flow method indicates that the flow around the wellbore is
radial. This was expected as the pressure gradient in this part
of the reservoir is very large in the radial direction compared
to in the 8 direction.

However, for any CPU time saving benefit, the grid has to
be coarsened according to the upscaling. Thus, the fine near
wellbore grid of 7260 blocks is replaced with a  grid
consisting of 60 blocks, one block for each well connection.
Figure 9 gives the percentage error in drawdown vs. time for
this case. The same early transient behavior is present and the
stabilized error in drawdown increased with 1.0% for both the
incomplete layers mcthod and the no cross flow method.
Thus, a 1.0% error can be attributed to grid effects.

The results of the drawdown comparison and an
inspection of the stream lines around the wellbore indicate
that the no-cross flow method describes the flow behavior in
the near wellbore reservoir zone more accuratcly than the
vertical equilibrium method. Thus, only the no-cross flow
method was further investigated.

As the goal was 1o replace the traditional numerical
reservoir simulator with a network simulator, permeabilities
from the no cross flow upscaling method were applied in the
nctwork simulator and used to calculate the pressure loss
through the necar wellbore zone. The radial flow Darcy
equation was used as pressure loss model for the network flow
conncctions.

At this point, we wanted (o eliminate any discrepancy
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between Eclipse and the network simulator in the handling of
the outer part of the reservoir. Thus, a small shell (1.0m
thick) of grid blocks was configured just outside the near
wellbore zone to allow an estimation of the pressure at these
locations. The network simulator was then run  with these
pressures as upstream boundary conditions rather than
configuring additional flow connections describing the
reservoir response. The pressures were obtained from the
reservoir simulations at 11 days into production. The down
stream boundary condition for the network simulator was a
total production rate of 100Sm3/d.

The discrepancy in drawdown using the network simulator
was 0.87%. Figure 10 shows a comparison of the inflow
profile between the network simulator and the helerogeneous,
fine scaled case. The oil inflow profile resulting from the
network simulations generally agree very well with the inflow
profile from the heterogeneous, fine grid simulations. As was
observed in the previous comparison, the flowrate for
connections with very large inflow is reduced by applying the
network simulator.

It should be noticed that the pressure loss in the wellbore
is not directly dependent on the inflow profile but rather upon
the cumulative flow profile along the well. Thus, the effect
from a small discrepancy in the inflow profile is weakened.

Partially Penetrating Horizontal Well. In a field
application, the well is not likely to fully penetrate the
reservoir in the horizontal direction. Thus, the previous
comparison only verifies the upscaling methods to be used
along the middle part of the well. As the developed upscaling
procedure does not fully capture the physics of the flow
problem at the ends of the well, some discrepancy in the
inflow profile is expected between the ‘true case” and the
upscaled cases when the well is only partially penetrating the
reservoir. However, if the well is sufficiently long, the
produced error may not have significant impact on the total
well productivity or pressure loss along the well. The
reservoir was extended 100m beyond each end of the well.

The discrepancy in drawdown between the heterogeneous
and upscaled case for partially penctrating well stabilized at
0.3% which is an improvement as compared to the results
from the {ully penetrating case. Thus, the error in upscaling
end contribution effects counteracts some of the grid effects
experienced from coarsening the grid.

Figure 11 illustrates the inflow profile along a partially
penetrating well. A 10.0% error in inflow rate is now present
for the end connections. In this case the end connections
contribute 3.0% of the total production, and will for longer
wells contribute even less. Thus, it can be concluded that the
limitation in modeling end contribution effects in_the near
wellbore zone has negligible impact on the total productivity
and the inflow profile for long horizontal wells.

84

Anisotropic Near Wellbore Zone. The validity of the
method for implementing anisotropy in the permeability
upscaling procedure was examined by comparing the results
from a heterogeneous, fine grid reservoir model to the results
from a coarse grid reservoir model with upscaled
permeabilities for the near wellbore zone. Only the near
wellbore zone had anisotropic permeabilities in both cases.
For the fine grid case, each block in the heterogencous near
wellbore zone had vertical permeabilities of only 20.0% of the
horizontal permeabilities.

For the upscaled, coarse grid case an apparent radial
permeability was applied for each block. The apparent
permeability was provided for use both as x and z
permeabilities in the reservoir simulator. Thus, this
permeability could as well have been provided to the network
model for approximately the same results. The percentage
error in drawdown (or total productivity) stabilizes at -0.3%
at 0.5 days. Thus, the effect of anisotropy was being well
captured by the proposed procedure. Again, the inflow
profiles were compared and found to agree satisfactorily. No
additional error due to the implementation of anisotropy was
detected.

Verification of Pseudo Steady-State Reservoir Response
from Superposition in Space. The superposition scheme for
implementation of the outer reservoir response in the network
simulator was tested versus the performance of Eclipse using
a model with a more refined outer reservoir grid than used in
previous cases. The 100m extension of the reservoir in all
directions from the well was in this case divided into 25m
blocks. Since it was already verified that the upscaled
representation of the near wellbore zone gave satisfactory
results, the coarse near wellbore grid reservoir model was
used as the ‘true case’ in the comparison.

A homogeneous case with a permeability of 100md, with
uniform pressure along the wellbore and with a constant
production rate of 100Sm3/d was simulated with Eclipse.
Both the connection pressures and flowrates along the
interface between the near wellbore zone and the outer
reservoir were recorded. Using the grid block pressures along
the boundary of the reservoir, an average reservoir boundary
pressure  was calculated. From this information, the
productivity of the outer reservoir could be calculated for all
connections along the well,

The same case was configured in the network model with
a total of 180 flow connections for the well, near wellbore
zone and the outer reservoir. The average reservoir pressure
and the well pressure recorded from the reservoir simulation
were applied as boundary conditions. The apparent radii of
the spherical wellbores used for the outer reservoir flow
connections were adjusted until a total flowrate of 100Sm3/d
was obtained. An apparent wellbore radius of 7.0m matched
thesc results. Figure 12 shows a comparison of the
productivity profiles at 111 days resulting from both Eclipse
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and the network solver. The productivity profiles correspond
satisfactorily and show that the applied superposition scheme
captures the physics of the outer reservoir flow for the
homogeneous, uniform wellbore pressure case.

The case with a heterogeneous near wellbore zone was
then tested to see whether large differences in connection
flowrates would compromise the accuracy of the superposition
scheme. The network model was used with the apparent
wellbore radii already found from the homogeneous case and
the reservoir simulator was again run with a constant
production rate of 100Sm3/d. The network model was now
equipped with the upscaled near wellbore zone permeabilities
and had the average reservoir boundary pressure and the well
pressure recorded from the reservoir simulation at 111 days as
boundary conditions. For this case, the total production rate
from using the network simulator was 99.7Sm3/d which is
within 0.3% of the flowrate calculated from Eclipse. Figure
13 shows a comparison of the inflow profile along the well for
both simulators. The inflow profiles are in good agreement
and show that the superposition procedure can be applied for
a non-uniform inflow and pressure profile along the near
wellbore zone. Thus, various cases may now be run with the
network model for different wellbore and near wellbore
configurations.

Finite Conductivity Wellbore Case. As an illustration of the
methodology’s capability, a case with an internal diameter of
the completion of 1.0in. internal diameter (ID) was run with
the network simulator and compared to the no friction case.
The small ID was chosen to emphasize the effects of pressure
loss and is not necessarily recommended practice for a field
application, Figure 14 compares both the pressures along the
wellbore and along the near wellbore zone for the two cases.
For the friction case, an exponential drop in wellbore pressure
is seen towards the down strecam parts of the well.

The acceleration contribution to the pressure gradient in
the wellbore is plotted versus location in Figure 5. For most
parts of the well, the contribution from acceleration is small,
and is proportional to the amount of inflow relative to the
axial flowrate. The highest percentage contribution from
acceleration (10%) is seen at the upstream (block #60) part of
the well, where the frictional pressure loss is low. However,
the absolute magnitude of the acceleration pressure loss
increases towards the downstream (block #1) part of the well
where the total pressure gradient is large.

The influence on the inflow profile from pressure loss
along the well is illustrated in Figure 16. Starting from the
toe and moving towards the heel, the inflow per connection is
considerably reduced along the first 70% of the well. The lost
production is made up for by additional production along the
last 30% of the well. For the friction case, the drawdown at
the heel of the well is increased by 350%. Thus, the loss of
total well productivity due to friction along the wellbore was,
for this case, 70%.

85

Example Application, Uncertainties in Total Well
Productivity

To illustrate the potential bencfits from applying the
developed approach, the network model was used in a
statistical study to generate probability distributions for the
total well productivity of a horizontal well. The objective was
to detect how paramcters such as well length and friction
through the completion would influence the probability
distribution for well productivity.

Unconditional Sequential Gaussian Simulation was used
to generate 300 isotropic, heterogeneous near wellbore
permeability fields that satisfied a log-normal permeability
distribution with a mean of 100md and a variance of 50,000
md’. The geometric layout of the reservoir was kept similar to
the above described wverification model for a partially
penetrating horizontal well. However, horizontal and vertical
correlation lengths (variogram range) of 150m and 1.5m,
respectively, were selected as a base case for more field like
conditions.

Each of the 300 near wellbore realizations were upscaled
from 7260 permeabilities to 60 apparent permeabilities for
use in the network simulator. The outer reservoir response
was implemented in the nctwork simulator as for the above
explained verification runs.

The network model was run with and without friction
through the completion for all ncar wellbore rcalizations.
Well length was varied in steps between 50m and 300m.

Infinite Conductivity Cases. A distribution consisting of 300
total well productivities was obtained for each well length.
Figure 17 gives the average well productivity, the most likely
well productivity (mode) if only one well is being considered,
and the boundarics where 20% and 80% of the productivitics
fall below the indicated value. All productivitics are given as
productivity per unit well fength.

For very small well lengths, the average of the
productivity per unit well length is high due to an efficient
spherical flow geometry in the reservoir. However, if one was
to drill only one well, (he most likely outcome of this well
would be equivalent to the mode for the distribution. For well
lengths shorter than the corrclation length (range of the
variogram), the mode of the distribution is considerably fower
than the average. For a well length of 25m, the most likely
outcome of a one well operation would be among the 20%
cases with the lowest productivity, This indicates that the
distribution is skewed to the right (fog-normal like shape).

As pointed out in the literature', a log-normal distribution
of productivitics may be expected duc to log-normally
distributed permeabilities. This is the case for horizontal
wells with small effective well lengths. Since productivily is
strongly dependent on the near wellbore zone permeabilitics,
the productivity distribution will resemble the permeability
distribution.

However, for well lengths approaching or excecding the
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horizontal correlation length (variogram range), a normal
distribution is expected. For a long well with infinite
conductivity wellbore, we assume that the well productivity is
an approximate linear function of the average of the ncar
wellbore zone permeabilities and that a sufficiently long well
contacts an adequately large sample of the pcrmecability
distribution. The linearity of the relationship between well
productivity and the average ncar wellbore zone permeability
dcpends on the relative magnitude of the pressure loss
through the near well bore zone when compared to the total
pressure loss through the reservoir. If this relative magnitude
is large, we are indirectly sampling a linear function of the
average of the permeability field and the outcome should
according to the Central Limit Theorem'” be a normal
distribution. The Central Limit Theorem simply states that
the a sampled average of any distribution forms a normal
distribution. From Figure 17 it can be observed that the
average and the mode of well productivity approach the same
value for well lengths greater than the horizontal range of the
variogram. This indicates a normal distribution. The same
argument can be made by inspecting the shape of the
productivity distributions for well lengths of 25m and 300m
given in Figures 18 and 19, respectively.

Thus, if a well effectively contacts the formation through
at least one correlation length (range of the variogram), one
may expect the productivities to be normally distributed. This
assumes that the entire length of the wellbore is open for
inflow, which may not be the case due to formation damage,
poor cleanup or (0o sparsely perforated cemented liners.

By inspecting the 20% and 80% limits for productivity in
Figure 17, it can be seen that the uncertainty in well
productivity decreases with increasing well length. Again
assuming that the productivity is a sufficiently strong function
of well block permeabilities alone, the Central Limit Thcorem
suggests that the variance of productivity per unit well length
for undamaged wells with no friction in the wellbore is
proportional to the inverse of the well’s length. To support
this theory, the variance of productivity per unit well length
multiplied with the well length is plotted versus well length
in Figure 20. It can be noted that this parameter becomes
approximately constant for well lengths greater than the
horizontal correlation length (variogram range).

Finite Conductivity Cases. For the finite conductivity
wellbore cases, an internal completion diameter of 1.5in. was
selected. The roughness of the completion may for a real case
vary dependent on several factors such the quality of
completion manufacturing, installation and clean-up. Thus, to
include this uncertainty, the absolutc roughness was for cach
liner segment picked randomly from a uniform distribution
between 0.Imm and 20mm.

Figure 21 gives for finite conductivity cases the same
information as given in figure 17 for infinite conductivity
cascs; the average well productivity, the mode and the 20%
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and 80% limits. For very short well lengths, the values are
comparable to the no-friction cascs. However, as well length
increases, the mean and the 80% limit decline rapidly due to
the cffects of friction in the well. The 20% limit is not as
strongly affected by friction for short and medium well
lengths. Figure 22 compares the average of total productivity
for friction and no friction cases. It is apparent that extending
the well length beyond 300m has little or no effect on the
total productivity when friction is included in the
calculations. For the no friction case, a proportional increase
in productivity is secn for increasing well lengths. It should
also be noticed that the uncertainty in productivity is reduced
considcrably by the introduction of friction in the well,

Thus, in addition to shifting the probability distribution,
friction also has an cffect on the shape of the distribution. For
well lengths up to a certain limit, friction has a considerably
stronger damaging effect on the productivity for high
productivity than low productivity cases. Thus, friction skews
the distribution towards smaller productivities, This can be
scen from the behavior of the mode, which increases rapidly
and for medium well lengths, is greater than the average
productivity. In Figure 23 the finite conductivity productivity
is plotted as a fraction of infinite conductivity productivity
and versus infinite conductivity productivity. All cascs are for
a well length of 50m. Obviously, the damaging effect from
friction is a strong and almost lincar function of well
productivity.

However, if well length is further increased, the damaging
effect from friction tends to discriminate less among the
cascs, Thus, a more constant shift of the distribution is seen.
This is supported by Figure 21 where it can be noted that the
mode and the average approach the same value again for long
wells. For 300m long wells, the reduction in productivity duc
to friction is given vs. productivity in Figure 24. A more
constant reduction of productivity can be scen for a wide
range of high productivitics.

At first glance, this might seem unrcasonable since the
pressure loss as a rule has a more unfavorable effect on the
productivity of high productivity wells than low productivity
wells. However, the effect seen is reasonable since the
magnitude of the frictional losses depends on the average
flow length for the fluid though the completion. For low
productivity cases with a fairly uniform influx, this average
length approaches 1/2 of the total well length and the friction
pressure loss is large. High productivity cases have most of
the fluids entering into the wellbore at the downstrecam parts
of the well which results in a considerably smaller average
flow length and smaller frictional pressure loss. Thus, there
appears to be a limit to the productivity reduction due to
friction pressure loss in the wellbore. This is an increasingly
dominant effect as well length is increased.

Lower Productivity Higher Productivity
Smaller effect, = Larger effect from
from larger dpg smaller dpg,
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Efficiency of Network Approach. The CPU time combined
with the upscaling procedure was 10 hours on a Pentium PC,
but may be reduced considerably by taking advantage of
geometric repetitivencss along the near wellbore zone and
between the cases and by focusing on the no-cross flow
upscaling procedure alone. A total number of 4800
simulations were automatically performed with the network
simulator for this study. These simulations took 1/2 hour to
run on a Pentium PC, while fine grid simulations using
Eclipse on a HP 700 would have taken on the order of 400
hours to run.

Conclusions

I. A nctwork simulator capable of solving nonlincar
nctworks has been developed and successfully applicd for
comprchensive flow prediction of horizontal wells producing
single-phase fluids. The simulator is capable of combining
the effects resulting from non uniform wellbore pressure and
from heterogencous and anisotropic permeabilitics ncar the
wellbore. The nctwork model predicts well productivity
within an accuracy of 1% when compared to fine grid
reservoir simulations.

2. A mcthod based on superposition in space has been
developed and implemented in the network model to include
pscudo steady-state reservoir response for an  arbitrary
pressure and inflow profile along the well. Thus, a time
dependent  well  performance can be  obtained  without
performing transient reservoir simulations.

3. An upscaling procedure for single-phase radial flow in
heterogencous, anisotropic near wellbore formation has been
developed, tested and successfully applied to drastically
rcduce the grid resolution needed to accomplish accurite flow
predictions for horizontal wells.

4. Upscaling by applying the no cross flow assumption
around the wellbore appears to be the superior method for the
cascs investigated in this study.

S. A procedure for converting block permeabilities from a
Cartesian to a cylindrical coordinate system was developed,
implemented and applied to facilitate radial flow upscaling.

6. An existing model for acceleration pressure loss in
horizontal wells producing single-phase fluids was verified
through flow experiments and implemented in the network
approach.

7. By using the proposed approach to perform an example
statistical study of the total well productivity, the required
CPU time was reduced by a factor of 40 (with potential for
improvement) as comparcd to using a numerical reservoir
simulator.

8. Statistical analysis of the well productivity due to
variations in near wellbare geology indicated a log-normal
(skewed to the right) distribution of productivities for well
lengths shorter than the horizontal correlation length (range).

9. As the well length approach or exceeds the horizontal
correlation  length, a  normally distributed  probability
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distribution is obtaincd for the horizontal well’s total
productivity.

10. Friction in the wellbore gencrally skews the
productivity distribution to the left,

11. There appears to be a limit in productivity for which
the reduction in productivity due to friction in the wellbore
becomes constant. This is increasingly dominant for long
wells.

12. For longer wells than the horizontal correlation
length, the variance of productivity per unit well length is
approximately proportional to the inverse of the well’s length,

Nomenclature

A = arca (m?)

cp = relative roughncss

f = friction factor (Moody)

h = length of rescrvoir section (m)

tength (m)

m = mass flowrate (kg/s)
Nre = Reynolds number

p = pressure (kPasc.)

q = flowrate (m’/d)

r = radius

v = velocity (m/s)

p = density (kg/m?)

H = viscosity (cp)

] = angle from horizontal
Subscripts

app = apparent

¢ = relates to outer boundary
d = down-stream

k = iteration counter

tot = total

u = up-stream

w = wellbore
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Fig. 7 - Outer Reservoir Response From Superposition in 3D Space
- Schematics
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