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Abstract

Oil is used in a wide range of applications worldwide, and it is a primary
resource for energy systems. In energy systems, oil is used as a combustible
fuel. In 2020 oil is expected to be responsible for 32% of the share of the
global energy system. The global demand for hydrocarbons is expected to
increase towards 2030, before declining due to a worldwide energy transfor-
mation.

The present thesis uses three-dimensional computational fluid dynamics (CFD)
to study subsurface fluid flow in oil wells. The thesis numerically investigates
the impact of different completions on the near-well reservoir, the impact of
a well on the reservoir by coupling CFD with reservoir simulators, and ero-
sion modeling of completion components. More specifically, the thesis in-
vestigates different aspects of the well flow to optimize the important design
process. The design process is important, as the wells are generally expected
to be operational for 20 - 30 years with only minor interventions, as major
interventions are extremely costly.

In this work, we develop an algorithm that couples a CFD code and a reser-
voir simulator. The two-way coupling scheme is weak and it is based on
fixed-point iterations, to find a solution to the system of non-linear equa-
tions. The fixed-point iteration scheme solves the individual domain sepa-
rately while keeping the others fixed. The coupling algorithms are imple-
mented in Matlab and CFD is controlled by developed implementations of
algorithms in C. Test cases of simple reservoirs show increased accuracy by
using the coupling framework compared to simple well models that are com-
monly used in both industry and research community. Furthermore, to ac-
commodate the need for the coupling in the real reservoir, the framework is
able to convert the near-well region of a real three-dimensional reservoir into
a full CFD model. The conversion is handled by Matlab and uses implemen-
tations in java and C to build a functional model. The conversion is tested
on a horizontal well producing in the North Sea. The well is cemented and
perforated.
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Abstract

The thesis also study another horizontal well production in the North
Sea. The study investigates the inflow profile and the productivity index
for different formation damage scenarios, using a reduced model. A hybrid
Navier-Stokes/Darcy-Forchheimer model is used in the CFD to capture the
flow in both the reservoir formation and in the well. Depending on the for-
mation damage, the inflow profile and the productivity index for the well
are affected. It is shown, that critical formation damage can influence the
productivity of the well without the proper well design that reaches beyond
the damage.

Fluid flow in several components can reach velocities that might cause ero-
sion by migrated sand particles. Erosion is investigated in an inflow con-
trol device (ICD) by injecting Lagrangian particles within an Eulerian phase.
Different designs of the ICD are investigated to reduce the erosion in the
component. Furthermore, the ICD was investigated both experimentally and
numerically in a flow loop to validate the CFD model of the component.

vi



Resumé

Olie er brugt i mange applikationer verden over, og er en primær ressource i
mange energi systemer, hvor det bliver brugt som forbrændingsmiddel. Det
forventes i 2020, at olie står for 32% af verdens energiforbrug. Det forventes
yderligere, at forbruget stiger mod 2030, hvorefter et fald vil forekomme
grundet verdens omskiftning til klimavenlige energiformer.

I denne afhandling benyttes tre-dimensionelle Computational Fluid Dynam-
ics (CFD) til at undersøge strømninger i oliebrønde under jorden. Afhan-
dlingen undersøger med numeriske metoder indflydelsen af brønd designet
pæ nærområdet af olie reservoiret, koblingen mellem en reservoir simulator
og CFD, samt erosion modellering af komponenter. Mere generelt, så un-
dersøger afhandlingen forskellige aspekter af optimalt brønd design. Dette
grunder i, at et valgt brønd design er installeret i et reservoir med forventet
operation i 20-30 år. I denne periode forventes kun små ændringer, da større
ændringer er forbundet med store omkostninger.

En algoritme er udviklet til at håndtere en kobling mellem en CFD kode
og en reservoir simulator. En tovejs-kobling er benyttet til at løse de ikke
lineære ligninger. Koblingsskemaet er svagt, da det er baseret på fixed-point
iterations, hvorved løsningen til ét domæne findes mens det andet fastholdes.
Algoritmen er skrevet i programmet MATLAB, og CFD softwaren styres ved
brug af C-koder. Resultaterne for test cases viser øget nøjagtighed ved brug
af koblingen, sammenlignet med de nuværende brøndmodeller som benyttes
i industrien. Et konverteringsværktøj er også bygget, som kan omdanne
brønde til tredimensionelle CFD modeller. Dette er testet på en brønd i Nord-
søen.

Afhandlingen undersøger også for en reduceret model, hvilke indflydelse
skader sket i nærbrøndsområdet har for en horisontal brønd i Nordsøen.
Forskellige skader viser, at indstrømningen til brønden forandre sig, og det
er vigtigt at tage højde for dette i selve designet af brønden.
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Resumé

Strømningen kan opnå høje lokale hastigheder, hvorved partikler fra selve
formationen, kan forårsage erosion af brøndkomponenter. Erosion er under-
søgt i forskellige designs af et Inflow Control Device (ICD). Dette er både
gjort eksperimentelt og numerisk for at validere de opbygget modeller.
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Introduction

Fossil fuel is a product from organic matter, that has been decomposed and
compressed under high pressure and heat in large subsurface pools. The or-
ganic matter originates from animals and plants, and the process of convert-
ing it into fossil fuels takes millions of years. Fossil fuel contains a high per-
centage of different hydrocarbon components, which contain a high amount
of energy per unit mass. Hydrocarbons are a vital product for the modern
society, as they are a primary energy source. The main use of hydrocarbons
is for combustion systems for transportation, industrial applications, residen-
tial heating or electrical power. However, hydrocarbons are not only used for
combustion purposes, but also used in the majority of the world’s plastic
products.

In 2017 the production of oil was approximately 97 million barrels per day.
Long-term oil demand is expected to increase by 15 million barrels per day
from 2017 to 2040 [1]. The main contributions to the increase are expected to
be driven by developing countries - including China and India. A challenge
for the use of hydrocarbons is the emissions of residual products from the
combustion process, oxidization to carbon dioxide (CO2) and water. CO2 is
known as a greenhouse gas, influencing the global warming of the earth.

Hydrocarbons located in large subsurface reservoirs are extracted to the sur-
face by vertical or horizontal drilled wells. The drilled wells are prepared for
production or injection by running in the tubing. The portion of the well in
contact with the reservoir is known as the well completion and it is designed
to interact with the reservoir in the most optimal way. The overall field eco-
nomics are highly influenced by the design of the well completion, having a
considerable effect on revenues and future operating costs. Horizontal wells
are widely used in the oil and gas industry since improvements in the avial-
able technologies in the 1990s. A significant difference between vertical and
horizontal wells is the larger well-reservoir connectivity for horizontal wells.
The larger well-reservoir connectivity for horizontal wells can result in dra-
matically increased production due to the reduced drawdown of the well.
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Naturally fractured reservoirs, reservoirs with water or gas cresting or thin
layered reservoirs especially benefit from the reduced drawndown of a hor-
izontal well. The disadvantage of a horizontal well is increased complexity
and higher cost compared to a vertical well. The higher cost is around 1.5–2.5
times the cost of a vertical well [2] and completion costs of horizontal wells
typically range from $2.9 MM to $5.6 MM per well making up 60% to 70% of
the well’s total cost [3].

Numerical simulations are an important tool in the early decision-making
process for reservoir engineers. Reservoir engineers use numerical simula-
tions to understand the interaction between a well design and the reservoir,
and accurate productivity and economic evaluation of the wells are crucial.
Reservoir simulators typically use grid sizes of approximately 100 m×100 m,
which introduces a large-scale gap to the wellbore. Wells in reservoir simula-
tors are typically represented as a sink/source term in a grid block. The term
is relates the grid block pressure to the sandface pressure using a simple well
model based on an analytical expression. The classic well models are derived
from vertical wells using several assumptions. Numerical representation of
a horizontal well should take into account several additional effects, which
makes the representation more complicated than that for a vertical well. The
reservoir simulator relies heavily on the accuracy of the representation of the
wells, which is why it is extremely important to have accurate well models.
The simple well models are still being used in some of the most popular
commercial softwares applications.

Several techniques have been developed to increase the accuracy of the
near-wellbore. Domain decomposition is a powerful technique used for large-
scale problems, and it divides the entire field into subdomains defined as
reservoir zones or near-well zones. The subdomain is then solved separately
using boundary conditions determined from the neighbours. It is solved
iteratively until convergence of the individual subdomain is achieved [4].

Local-global near-well upscaling captures the effects of fine-scale geology
in the near-well region, where these effects are important. Geological models
often contain many more grid blocks than a reservoir simulator is computa-
tionally capable of using, even with recent progress in computer hardware
and software. By using a local-global upscaling method it is possible to im-
prove the accuracy of the coarse scale reservoir grid using the solution of the
local fine-scale simulation [5–10].

Coupled simulations use two standalone simulators, typically represent-
ing different flow scales in the domain, to obtain more accurate results of
the flow in the near-well region [11–15]. The two simulators exchange data
through the boundaries in either a weakly or strongly formulated coupling
[16]. The weak coupling is often based on fixed-point iterations and it is ver-
satile as no significant modifications are required for the two coupled simu-
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1. Objectives

lators.

As modern completions become more and more complex, i.e. zonal isola-
tion, inflow control devices, long horizontal wells, multilateral wells, etc.,
accurate numerical modelling of the flow field is crucial for decision making
over the entire lifetime of the well. Conventional well models approximate
the well completion as a single unit and variations of fluid properties along
the well are approximated by analytical or semi-analytical equations. Ad-
vanced well models is the most widely used models to capture the flow field
in the well [17, 18]. Advanced well models are capable of handling, to some
extent, complex completion designs in smart wells including inflow control
devices, fictional losses, packers, annular flow and sandscreens. However, the
advanced well models are based on a system of one-dimensional representa-
tions of the completion component coupled with a near-well inflow model.
The predictions might in some cases deviate from the actual performance,
due to the lack of representation of three-dimensional effects. Our approach
involves a model that represents the wellbore geometry and the near-well
flow physics in a single fully connected system. The model uses a hybrid
version of the Darcy-Forchheimer/Navier-Stokes equations for single- and
multiphase flow in a computational fluid dynamic (CFD) framework [19–22].
It is capable of resolving geometrical details of the completion and near-well
in a three-dimensional space; however, including more physical effects into
a model by improving the modelling basis increases the computational de-
mand. The increased modelling basis is able to accurately capture the effects
of different completion designs. Several different designs of the most widely
used completions are shown in Figure 1.

1 Objectives

The main objective of this research project is to develop a single comprehen-
sive numerical model that is capable of accurately handling the multi-physics
in both the near-well region and the wellbore. As a single comprehensive
well model CFD has been used to understand the interaction between the
near-well region and the wellbore. The model has been validated for several
numerical and experimental cases present in the literature. Furthermore, a
coupling framework is developed to couple a CFD well model to the full-field
reservoir model using a fixed-point iteration scheme.

The thesis is divided into three main parts:

• Part II: Near-well modelling for single- and multiphase flow Part II
is dedicated to a detailed introduction of the underlying methods used
for CFD modelling of the near-well region and the wellbore. Litera-
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Fig. 1: Different completion designs for reservoir wells.

ture and experimental work are used to provide a solid verification and
validation of the modelling aspects.

• Part III: Articles for CFD-reservoir coupling and near-well modelling
of long horizontal well Part III is divided into two articles. Article
A introduces a new coupling framework for coupling a near-wellbore
CFD model with a general reservoir simulator. The article describes a
method to reduce the computational costs associated with CFD mod-
elling. Article B introduces an analysis of zonal isolation in different
reservoirs and the impact of the length of a packer unit. Furthermore,
article B also introduces a new methodology to extract near-well regions
from reservoir simulators and introduce it to a CFD model. Properties
from the reservoir simulator and a well log are mapped onto the CFD
model using simple mapping techniques in three dimensions. The new
methodology is tested on a long horizontal well located in the North
Sea.

• Part IV: Articles for erosion modelling and formation damage Two
articles are presented in Part IV. The focus of Article C is dedicated
to erosion modelling of an ICD in a water-based environment. The
erosion modelling is handled by a CFD model and accounts for the high
turbulence levels present in the ICD. Article D investigates different
formation damage scenarios in a long horizontal well.

Finally, to summarize and provide perspective to the results, Part V is dedi-
cated to the conclusions and the potential future work.
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Near-well modelling

This chapter outlines the concept of near-well modelling using the hybrid
formulation of the Navier-Stokes / Darcy-Forchheimer equations. The sec-
tions contains detailed description of different topics related to the near-well
region. The descriptions are supported by calculated examples of simple
numerical benchmarks found in the literature or experimental data.

2 Darcy-Forchheimer equation

Motion of fluids in the porous media of reservoir rocks is governed by the
same fundamental laws as the motion of the fluids in free flow. The motion
of the fluids is governed by the conservation of mass, momentum and en-
ergy. To simulate the equations of motion of the fluids in porous media as a
mathematical model, it is not practical to apply the Navier-Stokes equations.
Instead, a semi-empirical model is applied to describe the conservation of
momentum. The semi-empirical model is Darcy’s law and it is based on a
Darcy-scale representative control volume of the porous media. The volume
represents averaged values of the rock properties and fluid properties within
a representative elementary volume (REV), cf. Figure 2.

The REV contains information of the volume fraction of void in the sam-
ple volume, also known as the porosity of the porous media. Microscopic
quantities of the fluid flow, pressure and velocity, inside the porous media
are averaged. The motion of the fluid is not governed by the Navier-Stokes
equations, as is the case of the microscopic flow, but is instead governed by
Darcy’s law.

The conservation of mass is ensured for a single phase compressible fluid
flow in a porous media by the continuity equation

∂

∂t
(φρ) +∇ · (ρu) = qδ (1)

where ρ is the fluid density, u is the velocity, δ is the Dirac delta function
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Fig. 2: Sketch of the porosity as a function of sample volume in a porous media.

representing a source term and q is the injection or production of mass from
a computational grid block.

Darcy’s law [1] governs the movement of fluids in porous media by relat-
ing the flow velocity to the pressure. Using z as the depth of the domain, the
Darcy’s law is stated as

u = −K
µ
(∇p− ρg∇z) (2)

where K is the permeability, µ is the viscosity, p is the pressure, g is the
gravitational vector and z is the vertical distance. The permeability represents
the resistance of the porous media to the flowing fluids. The permeability is
related to the porosity of the porous media and the interconnectivity of the
pores. It resembles an unique value for a individual naturally produced
porous media.

Equation 2 is valid for viscous flow, however, as the Reynolds number
increases the inertial effects become significant and must be accounted for
in the momentum equation. Forchheimer [2] added a non-linear term to
Darcy’s equation to represent the inertial effects as βρ |u| u. β is known as
the cofficient of inertial resistance and it is difficult to obtain actual field
data to estimate the coefficient. However, several theoretical and empirical
correlations exist for both single- and multiphase systems [3].

3 Navier-Stokes equation

Flow in a free fluid domain is governed by the conservation laws of mass and
momentum. The conservation of mass is for a single phase defined as

∂ρ

∂t
+∇ · (ρu) = 0 (3)
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3. Navier-Stokes equation

Conservation of momentum is defined by the Navier-Stokes momentum
equation for a Newtonian fluid

∂

∂t
(ρu) +∇ · (ρuu) = −∇p +∇ · (τ) + ρg + F (4)

Where F is body forces and the stress tensor, τ, is defined as

τ = µ

[(
∇u +∇uT

)
− 2

3
∇ · uI

]
(5)

where I is the unit tensor.
In Reynolds averaging, the momentum equation is decomposed into a

mean and a fluctuating component

u = ūi + u′i (6)

To model turbulence we use a modified version of the k-ε turbulence
model [4] known as the realizable k-ε model [5]. The modified version in-
troduces an alternative formulation of the turbulent viscosity and a modified
transport equation for the dissipation rate [6]

∂

∂t
(ρk) +∇ · (ρku) = ∇ ·

[(
µ +

µt

σk

)
∇k
]
+ Gk + Gb − ρε−YM + Sk (7)

∂

∂
(ρε) +∇ · (ρεu) = ∇

[(
µ +

µt

σε

)
∇ε

]
+ ρC1Sε− ρC2

ε2

k +
√

νε
+

C1ε
ε

k
C3εGb + Sε

(8)

where C1 = max
[
0.43, η (η + 5)−1

)
, η = Skε−1 and S =

(
2SijSij

) 1
2 . Gk and

Gb represent generation of turbulent kinetic energy due to the mean velocity
gradient and buoyancy, respectively. C2 and C1ε are model constants, YM is
the contribution of the fluctuating dilation, Sk and Sε are source terms, σk and
σε is the turbulent Prandtl numbers for k and ε, respectively.

The eddy viscosity is computed using the standard expression for the k-ε
model

µt = ρCµ
k2

ε
(9)

However, the realizable model differs by having a computed expression for
Cµ whereas the standard k-ε model uses a constant. The computed expression
is defined as

Cµ =
1

A0 + AS
kU∗

ε

(10)
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where A0 and AS are modelling constants. U∗ is a function for the angular
velocity of the system rotation.

A no-slip condition exists on solid walls and the thin near-wall boundary
layer can be resolved accurately using a fine-scale grid in the wall-normal
direction. However, this is computationally expensive and might not be suit-
able for calculations of large systems. Instead wall functions are introduced
to model the thin boundary layer. An enhanced wall treatment (EWT) is used
as the wall model to model the different layers, i.e. viscous layer, buffer layer
and logarithm layer, in an efficient way. EWT blends a two-layer formula-
tion for the turbulent viscosity [7] smoothly with a high-Reynolds number
formulation for the outer region [8] using a blending function, λε.

4 Hybrid formulation

The microscopic motion of fluids in the wellbore is governed by the Navier-
Stokes equations. To model both the wellbore and the near-wellbore flow in
a single model, the one-domain approach is used. The ODA represents both
the free fluid flow and the flow in the porous media [9, 10].

Conservation of mass for an compressible fluid flow is derived by

∂

∂
(φρ) +∇ · (φρu) = 0 (11)

where φ is the porosity.
The momentum equation is defined as

∂

∂t
(φρu) +∇ · (φρuu) = −φ∇p +∇ · (φτ) + φρg + φF− φJ, (12)

where the last term J represents the momentum source added to the standard
fluid flow equations. The term represents the porous media by a viscous and
inertial term. The inertial term takes into account inertial forces and it is
defined by Forchheimer. The source term is defined as

J =
µ

K
φu + βρφ2 |u|u (13)

where β is an experimentally determined constant which represents the iner-
tial resistance and depends on the structure of the porous medium.

5 Well model

Accurate numerical modelling of the flow field in the vicinity of the well is
important. A large-scale disparity exists between the flow in the far reser-
voir and the wellbore, which justifies the representation of wells using sink
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5. Well model

Well-Block i

hcell

X =   Y

Fig. 3: Block-centered well defined by Peaceman [11].

or source points in standard reservoir models. However, the sink or source
points are generally based on analytical solutions derived for simple reser-
voirs.

Flow rates produced from or injected into a reservoir layer are calculated
using the pressure drawdown and the potential of the well

Qi = −PIi (pi − pw) (14)

where pi is the reservoir wellbore cell pressure and pw is the sandface pres-
sure in the wellbore. PIi is the productivity index of the well and it relates
the pressure drawdown to the well flow rates as

PIi =
1
µ

WIi (15)

where 1/µ is known as the mobility of the fluid λ and WIi is the well index
and it is defined for a vertical well as

WIi =
2πKiLi

ln
(

re
rw

)
+ S

(16)

where Li is the perforation length of the well and Li = hcell for a fully per-
forated vertical well, S is the mechanical skin, rw is the wellbore radius and
re is an external boundary. In reservoir simulators re is correlated with the
numerical calculated pressure for the well block.

A widely used well model is the model derived by Peaceman [11, 12]. The
model finds the radius at which the steady-state flowing pressure is equal
to the numerically calculated pressure for the block containing the block-
centered well, cf. Figure 3. Peaceman derived the equation for a reservoir
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with the assumptions of a block-centered vertical well, single phase flow,
homogeneous reservoir properties and uniform grid.

The one-sided transmibilities Ti,k between two cells, based on the assump-
tion of constant/linear pressure inside the cell, are defined as [13]

Ti,k = Ai,kKi
~ci,k ·~ni,k∣∣~ci,k

∣∣2 , (17)

where Ai,k is the face area, Ki is the permeability of the ith cell, ~ci,k denotes
the vector between the cell center and the face center, ~ni,k is the normal of the
face.

By ensuring continuity of the fluxes across the face the transmibility can
be written as an expression of the one-sided transmibilities

Tik =
1
µ

[
T−1

i,k + T−1
k,i ]
]−1

(18)

In the case of a square grid aligned with the principal axis, an incompressible
single phase fluid and a homogeneous reservoir, the transmibility can be
reduced to

Tik =
Khcell

µ
, (19)

where hcell is the height of the cell and ∆x is the length of the cell.

k1

2

3

4

rwell

Pbhp

Pref

K

h

rres

Fig. 4: left) cell-centered difference around a well block, right) a schematic of the radial inflow
to a vertical well.

Peaceman [11] derived a well model for a square grid based on the as-
sumption of a grid aligned with the principal cartesian coordinate system.
Peaceman used the five-point stencil scheme to write the volume produc-
tion in the well cell, k, for a cell-centered vertical well. The five-point stencil
scheme is a compact version of the two-point flux-approximation (TPFA),
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5. Well model

which is the industry standard for reservoir simulators, due to its simplicity.
The defined equation for the vertical well is defined as

q = ∑
i

Tik (pi − pk) = −
Khcell

µ
(4pk − p1 − p2 − p3 − p4) (20)

Using a repeated five-point pattern, cf. Figure 4, it can be assumed that there
is symmetry, and the pressure can be written as p1 = p2 = p3 = p4. The
pressure in the well cell, pk, can then be found by

pk = p1 −
qµ

4Khcell
(21)

The Darcy equation in a cylindrical coordinate system can be defined as

v =
q

Ac
=

q
2πrh

= −K
µ

dp
dr

(22)

If we integrate between any two radii, r1 and r2 with the pressure p1 and p2

r2∫
r1

q
2πrh

dr = −
p2∫

p1

K
µ

dp (23)

we end up with the following expression

q = −2πKh(p2 − p1)

µ
(

ln r2
r1

) (24)

If we set r1 to the well radius rw and r2 to an external radius re the equation
becomes the analytical expression of the Darcy equation for a radial inflow
to a vertical well producer

q =
2πKhcell

µ ln
(

re
rw

) (p1 − pk) (25)

By combining equation 21 and equation 25

q =
2πKhcell

µ ln
(

re
rw

) (p1 − pk) =
4Khcell

µ
(p1 − pk) (26)

The distance between the two block centers is re = ∆x and we can reduce the
equation further

ln
re

∆x
= −π

2
⇒ re = e−π/2∆x, (27)

which is exactly the equivalent radius defined by Peaceman.
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Fig. 5: A repeated five-spot well pattern (left) and boundary conditions and pressure contours
in the CFD domain (right).

5.1 Calculated example of the Peaceman model

The derivation of the Peaceman equation [11] is based on the five-spot pattern
shown in Figure 5 (left). We investigate the accuracy of CFD compared to
the analytical solution derived by Peaceman. The reservoir height is 20 m
with homogeneous rock properties. We use a single phase incompressible
Newtonian liquid for the flow. Due to symmetry of the flow, we only simulate
a quarter of the domain, cf. Figure 5 (right). An injector and a producer are
located in two opposite corners of the domain. The distance between the
injectors is 1000 m.

To estimate the equivalent radius for different coarse cell sizes using CFD,
we use the volume average of the fine scale pressure

p =
n

∑
j=1

pj ·Vj
n
∑

j=1
Vj

, (28)

where pj is the fine scale cell pressure and Vj is the volume of the cell. We
use the approximation of p ≈ p1 to find the pressure of the well cell using
Eqn. 21. The equivalent radius is then estimated by the analytical solution of
the radial inflow

re = rw exp
(

2πKhcell
µq

(pk − pbh)

)
, (29)

where pbh is the bottom hole pressure.
In Figure 7 we show the relationship between the length of the well cell

and the equivalent radius estimated with the Peaceman equation and CFD. A
close correlation is found between the Peaceman equation and the numerical
results from CFD. Small deviations are due to the faces of the fine scale cells
not being aligned precisely with the coarse cells.
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6. Flow in the well

Fig. 6: .
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Fig. 7: The equivalent radius for different dimensions of the well cell.

6 Flow in the well

Flow along a completed wellbore is different to the flow in a conventional
pipeline. In a conventional pipeline the pressure drop is driven by the fric-
tional forces between the fluid and the pipeline wall. Flow in a completed
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wellbore has a continual increase of flow velocity along the wellbore, which
makes an additional contribution to the pressure drop. The total pressure
drop for flow in a wellbore can be defined for perforated completions as [14]

∆p = ∆pwall + ∆pacc + ∆pperf + ∆pmix (30)

where ∆pwall is the pressure drop due to frictional forces, ∆pacc is the pres-
sure drop due to acceleration of the fluid entering the wellbore, ∆pperf is the
pressure drop due to the perforation cavity and ∆pmix is the pressure drop
due to mixing of the fluid entering the wellbore in the radial direction with
the fluid flowing in the axial direction.

In long horizontal wells the pressure drop from heel-to-toe of the produc-
tion portion of the well is significant. Efficient well design has a direct benefit
on reduced pumping costs and reduced risk of breakthrough of secondary
fluids. Empirical models based on experimental data exist for predicting the
flow in perforated wells for single- and multiphase flow [14, 15]. The exper-
iments show that the acceleration term in equation 30 can have a significant
influence on the total pressure drop in perforated wells. However, for smart
wells the pressure drop from sandface to the heel of the production portion
of the well is even more complex, and it requires modelling tools of the entire
system to estimate the pressure drop in the well [16–18].

The CFD model’s representation of the flow along a fluid-porous interface
is extremely important in most non-perforated wells, and it requires special
attention to understand the transition from porous flow to non-porous flow.
The flow in the well is influenced by the momentum transfer between the
free fluid flow in the wellbore and the flow in the adjacent porous reservoir.
Three different zones are present in this region of the reservoir; the free fluid
flow in the wellbore, the flow in the porous media, and a thin transition zone
in between, cf. Figure 8. In the thin transition zone the rock properties are
continuously space-dependent and defined by a thickness δt.

As the free fluid flow and the porous media flow are represented by the
Navier-Stokes equations and the Darcy-Forchheimer equations, respectively,
two different approaches have been investigated in the literature [10]; the one-
domain approach (ODA) and the two-domain approach (TDA). The ODA is
described in the previous section 4, and it is valid in all three zones. This
method is widely used in commercial software applications, due to the sim-
plicity of the implementation. The TDA does not include the thin transition
zone, but uses a jump condition on the fluid-porous interface to represent the
flow in the thin transition zone [10, 19]. The TDA is the most commonly used
method for solving the interface problem. The reason for this is that the TDA
is less computationally expensive, as the rapid change of the rock properties
in the thin transition zone does not need to be resolved. However, the TDA
requires an additional boundary condition between the free fluid and porous
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6. Flow in the well

Fig. 8: Sketch of the fluid-porous interface between the borehole and the reservoir.

media, which introduces a discontinuity in the flow. The choice of interface
method depends on the interface morphology and near-well permeability.

6.1 Calculated example of interface problem

In the following section we investigate a two-dimensional laminar single
phase flow above a high permeable porous bed, cf. Figure 9. A no-slip
conditions is applied to the wall in the fluid region, whereas a slip condition
is applied to the walls in the porous region. The inlet boundary is present in
the fluid region and the boundary for the outlet is extended to also include
the porous region. We investigate the solution to the TDA and the ODA
using an analytical solution and a numerical approximation, respectively.

Fig. 9: Case setup for the calculated example of the interface problem.

The analytical solution combines a Stokes flow with a constant velocity
in the porous region using the Darcy formulation. The solution is defined
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Fluid and rock properties
Viscosity µ 1.855e−5 Pa · s
Density ρ 1.184 kg/m3

Permeability K 3.71e−7 m2

Non-Darcy coefficient CF 0.5
Material parameter αBJ 1.0

Table 1: Fluid properties.

as [20]

u (y) = −
D1Re f

214 A2B3Gr f
(y− 4) (y + 4 + 4Grcy) (31)

and the constant velocity in the porous media is defined as

v =
1

2Gr f

(√
1 +

D1Grn

211B3
− 1

)
(32)

where A1 = 1 + Grc, A2 = 1 + 4Grc, A3 = 9 + 64Gr f , B1 = 64A1 A2 A3Re f ,
B2 = 81A2

2Grn, B3 = A2
1Re2

f , C1 = A2
√

2B1Grn + B2Grn + 212B3, D1 =
−9C1 + B1 + B2. The non-dimensional coefficients are defined as

Gr f =
ρCFU

√
K

µ
, Grc =

αBJ L√
K

, Grn =
ρKU
µL

(33)

The flow is a simple steady-state laminar air flow in a 50 mm long duct
above a porous bed. The height of the fluid region and the porous region
are 4 mm and 3 mm, respectively. Properties of the fluid and the porous
media are defined in Table 1. Furthermore, a Reynolds number is defined as
Ref =

ρUL
µ where L is a dimensional length and U a dimensional velocity. We

use U = 1e− 1 m/s and L = 1e− 3 m leading to Ref = 6.4.
The origin is defined at the intersection of the inlet and fluid-porous in-

terface, with x-axis and y-axis in the horizontal and vertical direction, respec-
tively. The inlet velocity profile is defined as a poiseuille flow and defined
as upois = (y (4− y)). On the wall boundaries in the fluid region a no-slip
condition is used, whereas in the porous region a slip condition is used. At
the outlet we use p · n− Re−1 · ∂u/∂n = 0. The results from the CFD model
are compared with the analytical solution to the problem in Figure 10. The
results show a deviation between the two results, as the penalization method
includes the transition zone within the porous media. The slip velocity on
the interface is comparable with the analytical solution.
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Fig. 10: Analytical solution (black line) and CFD solution (blue line) to the Navier-Stokes/Darcy-
Forchheimer interface problem.

6.2 Calculated example of a long horizontal well

In this example we verify the results predicted by a large CFD model for the
flow in a long horizontal well with an openhole completion in the Troll field.
We use a semi-analytical solution [21] as a basis for the verification of the
model. Furthermore, we use a nodal approach coupled with the Babu-Odeh
model [22] to estimate the productivity of the horizontal well. The nodal ap-
proach is based on a coupled system of nodes that individually represent a
component in the well. Each component is associated with a representative
pressure drop that varies with the flow rate. The nodal approach represents
the openhole completion by including pressure drops associated with the
frictional forces and acceleration of the fluid. On the sandface the nodal ap-
proach is coupled with the Babu-Odeh model to include the inflow to the hor-
izontal well. This approach is a widely used method for reservoir engineers
for decision making and it is used for the evaluation of both conventional
and smart well completions.

In Figure 11 the inflow profile to the well is shown. It is noted that the
predictions by the CFD model correspond to the semi-analytical solution [21].
The inflow to the well increases rapidly in the heel and toe section of the
well. This is the result of a larger drainage area in the end of the well, and
it is known as the end-effect. The heel section has an additional increase in
inflow, compared to the toe section, due to the pressure drop in the well.
This pressure drop is known as the heel-to-toe effect. The nodal approach is
not able to capture the end-effect as the semi-analytical solution and the CFD
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model, due to limitations of the Babu and Odeh model [22]. However, the
nodal approach captures the heel-to-toe effect by solving the pressure drop
in the well due to frictional forces and acceleration of the fluid.
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Fig. 11: Inflow profile to a long horizontal well with an openhole completion. Inflow profile is
calculated using a CFD model, nodal approach and semi-analytical solution [21].

6.3 Inflow control device

Modern smart wells use inflow control devices (ICDs) to balance the influx
along the well, and to be able to reduce the risk of water and gas cresting.
ICDs introduce a local pressure drop from the annulus to the base pipe by
applying a restriction to the flow. The restriction increases the fluid velocity
locally and also increases the risk of erosion in the local region of the ICD.
The integrity of the well can be reduced with significant erosion, which is
important to account for in the early design process.

In smart wells the ICD can be used as a zonal-production valve combined
with a surface-controlled shifter system for controlled zonal-production. These
complex systems are vulnerable to particle erosion of the hardware installed
in the near-region of the ICD. In the current work we investigate and validate
an inclined nozzle-based ICD using CFD in terms of the Reynolds number,
geometrical variations and erosion patterns. The CFD model is validated
using experimental results performed on a physical model of the inclined
nozzle-based ICD. The experiment was carried out in a water-based flow-rig,
and the pressure drop at different flow rates is measured to obtain the char-
acteristics of the nozzle-based ICD. Figure 12 shows the results of the CFD
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7. Formation damage

model and the experimental results obtained on the flow-rig. Further details
of the experimental setup, CFD model and erosion modelling can be found
in the master’s thesis [23].
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Fig. 12: Comparison between experimental and numerical results for a ICD.

7 Formation damage

In equation 16 we introduced a mechanical skin to the productivity of a well.
The mechanical skin represents a change in permeability due to damage in
the formation that can be caused by various adverse processes. The forma-
tion damage can be affected by several mechanisms. Below, a few of the
mechanisms that influence the formation damage is listed:

• Emulsions produced by contact between formation water and invaded
drilling fluids

• Invasion of drilled solids due to an overpressure in the wellbore being
drilled (pressure larger than the pressure in the reservoir)

• Plugging of formation pores due to migration of solids

• Clay swelling in pores

Figure 13 shows a sketch of the formation damage introduced by the drilling
process. The drilling process introduces a non-uniform formation damage as
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the heel section is exposed for a longer time to an overpressure of the drilling
fluids and drilled solids. The invasion depth, rd (L), changes along the well
length. Formation damage can be reduced by acid stimulation or carbonate

Well

Invaded zone
rd(L)

Mud cake

Open-hole completion Cemented and perforated completion

Uninvaded zone

Fig. 13: Sketch of a non-uniform invaded formation, mud cake and uninvaded formation.

stimulation which can decrease or remove the formation damage. It can also
be sufficient to use perforations to penetrate through the invaded formation
and establish connectivity between the wellbore and the uninvaded forma-
tion. Accurate modelling tools are important to understand the mud-filtrate
invasion depth [24] and the performance of the perforation depth’s influence
on the productivity of the well [25, 26].

To understand the interaction between reservoir flow and the flow in the
well at different formation damages, a simplified well in the North Sea was
investigated. Different scenarios of the damage were investigated for two
different completions and the details are outlined in the master’s thesis [27].
Figure 14 shows the pressure drop in two different completions for a well
with no damage and for a well with mud cake + shallow filtrate invasion. It
is shown that the openhole completion performs better in terms of reduced
pressure drawdown in the case of no formation damage. The perforated well
is cemented between the casing and the annular which introduces an increase
in pressure drawdown compared to the openhole completion, As formation
damage is introduced, a significant reduction of the well productivity for the
openhole completion is present, as the connectivity between the wellbore and
the uninvaded zone is lost. The perforated completion penetrates beyond the
invaded zone and into the uninvaded zone, introducing a small decrease in
the performance of the well.
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8. Multiphase flow

Fig. 14: Influence of completion on well performance for different formation damage scenarios
[27].

8 Multiphase flow

Single phase flow can be used to understand the basic mechanisms present
in the reservoir, and can represent the case of oil flow with water at connate
water saturation. In reality the flow in the reservoir is a multiphase flow
which introduces additional effects to the hybrid formulation. In this section
we introduce the multiphase formulation of the hybrid equation, an explana-
tion of the breakthrough of secondary fluids and some modelling examples
for multiphase flow in porous media.
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9 Multiphase hybrid formulation

The hybrid formulation of the multiphase flow in both non-porous and porous
regions is defined in an Eulerian-Eulerian framework. In this framework the
fluid phases have individual velocities in each grid block, but they share the
pressure. The conservation of mass for an compressible fluid with multiple
phases is derived by

∂

∂

(
φαqρq

)
+∇ ·

(
φαqρquq

)
= 0 (34)

where the subscript q represents the fluid phase and α is the saturation of the
fluid in the porous media.

The momentum equation is defined as

∂

∂t
(φαqρquq) +∇ · (φαqρququq) = −φαq∇ (p− pc) +∇ ·

(
φτq

)
+

φαqρqg + φFq − φαqJq

(35)

where pc is the capillary pressure. The source term applied to the momentum
equation is now defined as

Jq =
µq

Keff,q
φuq + βqρqφ2 ∣∣uq

∣∣uq (36)

The permeability is now represented by an effective permeability defined as

Keff,q = Kabs · krq (37)

where Kabs is the absolute permeability and krq is the phase relative perme-
ability. For single phase flow the relative permeability equals unity and the
effective permeability equals the absolute permeability which we defined as
K in previous sections.

9.1 Relative permeability and capillary pressure functions

Wetability has a strong influence on the flow in a multiphase system in the
pores of the reservoir. Wetability is reflected in functions that approximate
a relationship for relative permeability and capillary pressure at different
saturations. The approximated relationship is constrained by a residual sat-
uration where a phase can no longer be displaced by a pressure gradient.
The relationships are strongly based on several parameters of the reservoir
and the fluids, why reservoirs should have individual relationships based on
experimental work.
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9. Multiphase hybrid formulation

The relative permeability is modeled for a two-phase oil-water system with
the Corey correlation [28]

krw = krw,max · αnw
wn (38)

kro = kro,max · (1− αwn)
no (39)

where αwn is the normalized saturation and defined as

αwn =
αw − αwi

1− αwi − αor
(40)

where sw is the water saturation, αwi is the residual water saturation, αor is the
residual oil saturation, krw,max is the water relative permeability at residual
oil saturation, kro,max is the oil relative permeability at residual water satu-
ration, nw is the Corey exponent for the water system, and no is the Corey
exponent for the oil system.

Capillary pressure is defined as the pressure difference between two phases,
due to surface tension, in a porous medium

pc = pnon−wetting − pwetting (41)

The Brooks-Corey model [28] can be used to estimate the capillary pressure
at different saturations

pc,q = pg

(
α− αq,min

αq,max − αq,min

)−1/λpore

(42)

where pe is the entry pressure and λpore is a coefficient related to the dis-
tribution of pore sizes and it is individually determined by experiments for
each porous medium.

9.2 Solver

For the solution of the multiphase flow an Eulerian multifluid model im-
plemented into the commercial CFD code ANSYS Fluent is used. ANSYS
Fluent uses a finite volume method (FVM) to discretize the equations on a
finite set of volumes. The FVM is suited for engineering practice, as the
method ensures global conservation of variables and can be applied to gen-
eralized grids. Complex geometries are often present in engineering practice
for near-well modelling and these geometries are not aligned with Cartesian
coordinates. The FVM is easily formulated for unstructured grids that can
capture complex geometries.

The Eulerian multifluid introduces an individual velocity field of the
phases and a shared pressure field. This is necessary for the implementa-
tion of the wetability functions in the porous media formulation. Another
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widely used method for many engineering applications with multifluids is
the volume of fluid (VOF) method; however, in this method all the phases
share the same velocity field and thus it is not suitable for flow in porous
media.

In solving the equations for mass and momentum conservation each in-
dividual grid block must satisfy the following equation

n

∑
q=1

αq = 1 (43)

which states the total summation of the fluid saturations must equal unity at
all times.

The pressure-velocity coupling is obtained by reformatting the continuity
equation to obtain an additional condition for the pressure. The pressure-
based solver is solved in a segregated manner using the semi-implicit method
for pressure linked equations (SIMPLE) algorithm. The pressure-velocity
coupling in multiphase flow is handled by the phase-coupled SIMPLE (PC-
SIMPLE) which is an extension of the SIMPLE algorithm, where the solver
uses a segregated method with velocity coupled by the phases.

Methods are required to discretize in the spatial domain the gradient,
pressure, momentum and volume fraction. To evaluate the gradient ANSYS
Fluent has the least square method implemented. The least square method is
able to preserve second order accuracy for highly non-orthogonal grids. For
discretization of the pressure a second order scheme is used. ANSYS Fluent
uses a first order upwind scheme to discretization of the equations for the
momentum and volume fraction.

User defined functions (UDF) macros have been implemented into ANSYS
Fluent to account for user defined inputs, i.e., fluid compressibility, mapping
of rock properties, source terms, etc.

9.3 Calculated example of multiphase flow in a core plug

We investigate the implementation of the hybrid formulation in CFD using
results performed on a core plug in a special core analysis (SCAL) exper-
iment. The SCAL experiment is performed by one of the project partners
using their laboratory facilities. The SCAL experiment is conducted using a
7.45 cm long core plug with a diameter of 3.83 cm. The experiment is for
an oil-water system with constant injection rate of water and the core plug is
initially saturated with oil at the residual water saturation. All properties of
the fluids and the core plug are listed in Table 2.

The setup used in the CFD is shown in Figure 15 along with the water
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10. Water cresting

Fluid and rock properties
Permeability K 71 mDa
Porosity φ 0.206
Core length Lcore 7.45 cm
Core diameter Dcore 3.83 cm
Injection rate qinj 1 mm/min
Residual water saturation Swi 25%
Residual oil saturation Sor 20%
Water viscosity µw 0.4e−3 Pa · s
Oil viscosity µo 2.7e− 3 Pa · s

Table 2: Properties of SCAL experiment.

Fig. 15: Numerical model of the SCAL experiment colored by the water saturation at a random
time before breakthrough of water.

saturation at a random time before the breakthrough of water. Initially only
oil is produced from the core plug, but eventually water breaks through and
a mixture of the two fluids are being produced at the outlet of the plug. Fig-
ure 16 shows the comparison of the production rates of both water and oil
for the CFD model and experiment. The results show a good agreement be-
tween the numerical model and the experiment of the two-phase core plug.
This validation of the implementation of the multiphase flow in porous me-
dia also shows a good agreement on the breakthrough time.

10 Water cresting

During the production the drawdown of the well might introduce movement
of the oil-water contact or the oil-gas contact. The movement of the contact is

31



water

oil

Fig. 16: Production curves for CFD model and experiment.

introduced as the natural buoyancy segregating the fluids is overcome, and
it is known as water or gas coning for vertical wells and water or gas cresting
for horizontal wells. The movement of the secondary fluid might, depending
on the drawdown of the well, result in breakthrough into the near-wellbore
of a secondary phase, cf. Figure 17.

Vertical well Horizontal well

Fig. 17: Water cone (left) and water crest (right).

Coning and cresting of a secondary fluid is influenced by several param-
eters listed here

- Fluid viscosity

- Effective permeability

- Capillary pressure

- Kv/Kh ratio
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10. Water cresting

- Distance between fluid interface and well

- Drawdown

- Density difference

The distance between the fluid interface and the well is an important factor
to take into account in the early design process. However, after installation
of the well the drawdown is the only parameter to control. Therefore, it is
important for long horizontal wells, which are prone to suffering from large
heel-to-toe effects, to ensure a uniform pressure distribution along the entire
length of the well, as shown in Figure 18. This uniform pressure distribution
can be achieved by installation of ICDs along the well length or other smart
well completions.

Oil

Water

Gas

Standard completion Optimized completion

Fig. 18: Influence of completion strategy on the early production of water.

Theoretical expressions have been established to predict the flow rate at a
well segment at which a stable crest can exist. If the flow rate is kept below
the critical rate the crest will be stable and fluid from the secondary phase
will not reach the well. Chaperon [29] derived an expression for the critical
flow rate per unit length for vertical and horizontal wells using viscous flow
potential. The derived equation is based on two points in equilibrium to
ensure stability of the crest. The two points are located at the apex of the
cone with the coordinates (0, XS) and at the interface far from the well with
the coordinates (XA, h). For a horizontal well in an isotropic reservoir the
critical rate per unit length is defined as

Qlc =
Qc

L
= 3.486 · 10−5

(
∆ρKh

µ

)
q∗lc

(
XA
h

)
(44)

where K is the isotropic permeability (K = Kv = Kh), ∆ρ is the density dif-
ference between the two fluids, µ is the oil viscosity, h is the vertical distance
between well and interface at XA. The critical rate in dimensionless form at
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the maximum is defined as

q∗lc = 2 ·
1− cos πZSc

h

sin πZSc
h

(45)

where ZSc is the critical cone location.
The equation for the critical rate per unit length can be extended to also

work for anisotropic reservoirs. Chaperon [29] used a reducing factor on the
x-dimensions of the size 4

√
Kh/Kv. The critical rate per unit length are then

derived as

Qlc =
Qc

L
= 3.486 · 10−5∆ρh

Kh
µ

√
Kv

Kh
q∗lc

(
XA
h

√
Kv

Kh

)
(46)

The critical rate per unit length is usually much lower than the capacity
of the well. Therefore, the flow rate is being kept above the critical rate
in industry and the secondary fluid will eventually reach the well and be
produced. Equations 44 and 46 do not predict the time for breakthrough or
the volume fraction at breakthrough of the secondary fluid. Several analytical
and semi-analytical equations exist for determining the breakthrough time of
the secondary fluid [30, 31].
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1. Introduction

Abstract

Near-well flow analysis is an important tool for gaining detailed insight of the flow
behaviour and for improving well design and production optimization of real reser-
voirs. One challenge of accurate numerical modelling of the flow field in the vicinity
of the well is related to the scale disparity factor in space and time. The numer-
ical scale gap between the reservoir and the wellbore justifies the representation of
a well as a point or line sink/source term in traditional reservoir models. However,
standard numerical techniques for reservoir simulation are incapable of resolving the
near-singular character of the pressure field in the vicinity of the well. Under the
assumption that all length scales have impact on flow patterns, we present a proof-of-
concept study aimed at improving the quality of the numerical simulation by consid-
ering the geometry and fluid flow near the wellbore in a fully connected system, thus
accounting for the fine scale phenomena by means of a hybrid Navier-Stokes/Darcy
wellbore model coupled with a full scale reservoir model. A weak coupling method
based on fixed-point iterations, that preserves the mass flux transport across the cou-
pled interface, while adjusting productivity indices, is demonstrated via numerical
experiments. Several different numerical experiments are performed to demonstrate
the versatility and the improved well performance insight that the coupled method
offers, including horizontal well inflow profile, influence of formation damage and
optimal well configuration.

1 Introduction

Fluid dynamics in the vicinity of the wellbore has a considerable impact on
well productivity. In the last decade, many ultra-deep, long horizontal, mul-
tilateral wells have been drilled. These wells can be very expensive and may
lead to complex wellbore flows. Accurate modelling of the flow behaviour
in the vicinity of the wellbores, including frictional losses, multiphase flow
effects, gas hydrates, is crucial for effective field operations. Classical well
models are based on several assumptions and cannot fully describe the kind
of behaviour or effects present in modern smart wells with downhole equip-
ment [1]. Therefore, more complicated well models need to be developed, in
which conservation laws describing fluid dynamics in wells are discretised
and solved [2–4].

General reservoir simulators use simple well models to relate the injec-
tion or production with the sandface pressure within a computational grid
block [5]. At best, the well is treated as a boundary condition coupled with
a simplified one-dimensional wellbore model. Two types of well models
have mostly been used in numerical simulators, namely conventional and
advanced well models. Conventional well models treat the wellbore as a sin-
gle unit and provide a detailed analysis of fluid flow in standard vertical and
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deviated wells [6]. Density variations along the well and frictional losses are
accounted for approximately [7]. Whilst advanced well models can handle
complex geometries, increased length of perforated intervals and presence of
control devices downhole in smart wells [8–10]. However, despite the sophis-
tication of these advanced well models, the predictions made with them in
some cases do not match the actual performance. Therefore, a model of the
wellbore that takes into account the geometry and the near-well flow physics
would lead to a powerful tool to gain improved insight in the flow dynam-
ics and in the predictability of the solution, especially the production rates
that determine the net present value of a reservoir. Including more physics
via improving the modelling basis in a full-field reservoir model is not only
computationally demanding, but also difficult to account for at all relevant
reservoir scales.

Several approaches have been developed to tackle this problem, particu-
larly popular are techniques of domain decomposition [11, 12], local-global
near-well upscaling [13–15], multiscale methods [16] and coupled simula-
tions [10, 17–22]. In the domain decomposition approach, the field is divided
into non-overlapping subdomains classified as near-well zones or reservoir
zones. Each subdomain is then solved separately using boundary conditions
deduced from the neighbours. This procedure iterates until a certain thresh-
old is reached or a convergence criteria is satisfied. Near-well upscaling with
a local-global method uses a local fine scale simulation for the near-well re-
gion, with boundary conditions supplied from a global coarse scale simula-
tion. Near-well fine scale parameters are upscaled to the coarse scale grid
increasing accuracy of the coarse scale simulation. Multiscale methods have
been presented as a robust alternative to upscaling the pressure equation in
Darcy related flow problems and have proved to be efficient on large reservoir
models [23, 24]. In flow simulations, multiscale methods use the geological
fine-scale models to solve the problem on a coarse model. This means for
instance that rock properties are not upscaled onto the coarse level. Instead,
fine-scale rock information is incorporated into the global solution through
local subproblems. Although solutions of the flow equations are at the coarse
level, the fine-scale velocity field can be reconstructed on the fine-scale as
well. The underlying idea of the multiscale methods is thus to capture sub-
grid effects on coarse grids and to allow reconstruction of velocity or pressure
fields on underlying fine grids [25]. In coupled simulations, two standalone
simulators are often used, one for the full-field reservoir and one for the near
wellbore region. The technique does not necessarily require code modifica-
tions and the data exchanges are performed through numerical productivity
indices and boundary conditions. The advantages of this approach are sev-
eral, but the main feature is its versatility. No significant code modifications
are required, the near-well model can be coupled to any reservoir simulator,
such that the full-field reservoir simulator can take into account near-well
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phenomena at any time when necessary.
In this paper, we present an extension of the latter approach, namely we

adopt a model that – to our knowledge – has never been included in full-field
reservoir simulators until now. In the near-well region, we propose a model
that solves a hybrid formulation of the Navier-Stokes/Darcy equations. This
technique is known in literature as Computational Fluid Dynamic (CFD) for
well modelling [26–28] and it is well suited for modelling the flow of multiple
fluids through fractions of reservoirs, completions and wells. In recent years,
there has been an increasing trend to use this powerful tool, mostly motivated
by the inadequacy of the classical Peaceman model [1] to capture the detail
and complexity of formation damage. Moreover, complex scenarios, such as
unloading liquid drilling fluids, sand failure, the impact of changing wellbore
shape and the complexity of certain well geometries can be included in the
global assessment of the reservoir.

The main objective here is to frame a mathematical environment for the
coupled modelling. We focus mainly on the scale disparity, i.e. the several
order of magnitude difference between the characteristic length and time
scale of each model, and the issues arising from the simultaneous simula-
tion of near and far well flow behaviour. Boundary conditions for the near
wellbore simulations are based on the full-field reservoir model, while the
wellbore production rates are used to update the Productivity Index (PI) in
the full-field model. The coupling technique is based on a fixed-point iter-
ation scheme, which converges after a certain criteria is satisfied, making it
possible to meet a user-defined tolerance while controlling accuracy of the
simulations. Through numerical experiments we first validate the coupling
approach using a standard water injection benchmark problem, followed by
a horizontal test case that account for some of the complexities of near-well
flow characteristics.

2 Multiphase Flow Models

We first describe the full-field model based on Darcy’s law and then we for-
mulate the Navier-Stokes equations in a way that allows both free flow and
flow through porous media under certain assumptions.

2.1 Darcy Based Full-Field Reservoir Model

The mass balance equations for an incompressible two-phase fluid (e.g. water
and oil) flow in a porous medium can be stated as

∂(φSq)

∂t
+∇ · uq = Mq, q = w, o (A.1)
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where Sq and uq denote the saturation and the velocity of phase q, respec-
tively, φ is the porosity of the medium, and M is a possible sink/source term.
The transport of phases is driven by spatial differences in pressure, p, and
gravity, g, which can be described by Darcy’s law since it has low to moder-
ate velocities (here in absence of capillary effects)

uq = −
Kq

µq
(∇p− ρqg∇z), (A.2)

where Kq is the product of the absolute permeability k and the relative per-
meability krq, µq is the phase viscosity, and ρq is the phase density. In order
to close the problem, we note that the phases jointly fill the void space of the
porous media, so the saturation equation holds

∑ Sq = 1, q = w, o (A.3)

The well model representation using source/sink terms in reservoir simu-
lators, relates the well inflow rate Q and the steady state pressure drawdown:

Qq = PIq pd, (A.4)

where PI is the productivity index and the pressure drawdown, pd, is defined
as

pd = pcell − pw, (A.5)

i.e. the difference between the block pressure containing a well and the well-
bore pressure. The productivity index is given by

PIq = WI · λq, (A.6)

where λq is the phase mobility defined as krq/µq and the well index, WI, is a
constant value which depends on the ratio between the equivalent radius re
and the well radius rw, the weighted horizontal absolute permeability

√
kxky,

the height of the cell h, and a skin factor S, using the radial form of the Darcy
equation

WI =
2π
√

kxkyh
ln(re/rw) + S

. (A.7)

The equivalent radius re represents the radial distance from the well to the
block pressure. Peaceman derived the following equation for the equivalent
radius re based on the assumptions of a block-centered vertical well, single
phase flow, homogeneous reservoir, uniform grid, uniform permeability, at
least five grid blocks to nearst boundary, and at least ten grid blocks to other
wells [1]

re = 0.140365

√√
ky/kx∆x2 +

√
kx/ky∆y2

1
2
(

4
√

ky/kx + 4
√

kx/ky
) . (A.8)
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Several other attempts to improve well modelling can be found in the
literature [29], but eventually all these techniques rely on the knowledge of
the analytical pressure solution in the vicinity of the well. Although it is
possible to derive analytical solutions for idealised cases, in general other
numerical procedures are needed to account for near-well heterogeneities and
the specific type of well completion. The model we propose will produce a
well flow rate based only on the approximation of the phenomena happening
in the wellbore region and without relying on parameter tuning.

2.2 Hybrid Navier-Stokes/Darcy-Forchheimer Wellbore Model

In the region near the wellbore a hybrid Navier-Stokes/Darcy-Forchheimer
formulation is used. This model allows the simulation of fluid flow through
porous media by means of a source term, which is activated in the control
volumes defined as porous zone. The method is known as the One-Domain
Approach (ODA) [30, 31], and it has been implemented in several commer-
cial multi-purpose softwares. The Navier-Stokes continuity equation for an
isothermal, compressible and immiscible two-phase fluid can be stated as [32]

∂

∂t
(
φαqρq

)
+∇ · (φαqρquq) = 0, (A.9)

where αq is the volumetric fraction. The phase conservation of momentum is
defined as

∂

∂t
(φαqρquq) +∇ · (φαqρququq) =

−φαq∇ (p + pc) +∇ ·
(
φτq

)
+ φαqρqg + φF− αqφJ, (A.10)

where pc is the capillary pressure, τq is the phase shear stress, J represents
the momentum resistance source/sink term in a porous medium defined as

J = αqφ
µq

Kq
uq + βρqα2

qφ2 ∣∣uq
∣∣uq. (A.11)

where β is the Forchheimer coefficient [33]. To solve the pressure-velocity
coupling we use an extended version of the SIMPLE algorithm, the phase
coupled SIMPLE (PC-SIMPLE), which include closure relations for the inter-
facial coupling of momentum and turbulence in a Eulerian-Eulerian multi-
phase multi-fluid framework. The coupling terms are solved implicitly. Fur-
ther details of the implementation is provided in [32]. Both the full-field
reservoir model and the wellbore model are based on finite volume spatial
discretisations, so we briefly recall the methodology.
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2.3 Finite Volume Method

The discretisations carried on for both models in this paper are based on the
finite volumes method and the two-point flux approximation (TPFA) scheme,
which are briefly recalled in this section.

By further assuming single phase flow, (A.1) reads

∇ · u = q, on Ω. (A.12)

If we partition the domain Ω into smaller volumes {Ω̄i}, a finite volume
solution will satisfy∫

Ω̄i

∇ · u dΩ =
∫

∂Ω̄i

u · n dΓ = −
∫

Ω̄i

q dΩ, (A.13)

for each volume Ω̄i, where n is the unit normal vector of the volume inter-
face ∂Ω̄i pointing outward. By approximating the pressure with a cell-wise
constant function p = {pi} we can estimate the flux across cell interfaces
γij = ∂Ω̄i ∩ ∂Ω̄j from a set of neighbouring cell pressures.

To formulate the standard TPFA finite volume scheme we introduce a
flow potential ϕ = p + ρgz and solve for an equation of the type

−∇ · λ∇ϕ = f , (A.14)

where λ is K/µ. The TPFA scheme uses an interpolation of two neighbour
cells, ϕi and ϕj, to approximate the flux and gathers all the terms that do not
involve cell potentials into an interface transmissibility Ti,j, e.g. the mobility
which needs to be defined at the interface. Thus, the TPFA seeks a cell-wise
constant function ϕ = {ϕi} that satisfies

∑
j

Tij(ϕi − ϕj) =
∫

Ωi

f dΩ, ∀Ωi ⊂ Ω. (A.15)

By definition, the fluxes are continuous across the interfaces and as a result
the finite volume method is conservative.

After defining the two models separately, we now look at the technique for
the coupled simulation. The method is well suited for commercial reservoir
simulators, because they can easily take into account dynamical changes of
the numerical PI and provide grid properties like pressure or saturation.

3 Weakly Coupled Modelling Framework

In many petroleum reservoir applications, highly sophisticated software codes
are available to solve problems of different nature. Therefore it is desirable to
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use them in a modular way for multi-physics simulations, and this is particu-
larly true, if an application requires the addition of further physical phenom-
ena (for the case of this study, an example could be accounting e.g., formation
damage or corrosion). The modular approaches used to establish a coupling
algorithm are called weak [34] in contrast to strong algorithms which have
a monolithic approach. The former schemes are often based on fixed-point
iterations while the latter schemes are a pure implementation of Newton’s
method for full systems. In the following, a weak coupling algorithm is ap-
plied to relevant examples and some of the software implementation features
are discussed. Generally, in multi-physics applications, the problem that one
wants to solve can be summarized by finding a solution to the system of
non-linear equations

R(x∗) = 0, (A.16)

where R is called the residual and x∗ is the solution of the non-linear system.
In the framework of coupling involving multiple applications, (A.16) can be
partitioned to reflect the contributions to the overall coupled problem arising
from individual applications, e.g. from two coupled application A and B:

x =

[
xA
xB

]
, (A.17)

where xA are the unknowns from the application A and xB are the unknowns
for the application B. The corresponding residual equation for the new par-
titioned variable reads [

RA(x∗A, x∗B)
RB(x∗A, x∗B)

]
= 0. (A.18)

These equations represent constraints that need to be met and which can
come for example from matching boundary conditions, matching fluxes (to
make them unique at interfaces), and so on. Moreover, there is no limitation
on the number of constraints as long as the computational cost is affordable.

From a software standpoint, the simplest mean of coupling multiple ap-
plication codes together to achieve a multi-physics capability is based on
some form of fixed-point iteration also known as successive substitution. This
methodology is the most general and permits great flexibility when it comes
to computational performance. The interaction between the solvers, in fact,
is minimal, so we can run the codes in separate machines or with different
parallelisation settings, e.g. we select the most suitable number of cores per
solver depending on their computational complexity. A fixed-point iteration
scheme consists of solving each domain in a sequence for its own problem
variables while holding all the other variables fixed. Updated values are then
exchanged and a coupled residual is evaluated in order to get measure of con-
vergence and establish whether or not to repeat the procedure. Algorithm 1
outlines the overall procedure.
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Algorithm 1 Fixed-Point Iteration Coupling
1: Initialization. xA ← xA,0
2: for each time step do
3: while ‖R(xA, xB)‖ > TOL do
4: RB(xA, x̄B) = 0
5: xB ← x̄B
6: RA(x̄A, xB) = 0
7: xA ← x̄A

8: t← t + ∆t

Predictor

Computational

Domain

(Reservoir Simulator)

Corrector

Computational

Domain

(CFD Simulator)

Coupling Interface

Well Completion

Exchange data

Exchange data

Fig. A.1: The illustration shows the concept of the data exchange between the two models.

3.1 Computational domain

The weak coupling algorithm is designed for non-intrusive coupling of exist-
ing computational models. This implies that the algorithm is developed as an
add-on to any prebuilt reservoir model, so no code modification of the full-
field model is required. The near-well model represents a physically smaller
region and its domain replaces the full-field simulator one in the vicinity of
the well, see Fig. A.1. The inlet to the near-well model shares the faces of the
coarser resolution grid blocks of the reservoir model. Mass fluxes from the
full-field model are then interpreted in the straightforward way on the near-
well model by weighting the fluxes with respect to differences in overlapping
areas between cell faces, thus ensuring conservation of mass.

The source/sink terms used in the full-field model are updated using a
dynamic upscaling approach. The numerical PIs of the full-field model is
upscaled by

PI∗i,q =
〈qw〉i,q
〈p〉i − pbhp , (A.19)

where the subscript i indicates a variable from the near-well model evaluated
within the coarse-grid reservoir well block, 〈qw〉i,q is the summarized near-
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well model flow rate of the individual phases evaluated at the sandface, 〈p〉i
is the bulk-volume weighted average of the near-well pressure, and pbhp is
the reference bottom hole pressure.

We replace the cell containing the well in the full-field simulator with an
improved well model, obtained from the near-well model by interpolating or
extrapolating the upscaled PI data.

PI t+∆t
i,q = PI∗,Ti,q

(
Scell

α , pcell
)

, (A.20)

where the superscript T indicates a value evaluated at the coupling time step.
The interpolation of the PI is substituted into equation A.4. This quantity,
coming from the CFD near well model, improves the fidelity of the flow
simulation as it is computed with a more accurate model and less restrictive
assumptions [1]. The increased accuracy is given by the different length scale
of the phenomena that the model is able to simulate. However, the smaller the
space scale, the smaller the time scale needs to be to have a stable numerical
scheme. In the following section this concept is further illustrated.

3.2 Time-scale separation

The dynamical flow scales in the near-well region are much smaller in time
and space compared to the reservoir flow. This results in large differences in
time steps between the near-well model and the reservoir model. The perfor-
mance of the fixed-point iteration will depend on the ability to handle this
scale separation in the discretisation of both space and time. There are exam-
ples in literature, where the exploitation of time scale separation has a key
role for the computational efficiency and the physical/numerical accuracy
of the model [35]. In those applications, the simplest approach to time ad-
vancement is to set the time step of the model with the bigger scale (full-field
reservoir) to be that required by the one with the smaller scale (wellbore).
The exchange of information would be at every time-step, but of course no
attempt is made to exploit scale separation and, as such, the computational
cost will be prohibitive. Instead we use a variable coupling time-step. Within
each coupling time-step the full-field model is able to take several time-steps.
The full-field results are then imposed on the near-well model at every full-
field time-step, see Fig. A.2. To avoid any discontinuities on the inlet of the
near-well model, when imposing full-field results, the results are linearly in-
terpolated in time. At the end of each coupling time-step upscaled PIs are
sent to the full-field model, and if the two simulators agrees to within an
acceptable tolerance, we move on to the next coupling step [21]. Further-
more, we test two different methods with different approaches to the scale
separation. Method 1 uses the standard approach of the fixed-point iteration
method, with a single model of the reservoir simulator and a single model
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reservoir simulator

transient CFD simulator

coupling time step

#method 1 #method 2

steady-state CFD simulator

Fig. A.2: The scheme shows how the coupling is performed, i.e. for each full-field time step
there is an iterative exchange of data. The blue color indicates transfer of data from the reservoir
simulator to the transient CFD simulator, the green color indicates transfer of data between the
transient CFD simulation and the steady state CFD simulation, and the orange color indicates
the transfer of data at the end of the coupling time step.

for the near-well. If the time steps of the near-well model is much smaller
than the reservoir model, the near-well model becomes the bottleneck of the
coupling, e.g. when resolving fluctuations of vortex shedding, movement of
a phase front in the well, etc.. Several near-well problems are, due to the
computational cost, impractical using method 1. To remove the large time
scale separation we introduce method 2. Method 2 uses a second fixed-point
iteration coupling within the near-well model. The near-well model is sep-
arated into two standalone near-well models, cf. Fig. A.3, with the smallest
scales collected in the same model. The smallest scales are typically within
the vicinity of the well and within fractures. The near-well model with the
larger time-steps are kept transient, as in method 1, and it contains the inter-
face with the full-field model. Movement of any phase front are captured in
the transient near-well model, until it reaches the second near-well model.
The variation of the smallest time scales are nevertheless not imposed into

Coupling Interface

Ex
ch

an
ge

 d
at

a

Transient CFD Steady-state CFD

Fig. A.3: Extracted vicinity of the well in the near-well model used for coupling method 2.
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the full-field model, due to the use of full-field time-steps, why we can as-
sume a pseudo steady-state of the smallest scales in the second near-well
model. The two models are coupled using the fixed-point iteration at the
end of the coupling time step, cf. Fig. A.2. The pseudo steady-state model
receives data, that are constant in time, on the coupling interface. A solution
is found when the model reaches a pseudo steady-state regime, and averaged
pressure boundaries are sent back to the transient near-well model.

3.3 Coupling intervals

Variable coupling intervals are used to reduce the transfer of data between
the two simulators. For large scale problems, with more than 107 cells, it is
time consuming to extract all the near-well data from the near-well model
and calculate the upscaled PIs. The variable coupling intervals are controlled
using three different monitors, evaluated at the end of the coupling time step.
The first monitor reduces the coupling time-step if there is a moving phase
front within the near-well model. The mass flow fraction on the near-well
inlet and sandface are defined as

Mbc
i = ∑

 ṁbc
i,s + ṁbc

i,p

∑
(

ṁbc
i,s + ṁbc

i,p

) · ṁbc
i,s

ṁbc
i,s + ṁbc

i,p

 (A.21)

where ṁ is the mass flow rate, the subscript i indicates the face on the bound-
ary, the subscript s represent the secondary phase, and the subscript p rep-
resent the primary phase. A difference above a certain tolerance indicates a
moving front within the wellbore model.∣∣∣Minlet

k −Moutlet
j

∣∣∣ > ε (A.22)

The second monitor halves the coupling intervals until a certain tolerance
for the mass flow rate on the inlet are respected.∣∣∣∣∣∣

max
(

ṁin
i,α

)
−min

(
ṁin

i,α

)
max

(
ṁin

i,α

)
∣∣∣∣∣∣ > ε. (A.23)

The third monitor ensures that the coupling interval is halved if the mass
flow rate on the outlet is changing above a certain tolerance∣∣∣∣∣∣

max
(

ṁout
i,α

)
−min

(
ṁout

i,α

)
max

(
ṁout

i,α

)
∣∣∣∣∣∣ > ε. (A.24)
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4 Numerical Results

The coupling algorithm is now investigated through several different cases
of increasing complexity involving a vertical and a horizontal well. The CFD
wellbore model is handled by Ansys Fluent, whereas the reservoir simula-
tions are carried out in the open-source reservoir code MATLAB Reservoir
Simulation Toolbox (MRST) [36]. As mentioned above, the flexibility of a
fixed-point iteration scheme allows to choose freely the softwares and it does
not require major code modifications. In the MRST-Fluent coupling a wrap-
per code is implemented to handle the co-simulation. The coupling algorithm
is implemented in MATLAB. Furthermore, user-defined functions (UDFs) in
ANSYS Fluent are used to interpolate the exchanged data on the boundaries
of the CFD model. Fig. A.4 shows a simple flow chart of the steps in the
coupling algorithm.

4.1 Case 1: 2D homogeneous waterflooding

A simple piston-like displacement of oil by water is simulated. The model
represents a two-phase, incompressible and immiscible flow with a vertical
injector and producer. The reservoir is 220 m× 20 m× 20 m, and we consider
a cartesian grid with 11 blocks along the x-direction. The well experiences a
non-uniform inflow due to the impermeable boundaries adjacent to the well
block. This is a limitation of the Peaceman model when using a coarse grid.
The wellbore model counts approximately 103 cells, and the production well
is modelled as a open-hole cylinder, see Fig. A.5, imposing 2D effects to a
1D reservoir model. The rock and fluid properties of the reservoir model are
listed in Table A.1. The initial pressure is 11 MPa, we set a constant injection
rate of 1.4e-4 m3/s and a constant bottom hole pressure of 10 MPa. The full-
field model has a 1-day time-step and the simulation runs for 1,000 days. The
wellbore model is able to run with time-steps of 0.1 day until a quasi-steady
state is reached. When the water front enters the wellbore model, the time-
step is reduced to ensure stability of the oil-water interface on the fine grid.
For the adaptive coupling time step we use a minimum coupling step of
5 days.

To test spatial convergence of the CFD simulations, we conduct a mesh
sensitivity study using the near-well model from method 1. The study uses
three different grids named mesh 1, mesh 2 and mesh 3 consisting of 759,
2653 and 7193 cells, respectively. For this mesh sensitivity study the near-well
model is being simulated stand-alone without using the coupling framework.
Water is injected at a constant injection rate of 1.0e-3 m3/s on the interface.
The initial oil saturation is at the residual water saturation.
Fig. A.6 shows the displacement of oil by water after 5 days and 10 days for all
three meshes. The oil displacement is not well captured by mesh 1, however
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Fig. A.4: Flow chart showing the steps in the coupling algorithm.
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Reservoir model Transient 

CFD model

Producer

Non-conformal

interface

Producer

Steady-state

CFD model

Coupling 

method 1

Coupling 

method 2

Fig. A.5: 1D reservoir model (left) coupled with a 3D wellbore model (right) for the producing
well.

Property Value Unit

Grid dimension 11× 1× 1 -
DX, DY, DZ 20 m
Porosity 0.2 -
Permeability 100 mD
Reference depth 10 m
Reference pressure 110 bar
Rock compressibility 45.4 · 10−9 bar−1

Water compressibility 45.4 · 10−9 bar−1

Water viscosity 0.3 · 10−3 Pa·s
Water density 1000 kg/m3

Oil density 855 kg/m3

Oil viscosity 0.6 · 10−3 Pa·s
Oil formation volume factor* 1 r m3/st m3

Well diameter 0.215 m
Bottom hole pressure 100 bar
Injection rate 1.4e-3 m3/s

sw krw

0.1200 0
0.1723 0.0003
0.2246 0.0025
0.2769 0.0086
0.3292 0.0204
0.3815 0.0398
0.4338 0.0688
0.4862 0.1093
0.5385 0.1631
0.5908 0.2323
0.6431 0.3186
0.6954 0.4241
0.7477 0.5506
0.8000 0.7000

so krow

0.2000 0
0.2523 0.0004
0.3046 0.0029
0.3569 0.0098
0.4092 0.0233
0.4615 0.0455
0.5138 0.0787
0.5662 0.1249
0.6185 0.1864
0.6708 0.2655
0.7231 0.3641
0.7754 0.4847
0.8277 0.6292
0.8800 0.8000

Table A.1: Rock and fluid properties for the 1D water flooding case. *Oil is treated as incom-
pressible dead oil and the formation volume factor is constantly equal to one irrespective of
pressure.
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Fig. A.6: Saturation profile at Y = 10 m.

as the mesh is refined the interface is well captured. In the remaining of
this paper we uses cell sizes in the reservoir which corresponds to mesh 2.
Furthermore, time steps are kept sufficiently low to ensure stability and good
convergence of the solver for a wide range of different boundary conditions.

We test the two different coupling methodologies mentioned above. The
coupling method 1 is only feasible for cases with small differences in time
scales across the domain. As the difference in time scale increases coupling
method 2 becomes attractive.

As a reference case we use a reservoir model with local grid refinement
(LGR) in the near-well region of the coarse 1D model. The reservoir model
with LGR accounts for the non-uniform inflow to the well and consist of
approximately 104 cells. The LGR method is only valid for Darcy flow in
porous media, why we only use it for validation for this simple case.

In Fig. A.7 we present the production rates of both phases for the standard
coarse grid, the coupled framework and the reference LGR method. We see
a good match of water breakthrough between the coupled model and the
LGR method, however, the standard coarse model inaccurately models the
water breakthrough. The minor deviation between the reference case and the
coupled method are due to the simple interpolation schemes and tolerances.

Fig. A.8 shows the pressure difference between the coarse well cell and
the bottom hole. The coarse well cell pressure for the LGR method and
the wellbore model is the volume average of the fine scale pressure. Both
coupling methods shows a good agreement with the reference case. The
Peaceman well model does not capture the correct level of the pressure for
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Fig. A.7: Production rates for water and oil. Left) the entire production period and right) a
closeup of the water breakthrough.
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Fig. A.8: Pressure difference between well cell and bottom hole.
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a) b)

Fig. A.9: Pressure distribution in the wellbore model at 605 days for a) method 1 and b) method
2.

180 190 200 210 220
0

5

10

15

20

52
5 

da
ys

57
5 

da
ys

61
5 

da
ys

63
0 

da
ys

70
0 

da
ys

985 days

Fig. A.10: Isolines of oil saturation at 0.6 in the wellbore model at different days using method 1
(−) and method 2 (•).

this simple case, even though the majority of the assumptions are met.
Pressure distribution in the wellbore model for the two different coupling

methods are shown in Fig. A.9. It should be noted that the asymmetric
pressure around the well is captured with method 2, due to the additional
fixed-point iteration coupling. Furthermore, in Fig. A.10 the isolines of oil
saturation are shown for the wellbore model at 6 different times. After water
breakthrough some oil are trapped at the end of the domain.

4.2 Case 2: Horizontal well with completion

As a second case the inflow characteristics of a multi-segmented horizontal
well are analyzed. As stated in the introduction, it is a challenge for reser-
voir well models to accurately account for pressure forces acting inside the
well, formation damage effects, perforations, or the effect of an open annu-
lus. This challenge is particularly stressed for horizontal wells, since flow
rates are approximated by the Peaceman well model. Additional approxima-
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Packer PackerICD #2 ICD #3ICD #1

Zone 1 Zone 2 Zone 3

Fig. A.11: Sketch of well completion.

Zone ICD Nozzle radius nr. of nozzles

1 #1 5 mm 2
2 #2 4 mm 2
3 #3 3 mm 2

Property Value Unit

Wellbore diameter 0.15 m
Inner diameter of casing 0.10 m
Outer diameter of casing 0.12 m

Table A.2: Details of (left) the inflow control devices and (right) the well.

tion techniques, such as flow performance tables, are introduced to leverage
these issues. Even though such techniques are often comprehensive because
they rely on well log and empirical data, the hybrid formulation on the other
hand provides a good alternative. Since the geometry and the rock properties
are modelled as a fully connected system, in fact, the pressure drop and the
flow information alongside the entire well is readily available, regardless of
the well orientation and features.

The completion of the investigated horizontal multi-segmented well con-
sists of three different zones, cf. Fig. A.11. The well is segmented by two
packers, each 2 meters long, dividing the well into three zones. Each zone
is equipped with an inflow control device (ICD). Three different ICDs are
used, cf. Table A.2, which makes different characteristics of the individual
ICD [37]. Information about the completion is defined in Table A.2.

The horizontal well is located in a 60 m× 20 m× 60 m reservoir with grav-
ity acting in the y-direction, cf. Fig. A.12. An horizontal injector is horizon-
tally located in the opposite side of the reservoir, but at the same vertical
position. Fluid and rock properties are the same as in Case 1, except that the
permeability in the horizontal direction is increased to 1000 mD and the total
water injection rate is set constant to 8.7e-4 m3/s. The reservoir is initially
saturated with oil. For the near-well model we include the closest grid cells,
which results in a domain size of 20 m× 20 m× 60 m. The pseudo steady-
state model include the entire well and a cylindrical part of the reservoir that
enclose the well. The cylindrical part has a radius of 1 m (3.28 ft) from the
well center.

Fig. A.13 shows that the highest production with the coupled multi-segment
completion are from zone 1. This is directly related to the flow characteristic
of the ICDs, which is seen in the difference in production of each zone. The
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Fig. A.12: Spatial discretizations of the reservoir model, near-well model and the well model.
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Fig. A.13: Production rates in the three different sectional zones.

first water breakthrough happens in zone 1, a few days later in zone 2, and
last in zone 3. It should be stressed that using the Peaceman model, each
zone produces the same. Furthermore, the average pressure of the well cells
in each zone is shown in Fig.A.14. Zone 1 has the lowest average pressure of
the well cells, as expected.

Fig. A.15 shows the pressure distribution in the transient near-well model.
The influence of the different ICDs are easily observed, along with the influ-
ence of the packers on the pressure. Furthermore, we show the jet inside the
well created by the the three ICDs, cf. Fig. A.16. The highest velocities are
seen in ICD #3.
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Fig. A.14: Difference between coarse well cell pressure and bottom hole pressure in the three
different sectional zones.

Fig. A.15: Plane cut at y = 10 m showing the pressure contours. Zone 1 is located at the left and
the inlet is located at the bottom of the figure.
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Fig. A.16: Oil velocity across the three different ICDs.

5 Conclusions and Future Work

Providing a framework for multiphase coupling of a reservoir and a well
model significantly increases the simulation details of the well performance
and characteristics. Using a fixed-point iterative approach we are able to cou-
ple two different numerical methods and provide the best of the two worlds.
Through two proof-of-concepts different scenarios were considered, where
more information about well performance were obtained with the coupled
models. The investigated cases has a low complexity, however the cases illus-
trate the objective of the present paper, to couple a reservoir simulator with
computational fluid dynamic.

Using the coupling framework, it is possible to investigate the influence
of complex near-well phenomena on the large and small length scales, e.g.
fractured reservoirs, water and gas coning, formation damage, etc. The same
level of details are not possible with any other current methods.

Even though the present work shows a good potential and new opportu-
nities for reservoir modelling with improved near-well modelling, this new
coupling framework does have limitations. The main limitations are the com-
putational cost of running the detailed near-well modelling. At the moment
the computational cost of detailed CFD makes it unattractive to run a real
case for the entire lifetime of a reservoir. In ongoing work, we will investi-
gate the use of model order reduction techniques to address this limitation.
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1. Introduction

Abstract

Accurate modelling of the near-well flow is important for a detailed understanding
of the well-reservoir interaction. Understanding of the well-reservoir interaction can
improve the completion design and reservoir management.

In modern wells it is important to have a reliable zonal isolation of the well to pre-
vent movement of secondary phases from reservoir zone to reservoir zone. To ensure
a reliable zonal isolation computational fluid dynamics (CFD) is used to investigate
the length of expansional packers to minimize the risk of flow through formation be-
hind the packers. The results shows that the length of the packer plays a crucial role
on the reliability of the zonal isolation and the integrity of wells.

Standard reservoir models do not accurately capture the near-well flow. Wells are
represented as simple source/sink terms in large grid blocks. The source/sink terms are
based on analytical solutions to simplified flow solutions that do not take into account
the well completion and they simplify the complex interaction between the well and
the reservoir. To increase the accuracy of the near-well flow, CFD is used to create a
complex model of the reservoir and well completion based on the information stored
in a reservoir simulation. The near-well model includes the geological geometry,
trajectory of the well, perforated completion and rock properties from both reservoir
simulator and well log.

The heel-to-toe effect in the long horizontal wells is well captured by the CFD
based model of the well completion and reservoir..

1 Introduction

Production from long horizontal wells are a well-established technology for
recovery of hydrocarbons from large underground petroleum reservoirs. The
advantages of horizontal wells, compared to vertical wells, are an enhanced
well-reservoir connectivity, reduced water and gas cresting, reduced sand
production, and high production rates. The flow in horizontal wells are chal-
lenged by complex wellbore flow due to complex completion design, varia-
tions in the near-well rock properties, etc. Modern completions for horizontal
wells are designed to optimize the production of hydrocarbons, increase the
sweep efficiency and reduce problems related to water or gas cresting in
reservoirs. Optimization of the production is generally achieved by bespoke
reservoir designed well completions, i.e. using remotely controlled valves
and chokes, packers for zonal control, screens for sand control, etc.

To represent the complex interaction between the well and the reservoir,
accurate modelling of both the wellbore flow and the wellbore–reservoir con-
nectivity is needed. It is known that the well index has a large effect on the
results predicted by a reservoir simulation [1]. General reservoir simulators
uses simple sink/source terms to represent the interaction between the reser-
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voir and the wells as they lack the accuracy to resolve the scales of the flow
in the near-wellbore region. The simple sink/source terms are based on a
productivity index that relates segments of the wellbore with the relevant
grid block for flow rate and pressure. Several orders of magnitude often exist
between the reservoir simulator grid and the flow scales of the wellbore flow.
This makes it unfeasible to resolve in full reservoir models where the time
steps are in the order of days. The sink/source terms correlate the wellbore
pressure with the grid block pressure using either analytical solutions, semi-
analytical solutions or simple 1D numerical models. The industry standard
is to use a simple analytical solution derived by Peaceman [2] and different
variations of this. The model is valid under the condition of 2D single phase
flow in a homogenous reservoir. Furthermore, the well is assumed to be ver-
tical, isolated from other wells and boundaries, block–centered in an uniform
grid, and pseudo-steady state or steady state conditions. More advanced ana-
lytical and semi-analytical solutions exists for horizontal wells [3, 4], however,
these solutions also lacks the ability to accurately capture the well-reservoir
interaction for real reservoirs.

Local grid refinements (LGR) in the full-field reservoir model increases
the accuracy of capturing the complex interaction between the well and reser-
voir and decreases the errors associated with the Peaceman equation. How-
ever, it is computationally demanding to improve the modelling basis, due
to changes in spatial and temporal resolution, and difficult to account for all
relevant reservoir scales.

As these methods lacks the ability to evaluate the influence of complex
well completions on the reservoir performance, a different method is re-
quired. Advanced Computational Fluid Dynamics (CFD) is able to resolve
the three-dimensional complex flow in the wellbore and the near-wellbore.
CFD uses a hybrid formulation of the Navier-Stokes/Darcy-Forchheimer equa-
tions which is known as the one-domain approach (ODA) [5] or penalization
method. Small scales present in the wellbore can be resolved and modelled
by CFD. In the near-well area the reservoir heterogeneity and a large varity
of different formation damages can be included in the simulation at small
scales. Several recent papers have used CFD to investigate the influence of
different well configurations on the near-well area. Szanyi et al. [6] used
CFD to evaluate different formation damage scenarios for an open-hole com-
pletion and a perforated completion, located in the North Sea. Molina [7]
used CFD to evaluate the well performance of different completions in a gas
reservoir. The behavior of sand particles entering the wellbore was also in-
vestigated using an erosion model. Recent papers of Byrne et al. [8] used a
detailed CFD simulation to capture flow in perforations and through Inflow
Control Devices (ICD). Greene et al. [9] used CFD to investigate the annular
flow in a standalone screen completion. High influx of gas present at the heel
of the completion was observed to increase the risk of hotspotting.
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Mullane et al. [10] investigated 29 horizontal wells of approximately 1000
meters length located in a multi-layered reservoir. The CFD and analytical
model predictions were compared with the actual performance of the wells.
It was shown that the predictions only came within ±50% of the actual per-
formance for about half of the wells. A large uncertainty was related to the
lack of interpretation of geological heterogeneity into the model and uncer-
tainty of the well models. In the present work, the influence of packers on
zonal isolation is considered in a steady-state CFD model of a long horizon-
tal well located in the Siri field offshore Denmark. For the long horizontal
well detailed information of the geological heterogeneity from well log is
introduced to increase accuracy of the produced results.

2 Methodology

The underlying hybrid formulation used in the CFD solver to represent fluid
flow in the both porous and non-porous media is described in the following
sections.

2.1 Darcy formulation

The mass balance equation for an incompressible fluid in a porous media can
be stated as

∇ · (ρu) = qδ, (B.1)

where ρ is the fluid density, u is the velocity, δ is the Dirac delta function
representing a well and q is mass injection/production from a grid block.

Darcy’s law [11] governs the movement of fluids in porous media

u = −K
µ
(∇p− ρg∇z) (B.2)

where K is the permeability, µ is the viscosity, p is the pressure, g is the
gravitational vector and z is the vertical distance. The permeability represents
the resistance of the porous media to the flowing fluids. The permeability is
related to the porosity and the pore connectivity.

Permeability, and porosity, are unique values of the reservoir or even a
porous sample. Core samples need to be obtained from the individual hy-
drocarbon reservoir to estimate the unique permeability and porosity.

2.2 Navier-Stokes formulation

The motion of fluids in the wellbore is governed by the Navier-Stokes equa-
tions. To model both the wellbore and the near-wellbore flow in a single
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model, the One-Domain Approach (ODA) is used. The ODA represents both
the free fluid flow and the flow in the porous media [5, 12].

Conservation of mass for an incompressible fluid is derived by

∇ · (φρu) = 0 (B.3)

where φ is the porosity.

The momentum equation is defined as

∂

∂t
(φρu) +∇ · (φρuu) = −φ∇p +∇ · (φτ) + φρg + φF− φJ, (B.4)

where the last term J represents the momentum source added to the standard
fluid flow equations. The term represents the porous media by a viscous and
inertial term. The inertial term takes into account inertial forces and it is
defined by Forchheimer [13]. The source term is defined as

J =
µ

K
φu + βρφ2 |u|u (B.5)

where β is an experimentally determined constant, which represents the in-
ertial resistance and depends on the structure of the porous medium.

2.3 Solver

The commercial software ANSYS Fluent is used to solve the coupled Navier-
Stokes and Darcy-Forchheimer equations. The software is able to handle
both single phase flow in non-porous and porous media. The solver uses
a SIMPLE approach to couple the pressure field with the velocity field in a
finite volume scheme.

3 Radial Inflow

Simple examples of radial flow to a vertical well in an isotrpic reservoir is
used to validate the implementation of the porous flow code in the commer-
cial CFD software. The simple examples are compared to analytical solutions
of the problem. As shown in Figure B.1 the reservoir is defined by an exter-
nal boundary far from the well with a constant reservoir pressure boundary,
representing the reservoir pressure. The pressure differential between the ex-
ternal boundary and the well results in a radial flow pattern towards the well.
If no formation damage is present in the domain the radial pressure profile
takes the form as sketched in Figure B.1. If damage is present around the
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Fig. B.1: Sketch of the radial flow into a vertical well with a damaged zone.

well a significant additional pressure drop will be present across the dam-
aged zone. Formation damage in a well can be introduced by several factors,
e.g., in the drilling phase due to overbalance and invasion of drilling mud in
to the formation. The depth of the invasion can vary depending on several
factors. The additional pressure drop across the damaged zone based on the
influence of different invasion lengths is investigated here. Furthermore, a
mesh dependency study is used to investigate the influence of resolution to
capture the large flow gradients in the near-well region.

The analytical solution to the example case can be described by the Darcy
equation in cylindrical coordinates. Radial flow in an isotropic reservoir is
defined as

v =
q

Ac
=

q
2πrh

= −K
µ

dp
dr

(B.6)

If integrated between any two radii, rw and re with the pressure pw and pe,
as explained in Figure B.1, the following equation is obtained

re∫
rw

q
2πrh

dr = −
pe∫

pw

K
µ

dp (B.7)

This ends up with an expression for the production of the well

q = − 2πKh
µ ln re

rw

(pe − pw) (B.8)

In case of a damaged zone around the well, van Everdingen [14] intro-
duced the skin factor. The skin factor describes the additional pressure drop
compared to the ideal case, and is a result of formation damage from drilling,
completion or production practice. The well operations resulting in the skin
factor can be summarized into a single variable S and applied to the flow
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equation of the radial flow as

pe − pw =
qµ

2πkh

[
ln
(

re

rw

)
+ S

]
(B.9)

Hawkins [15] came up with a formula to describe the additional pressure
drop due to damage. Using Equation B.8 to find the pressure drop for the
damaged zone and the undamaged zone yields the following two equations

pd − pw =
qµ

2πKdh
ln
(

rd
rw

)
(B.10)

pe − pd =
qµ

2πKh
ln
(

re

rd

)
(B.11)

Combining the two equations

pe − pw =
qµ

2πh

 ln
(

rd
rw

)
Kd

+
ln
(

re
rd

)
K

 (B.12)

Combining with Equation B.9 and reducing the equation, the Hawkins equa-
tion [15] is obtained for the skin factor

S =

(
K
Kd
− 1
)

ln
(

rd
rw

)
(B.13)

where Kd is the damaged permeability. Byrne et al. [16] argued that the use
of a skin factor does not present the actual behavior of the well. The skin
factor is including a series of effects into a single value combining formation
damage, induced fractures, flow convergence, well geometry, perforation per-
formance, etc.. To resolve the flow in the near-well region and the well will
provide a detailed insight into the contribution of the different effects in-
cluded in the skin factor. Better understanding of the individual effects will
lead to better decision making for well interventions for increasing well per-
formance.

The example case of the radial inflow is defined using the parameters listed
in Table B.1. The CFD simulation uses a five degree slice model of the cylin-
drical domain under the assumption of flow only in radial direction. Symme-
try is applied on the boundaries in the tangential direction, cf. Figure B.2 for
graphical sketch of the domain, boundary conditions, pressure contour and
mesh. The slice model reduces the number of computational cells compared
to a full cylindrical model. Computations are being carried out as steady
state using a fixed mass flow rate boundary and a fixed pressure boundary.
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Description Symbol Value
Viscosity µ 1 cP

Permeability K 100 mDa
Damaged permeability Kd 5 mDa

Volume flow rate q 3913 bbl/d
Reservoir pressure pe 200 bar

Well radius rw 0.125 m
External radius re 600 m

Damaged radius rd [0.10, 0.25, 0.50, 1.00] m
Reservoir height h 100 m

Table B.1: Input parameters used for the radial flow case.

Pressure drop 

Inlet

Outlet

Symmetry

Fig. B.2: Domain used for radial inflow to vertical well including mesh and contour of the
pressure drop.

First, an investigation of the influence of the mesh resolution is conducted.
The mesh has been produced in a way where the cells are being concen-
trated towards the well to capture the large pressure gradients located in the
near-well region. Meshes with different number of cells in radial direction is
investigated using a permeability of 100 mDa without damage in the near-
well. The error of the pressure drawdown relative to the simulation with the
largest number of cells in radial direction is shown in Figure B.3. It is noted
that the solution converges as the number of cells in radial direction are in-
creased. For future simulations the largest mesh is used as a guidance to
resolve the near-well region and ensuring to capture the large flow gradients
also for lower permeabilities and higher rates.
Pressure distribution of the drawdown is investigated for the radial flow us-
ing different reservoir permeabilities, cf. Figure B.4. It is noted that the CFD
simulation accurately captures the pressure in the entire domain compared
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Fig. B.3: Relative error of the pressure drawdown for different meshes in the radial flow.

to the analytical solution for all permeabilities. Furthermore, it is noted that
a significant pressure drawdown is required to obtain the same flow rate at
different permeabilities. This shows that an accurate representation of the
geological heterogeneity is important for accurate results.
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Fig. B.4: Analytical and numerical solution to the radial inflow at different permeabilities.

In Figure B.5 the radial inflow is investigated with different sceneries of inva-
sion depth. A reservoir permeability of 100 mDa is used for the undamaged
zone of the reservoir and 5 mDa in the damaged zone. A significant reduc-
tion in pressure drawdown is seen for the different invasion depths. Shallow
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invasion into the formation results in significant reduction of the drawdown
with respect to the undamaged drawdown.
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Fig. B.5: Analytical and numerical solution to the radial inflow with constant reservoir perme-
ability of 100 mDa and different sceneries of formation damage.

4 Zonal Isolation

In modern wells it can be important to split the well into several zones. It is
important to create a reliable isolation between the zones and ensure suffi-
cient barrier for the flow in the annulus. Different techniques are present for
zonal isolation and is used for downhole flow control of the wells, clean-up
of the well or repair capabilities. The strength of the zonal control increases
the maximum well delivery and can have a significant economic influence on
the overall well performance. Using cement and gel treatments as a zonal
barrier are often related to poor isolation of zones. Different solutions are
available to provide barriers between the different zones. External casing
packers, swell type packers or metal expandable packers all provide a zonal
barrier in the annulus.

In this case example investigations are carried out for the flow across a zonal
isolation provided by a metal expandable packer. The domain is represented
by a reservoir of (1000 m + Lpacker) × 2500 m × 100 m. In the center of the
reservoir two zones are isolated by a packer barrier as shown by the sketch in
Figure B.6. Zone 1 to the left, cf. Figure B.6, represents a zone where the in-
flow control devices have been closed to prevent flow from the specific zone.
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Lpacker

Annulus

Zone 1
Zone 2

Fig. B.6: Sketch of metal expandable packer inserted in an open-hole well.

Description Symbol Value
Viscosity µ 1 cP
Density ρ 886 kg/m3

Permeability K [1, 5, 10, 15, 20] mDa
Pressure difference ∆p [500, 1000, 2500] psi

Packer length Lpacker [1, 3, 6, 11, 31] m
Annular diameter Da 8.5 inches

Casing outer diameter Dc 7 inches
External radius re 1250 m
Reservoir height h 100 m

Table B.2: Input parameters used for the zonal isolation flow case.

Zone 2 to the right is still producing and flow from the closed zone will initi-
ate movement towards the open zone. The flow across the packer measured
at a disk 10 m into the reservoir is investigated for different reservoir per-
meabilities and pressure differentials between the two zones. The problem
is solved using the hybrid formulation of the Darcy/Navier-Stokes equations
in a CFD framework. The CFD model is be performed using a realizable
k − ε turbulence model to represent the turbulent flow in the annulus and
the Darcy flow in the reservoir. A steady state simulation is conducted using
single phase flow. Table B.2 list the fluid properties, reservoir dimensions
and well dimensions used in the example case. A large simulation matrix of
75 simulations has been carried out to investigate the influence of the isola-
tion length for different permeabilities and pressure differentials. Figure B.7
shows the pressure contour of the entire model for a case with 2500 psi pres-
sure differential. A zoom on the region around the packer for three different
lengths are shown in Figure B.8. Figure B.8 shows the large pressure gra-
dients present across the packer and the flow direction using vectors. It is
noted that the fluid enters the formation and start a circular route around the
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Fig. B.7: Pressure contour in the entire reservoir for a 1 m packer installed in the center.

packer before entering the producing zone (zone 2).

Figure B.9a - Figure B.9c shows the results of the simulation matrix. Sig-
nificant reduction of the flow between the two zones can be obtained by
increasing the length of the packer. Furthermore, it is noted that the perme-
abiliity has a large impact on the zonal isolation. It is therefore important
that packers are installed, for reservoirs with large heterogeneity, in low per-
meable regions of the reservoir to decrease the flow around the packer itself.
A good combination of installation in low permeable parts of the reservoir
and long packers will provide optimal zonal control in the event of a zone
shut in.
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Fig. B.8: Pressure contour and flow vectors in the region near the packer.
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5 Horizontal Well in the North Sea

The Siri field located in the North Sea is a hydrocarbon reservoir with a stor-
age of approximately 60 million recoverable barrels. The field is located in
the Danish sector at a depth of 2, 070 m in a structural trap with a Palaeocene
sandstone reservoir. The Siri platform is connected to two satellite platforms,
which produces from the two fields Nini and Cecilie. Furthermore, the Siri
platform also connects to the neighbouring segment, Stine. There are in-
stalled 6 producers and two gas/water injectors in the Siri field. The field
mainly consist of oil with relatively low amount of gas, and the strategy for
producing the oil is to maintain the reservoir pressure by injection of water
and gas.

The grid and rock properties from the field reservoir model are used to
create a CFD model of the near-well region for a single producer located in
the field. The CFD model will capture both the geological formation of the
reservoir and the geological heterogeneity stored in the different layers of
the reservoir simulator. Information from a well log will be used to increase
the detail level of the rock properties in the near-well region, resulting in
increased accuracy of the predicted production. A producer, named SCA-
11A, which is a 1000 m long horizontal well with a cased and perforated
completion is investigated. Figure B.10 shows the reservoir model and the

Fig. B.10: Extraction of near-well region of the SCA-11A from the grid used for the Siri reservoir
model.

extracted part of the mesh used as input for the CFD model of the well SCA-
11A.

The near-well grid from the reservoir simulator is converted into a three-
dimensional body that is being used as input to build the CFD model. A
trajectory of the well is obtained from the performed well log and used to
build the well in the extracted near-well region. In Figure B.11 the extracted
region for the well SCA-11A is shown with both the coarse grid used in the
reservoir simulator (left) and the fine scale CFD mesh (right). A significant
number of cells are present in the vicinity of the well for the CFD model to
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a) b)

Fig. B.11: a) Near-well region in reservoir simulation and b) CFD simulation.

capture the flow gradients.
The reservoir simulator contains cells with high aspect ratio to capture

the thin sand layers with different permeability. The thin layers are to a
large degree preserved in the CFD model, to reduce the uncertainty related
to mapping rock properties from the coarse grid onto the CFD model.

The well completion consists of a production liner with the annular gap
filled with cement. To obtain connectivity with the reservoir, the liner is per-
forated using a perforation gun. The perforation gun creates small channels
connecting the wellbore with the reservoir. Optimal perforations are perfo-
rated beyond the formation damage introduced by the drilling operations to
reach the undamaged zone. In the SCA-11A the perforations are vertical with
a perforation density of 4 shots per foot and shot phasing of 180◦, which cor-
respond to the well producer SCA-10 also present in the Siri field. The SCA-
10 is numerically investigated by Szanyi et al. [6] using a simplified reservoir
and a reduced model of the perforated well completion.. The reduced model
of the perforated completion significantly reduces the number of computa-
tional cells in the full model. The full model where the perforation are fully
resolved using a fine computational grid would be too computationally ex-
pensive to solve on a modern high-performance cluster. The reduced model
uses a permeable plate to represent the high density of the perforations. The
permeability of the plate is adjusted in the radial direction until the pressure
drop equals the two models. The data for the wellbore and the perforations
are listed in Table B.3. For the SCA-11A the correlation of the reduced model

Wellbore size 8.5 inch 21.6 cm
Inner casing diameter 4.9 inch 12.4 cm
Perforation diameter 0.8 inch 2.0 cm

Perforation length 8.0 inch 20.0 cm

Table B.3: Completion data.

is the same as used for the SCA-10 [6]. A low permeability in the porous
plate in the axial direction is used to restrict flow between perforation and
limit the flow to only radial inflow.
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The trajectory of the completion in the CFD model is defined by measure-
ment in the real well. The measurements has been obtained using a logging
tool inside the wellbore. The logging tool accurately measures the location of
the wellbore in the reservoir and provides the CFD model with a full three-
dimensional well path. The path of the well is implemented into near-well
model and the reduced model is swept along the path.

5.1 Mapping reservoir properties to CFD

The geological model of the reservoir is the base of the gridding for the reser-
voir simulator. The geological model consist of many more layers than it is
possible to include in the reservoir simulator. Rock properties are normally
upscaled to be representative on the coarser grid in the reservoir simulator.
Even with upscaled rock properties in the reservoir simulator, the reservoir
is rarely homogeneous. To include the heterogeneous rock properties in the
CFD simulation, based on the rock properties stored in the reservoir simu-
lator grid, a mapping technique is used. The mapping technique maps the
coarse scale rock properties on the individual CFD cells by using the cell
centroid of the CFD cell, cf. Figure B.12. The implementation of the rock
properties in the CFD model is based on user-defined functions (UDF) in
Fluent. UDFs are user-defined algorithms written in C and compiled in the
Fluent environment. The algorithm used for the rock properties uses look-up
tables to find the information for the individual cell. The look-up tables are
defined by Matlab, by mapping the rock properties between the two grids.

a) b) c)

Fig. B.12: a) Properties stored in grid for reservoir simulator, mapped properties on b) coarse
and c) fine CFD grid.

The Siri field is a heterogeneous reservoir with thin permeable layers, cf.
Figure B.13. The mean isotropic permeability in the sandstone reservoir is
178 mDa.

Accurate reservoir properties are available close to the well. The accurate
properties are measured by well logs and provides the reservoir engineer
with a high resolution of the rock properties in the vicinity of the well. Fig-
ure B.14 shows measurements of the permeability by the performed well
logging. The rock properties of the grid blocks in the reservoir simulator
where the well is located in are shown along with the measured properties.
The difference is mainly due to uncertainty of the seismic data and history
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Perforated part of SCA-11A

Fig. B.13: X-permeability in the Siri field.

matching. History matching, in some cases, uses the properties of the well
blocks to match the production curve of the well. The properties in the near-

Fig. B.14: Measurements by well logging of porosity (left) and permeability (right). The respec-
tive well block property is also shown.

well part of the reservoir simulator does not reflect the actual properties mea-
sured. The permeability information shown in Figure B.14 is mapped onto
the vicinity of the well in the CFD model.

To increase accuracy of the CFD model, the measured properties are as-
signed to the cells in the vicinity of the well. The mapped CFD model is
shown in Fig. B.15 for the X-permeability. The majority of the thin layers

87



Article B.

have preserved properties from the reservoir simulation. In the top layers of
the reservoir grid some of the corners of the cells are collapsed, and the top
layers becomes very thin. To resolve the thin layers in CFD will require a
huge amount of cells, which is not feasible for the computations. The lack of
resolution of the thin layers in the top of the reservoir is shown in Fig. B.15.

50.7

67.6

90.5

120.2

160.3

213.8

284.6

379.5

506.6

X-permeability [mDa]

Fig. B.15: CFD model with mapped X-permeability.

5.2 Results

The final CFD grid contains approximately 27.5 millions cells and the domain
has a drainage radius of approximately 400 meter. The well is not modelled
all the way to top side, but a bottom hole pressure has been applied at 3,600
m depth where the logging tool has measured the pressure to 191.5 bar. This
pressure measurement is used as an outlet pressure boundary condition on
our model. The pressure in the well was also measured at shut-in to 200.8 bar,
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which is assumed to be the reservoir pressure on the external boundary, i.e.
the inlet boundary. The flow is assumed to be single phase and to capture the
turbulence structures in the well a realizable k− ε turbulence model is used.
Oil is used as the fluid with a density of 844 kg/m3 and viscosity of 1 cP.

The simulation was carried out on a high-performance cluster until a
steady-state regime was found. With the used pressure boundaries the well
is producing 15,500 bbl/d of oil.

In Figure B.16 the pressure contours is shown for the near-well region and
around the well. It is observed that the largest pressure drop is close to the
well as expected. A heel-to-toe effect is also observed, which reduces the
efficiency of the toe. Close to the toe the well is drilled outside the reservoir
in a non-permeable region. This reduces the reservoir-well contact and it is
observed on the pressure contours.

Figure B.17 shows the mass flux along the well. The mass flux into the

Fig. B.16: Pressure contours and streamlines of the near-well region of the production well SCA-
11A.

well shows a steadily decrease towards the toe also known as the heel-to-
toe effect. The main contribution to the reduction of inflow to the well as
approaching the toe is due to frictional forces and radial inflow in the well.
Mainly the last 200 meter of the well does not contribute to any significant
production with the current completion design.

The high production in the heel section of the well is associated with a
low pressure, cf. Figure B.18. A low pressure in the heel section increases
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Fig. B.17: Mass flux monitored at the sandface of the well.

the risk of cresting of a secondary fluid compared to the toe region. A differ-
ent completion stragety of the production well could increase the production
along the entire well and also reduce the pressure drawdown. This could
extend the lifetime of the well as breakthrough of secondary fluids will be
delayed.

The main drawback of the CFD model is the high computational cost as-

Fig. B.18: Pressure monitored in the well center.

sociated with solving the hybrid equations on the large computational grid.
The computational grid used for the CFD model requires a fine resolution of
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6. Conclusions

the flow gradients in the vicinity of the fluid-porous interface in both tangen-
tial and radial directions. Therefore, CFD models for long horizontal wells
are often solved using high performance computing (HPC) to reduce the
computational time.

6 Conclusions

Providing detailed results for zonal isolation improves the basis for the de-
cision making process for design of new modern wells. By means of CFD
techniques it is possible to model the flow across a packer of different length
for different reservoir properties. The results show a significantly reduction
of the flow in the formation between zones as the packer length increases.
However, placing the packer in low permeabiltiy regions has the largest im-
pact on the connectivity between the zones.

A highly complex model of the Siri field in the North Sea showed detailed
information of the inflow profile along the 1000 meter horizontal well. The in-
stalled cased and perforated completion tends to be mainly producing from
the first 500 meter and the toe has an extremely limited influence on the
production. The full capacity of the well is not utilized and alternative com-
pletion strageties could much better utilize the entire well length. Taking
advantages of the entire well length would also lead to better drawdown and
reducing the risk of breakthrough of secondary fluids.

References

[1] K. Aziz, S. Arbabi, and C. Deutsch, “Why is it so difficult to predict
the performance of horizontal wells,” J. Can. Pet. Technol., vol. 38, no. 10,
1999.

[2] D. Peaceman, “Interpretation of well-block pressures in numerical reser-
voir simulation,” SPE J., vol. 18, no. 03, pp. 183–194, 1978.

[3] F. Giger, L. Reiss, and A. Jourdan, “The reservoir engineering aspects of
horizontal drilling,” Soc. Pet. Eng., 1984.

[4] S. Joshi, “Augmentation of well productivity with slant and horizontal
wells,” J. Pet. Tech., 1988.

[5] F. J. Valdés-Parada, J. A. Ochoa-Tapia, and J. Alvarez-Ramirez, “Dif-
fusive mass transport in the fluid-porous medium inter-region: Close
problem solution for the one-domain approach,” Chem. Eng. Sci., vol. 62,
pp. 6054–6068, 2007.

91



References

[6] M. Szanyi, C. Hemmingsen, W. Yan, J. Walther, and S. Glimberg, “Near-
wellbore modeling of a horizontal well with computational fluid dynam-
ics,” J. Pet. Sci. Eng., vol. 160, pp. 119–128, 2018.

[7] O. M. Molina, “Application of computational fluid dynamics to near-
wellbore modeling of a gas well,” Master’s thesis, Louisiana State Uni-
versity, 2015.

[8] M. Byrne, M. A. Jimenez, E. A. Rojas, and E. Castillo, “Computational
fluid dynamics for reservoir and well fluid flow performance mod-
elling,” SPE European Formation Damage Conference, 2013.

[9] R. Greene and T. Moen, “The impact of annular flows on high rate com-
pletions,” SPE, 2012.

[10] T. Mullane, P. Churcher, P. Tottrup, and A. Edmunds, “Actual
versus predicted horizontal well performance, weyburn unit, s. e.
saskatchewan,” J. Can. Pet. Technol., vol. 35, no. 03, 1996.

[11] H. Darcy, “Les fontaines publiques de la ville de dijon,” Paris: Dalmont,
1856.

[12] B. Goyeau, D. Lhuillier, D. Gobin, and M. G. Velarde, “Momentum trans-
port at a fluid-porous interface,” Int. J. Heat and Mass Transfer, vol. 46,
no. 21, pp. 4071–4081, 2003.

[13] P. Forchheimer, “Wasserbewegung durch Boden,” Zeitschrift des Vereines
Deutscher Ingenieuer, no. 45, 1901.

[14] A. F. van Everdingen, “The skin effect and its influence on the produc-
tivity capacity of a well,” Pet. Trans., vol. 198, 1953.

[15] M. F. Hawkins, “A note on the skin effect,” J. Pet. Tech., vol. 8, no. 12,
1956.

[16] M. T. Byrne and C. A. McPhee, “The extinction of skin,” SPE int. Symp.
Formation Damage Control, vol. 2, 2012.

92



Part IV

Articles

93





Article C

Characterization and Erosion Modeling of a
Nozzle-Based Inflow-Control Device

Jógvan J. Olsen1, Casper S. Hemmingsen1, Line Bergmann2,
Kenny Krogh Nielsen3, Stefan L. Glimberg3,

Jens Honoré Walther1,4

1Department of Mechanical Engineering, Technical University of Denmark,
Building 404, 2800 Kgs. Lyngby, Denmark.

2Welltec A/S, Gydevang 25, 3450 Alleroed, Denmark.
3Lloyd’s Register Consulting, Strandvejen 104A, 2900 Hellerup, Denmark.

4Computational Science and Engineering Laboratory, ETH Zürich,
Clausiusstrasse 33 ETH-Zentrum, CH-8092 Zürich, Switzerland





Characterization and Erosion Modeling of
a Nozzle-Based Inflow-Control Device

Jógvan J. Olsen and Casper S. Hemmingsen, Technical University of Denmark; Line Bergmann, Welltec;
Kenny K. Nielsen and Stefan L. Glimberg, Lloyd’s Register Consulting—Energy; and

Jens H. Walther, Technical University of Denmark

Summary

In the petroleum industry, water-and-gas breakthrough in hydro-
carbon reservoirs is a common issue that eventually leads to
uneconomic production. To extend the economic production life-
time, inflow-control devices (ICDs) are designed to delay the
water-and-gas breakthrough. Because the lifetime of a hydrocar-
bon reservoir commonly exceeds 20 years and it is a harsh envi-
ronment, the reliability of the ICDs is vital.

With computational fluid dynamics (CFD), an inclined nozzle-
based ICD is characterized in terms of the Reynolds number, dis-
charge coefficient, and geometric variations. The analysis shows
that especially the nozzle edges affect the ICD flow characteris-
tics. To apply the results, an equation for the discharge coefficient
is proposed.

The Lagrangian particle approach is used to further investigate
the ICD. This allows for erosion modeling by injecting sand par-
ticles into the system. By altering the geometry and modeling sev-
eral scenarios while analyzing the erosion in the nozzles and at
the nozzle edges, an optimized design for incompressible media is
found. With a filleted design and an erosion-resistant material, the
mean erosion rate in the nozzles may be reduced by a factor of
more than 2,500.

Introduction

It is common to use long horizontal wells to increase reservoir
contact and hydrocarbon recovery (Lien et al. 1991). Because hor-
izontal wells typically have a higher production at the heel than at
the toe of the well as a result of uneven formation damage and the
pressure difference in the long pipe, premature water or gas break-
through is a common issue (Birchenko et al. 2010; Feng et al.
2012). Eventually, because of the difference in density and viscos-
ity of oil, water, and gas, cresting occurs, severely decreasing
hydrocarbon production (Joshi 1991). Placing ICDs along the
completion introduces a passively controlled pressure drop, and
can result in a more uniform influx along the completion. This
can significantly delay the cresting, and gives a potential for a
higher reservoir recovery. Fig. 1 illustrates how ICDs can extend
reservoir lifetime compared with openhole completions.

Because a hydrocarbon reservoir is typically in production for
5 to> 20 years (Garcia et al. 2009), the longtime reliability of the
completion is important. Most ICDs have to be set to introduce
the correct pressure drop before entering the well. Therefore, it is
important that they can maintain their planned characteristics,
because repairing or interchanging components in a well is often
not a viable option. In particular, erosion and plugging can lead to
the deviation of the planned inflow profile (Visosky et al. 2007;
Garcia et al. 2009). Because nozzle-based ICDs are prone to ero-
sion (Zeng et al. 2013), their performance has to be known for a
large range of scenarios to ensure that the planned inflow charac-
teristics will be maintained throughout the entire reservoir life-
time. The current research on erosion of ICDs is outlined by Greci
et al. (2014). They found five examples of experimental research
in which three experiments showed less than 6% change in pres-

sure drop, and two experiments showed no change. No previous
research was found that showed erosion in ICDs analyzed by use
of numerically simulated particles.

To prevent erosion from occurring in the ICDs, large particles
are filtered upstream from the flow with sand screens. When
investigating erosion, the primary erosion factors are particle size,
particle concentration, particle shape, particle velocity, angle of
impact, and wall material (Coronado et al. 2009; Oka et al. 2009).
For the present case, sand-particle sizes 100 to 1000 mm in diame-
ter are investigated. The larger particles can penetrate the sand
screen initially, whereas only the smaller particles will pass
through after a natural sandpack has built up on the sand screen
(Feng et al. 2012). In addition, Zamberi et al. (2014) show that
sand-screen erosion can occur, allowing the large sand particles
to pass through.

The nozzle-based ICDs have been deployed in wells since
2015, for operators in West Africa and operators in the Middle
East. The applications have been different: Some were installed to
use the ICDs in the application as gas lift valve and some in the
application as zonal-production valve. Since the end of 2016,
more than 35 ICDs have been installed and used in wells, and
more than 250 valves have been ordered. The objective of this pa-
per is to use numerical methods to characterize and investigate
erosion for a nozzle-based ICD with varying geometry. The pur-
pose is to optimize the ICD in terms of erosion to improve long-
time performance and to present the results with simple equations
ready to implement in reservoir simulators.

CFD Formulation

With CFD, the ICD can be analyzed for a range of scenarios by
spatially discretizing the domain and solving the fundamental
fluid-dynamics equations. This allows for numerically analyzing
the ICD in terms of flow characteristics and erosion rates.

Fundamental Equations for Incompressible Flow. The govern-
ing equations for solving the flow are the Navier-Stokes and conti-
nuity equations. Because the maximum simulated pressure
difference will be Dp ¼ 20 bar, gas release and viscosity changes
are assumed negligible. In addition, with data from Lien et al.
(1991), the change in density is only 1.7 kg/m3 (0.2%) at Dp ¼ 20
bar, meaning the oil can be assumed incompressible. To save
computational time, the steady-state solution can be found. The
governing equations are modeled by splitting the velocity ui into a
mean (ui) and a fluctuating component (u0i),

ui ¼ ui þ u0i; ð1Þ

here written in Einstein notation.
The mean continuity equation for an incompressible fluid is

@uj

@xj
¼ 0; ð2Þ

where uj is the velocity vector and xj denotes the spatial
coordinate.

The incompressible time-averaged Navier-Stokes equation
(White 2006) for solving the fluid momentum is

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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quj
@ui

@xj
¼ @

@xj
�pdij þ l

@ui

@xj
þ @uj

@xi

� �
� sij

� �
; ð3Þ

where q is the density, p is the pressure, dij is the Kronecker delta,

l is the dynamic viscosity, and sij ¼ qu0iu
0
j is the Reynolds stress

term. Because only the mean flow properties will be referenced,
the bar symbol is removed in future notation.

To provide closure, the Reynolds stress is modeled with Reyn-
olds-averaged Navier-Stokes (RANS) equations. Three turbulence
models will be used: The two-equation realizable k-e model (Shih
et al. 1995), the two-equation shear-stress transport (SST) k-x
model (Menter 1994), and the one-equation Spalart-Allmaras
model (Spalart and Allmaras 1994). Because turbulence theory is
a very large and complex field, we refer to Wilcox (1994) for fur-
ther discussions.

Lagrangian Multiphase Formulation. To solve particle motion,
the Lagrangian formulation is used. Here, the sand grains are
modeled as parcels, in which each parcel represents multiple sand
grains with a given density, diameter, and position. Instead of
modeling every particle, parcels allow for a statistical approach
with which it is necessary to model only a sufficient number of
parcels. The number of parcels required depends on the flow field
and geometry. The flow is assumed dilute, meaning particle/parti-
cle interactions are neglected for the present case (Elghobashi
1994). In addition, the Lagrangian formulation is limited to non-
rotating particles with a constant shape.

Because the sand particles used in the Lagrangian multiphase
model will have significant mass, they are modeled as solid par-
ticles. The conservation of momentum is for a solid particle
defined as

mp
dvp;i

dt
¼ Fd;i þ Fp;i þ Fvm;i þ FSL;i þ Fg;i; ð4Þ

where mp is the mass of the particle, vp,i is the velocity of the parti-
cle, Fd,i is the drag force defined with the Schiller-Naumann corre-
lation (Schiller and Naumann 1933), Fp,i is the pressure-gradient
force provided by CD-adapco (2015), Fvm,i is the virtual mass
force provided by CD-adapco (2015) in which the virtual mass
coefficient is set to Cvm¼ 0.5, FSL,i is the shear lift force modeled
by use of Sommerfeld (2000), and Fg,i is the gravity force.

The turbulent-dispersion model (CD-adapco 2015) is used to
account for the effects that the turbulent eddies have on the par-

ticles, because the turbulent eddies are not resolved when using a
RANS model.

To calculate the particle trajectory after impacting a wall, the
particle-restitution coefficients are set for the normal restitution
coefficient (NRC) and the tangential restitution coefficient (TRC).
For steel oilfield control valves, Forder et al. (1998) propose the
following coefficients:

NRC ¼ 0:988� 0:78bþ 0:19b2 � 0:024b3 þ 0:027b4;

� � � � � � � � � � � � � � � � � � � ð5Þ

TRC ¼ 1� 0:78bþ 0:84s2 � 0:21b3 þ 0:028b4 � 0:022b5;

� � � � � � � � � � � � � � � � � � � ð6Þ

where b is the particle-incidence angle. The exact restitution coef-
ficients are not considered as vital if the particles only affect the
nozzle walls once.

Erosion Model. When modeling erosion, the erosion rate on a
solid-surface element, Ef, is defined as the amount of mass eroded
from a face area over time:

Ef ¼
1

Af

X
pðf Þ

_mper; ð7Þ

where Af is the face area, _mp is the impacting parcel mass flow
rate, and er is the user-defined volumetric erosion rate per mass of
particles dependent on the correlation used. The summation over
p ( f ) means that the sum of parcels impacting the face is used.
The total eroded mass can thus be found by calculating the surface
integral of Eq. 7:

Et ¼
ð

S

Ef dS: ð8Þ

The mean erosion rate is calculated as the total erosion rate di-
vided by the density of the wall material and the surface area of
the nozzle:

Em ¼
Et

qwallAsurf

: ð9Þ

For defining the volumetric erosion rate per mass of particles,
Boye (2015) showed that the Oka correlation (Oka et al. 2009) is
the most accurate for the modeling of erosion caused by sand par-
ticles in water. The formulation is

. . . . . . .

. . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . .
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Fig. 1—Inflow-control devices (ICDs) can delay water/gas breakthrough, thereby extending reservoir lifetime. The two upper
images show the cresting effect potentially occurring when using an openhole completion, and the bottom two images show the
effect of even oil influx obtained with ICDs. Modified from Olsen (2015).
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er ¼ e90gðbÞ jvpj
vref

� �k1 dp

dref

� �k2

; ð10Þ

where g(b) is the impact-angle dependence:

gðbÞ ¼ ðsinbÞn1 ½1þ Hvð1� sinbÞ�
n2 ð11Þ

Here, n1, n2, k1, and k2 are user-defined constants, and b is the par-
ticle-impact angle on the surface. vref and dref are the specified ref-
erence particle velocity and diameter on the basis of the chosen
experiment used for finding the appropriate coefficients. Here, the
flat-plate experiment by Zhang et al. (2007) was used. e90 is the
reference volumetric erosion rate per mass of particles at a 90

�

impact angle. Oka et al. (2009) show that the term ðsinbÞn1 in Eq.
11 is associated with the brittle characteristics of the wall material,
whereas the second term ½1þ Hvð1� sinbÞ�

n2
is associated with

the cutting action. The cutting action is the most relevant when
working with low impact angles. Plotting the g(b) term in Eq. 11
for the two materials (Fig. 2) shows that the harder tungsten car-
bide is only slightly more prone to erosion at low-impact angles
compared with steel. Fig. 2 also shows that, at high impact angles,
the tungsten carbide performs significantly better than steel. The
figure also shows that the erosion will rapidly decrease for higher
impact angles by use of tungsten carbide instead of steel.

Characterizing the ICD

Because the purpose of using ICDs is to control the reservoir
influx, the flow properties of the ICDs are of interest. By charac-
terizing the ICD in terms of the discharge coefficient and Reyn-
olds number, the relationship between the pressure difference and

flow rate is found for different scenarios. This gives the opportu-
nity for quickly analyzing a reservoir on the basis of nodal-
approach methods as described by Johansen and Khoriakov
(2007) or by implementing the characteristics as sink terms in a
CFD model. The nozzle Reynolds number is

Re ¼ qunl

l
¼ unl

�
; ð12Þ

where un is the mean nozzle flow velocity, l is the characteristic
length scale, and Re is Reynolds number. The characteristic
length scale for the ICD is the nozzle diameter, dn. The Reynolds
number allows for scaling the results on the basis of the four pa-
rameters in Eq. 12.

The discharge coefficient is used to compare the actual com-
puted flow rate with the theoretical Bernoulli flow rate,

Cd ¼
_m

A
ffiffiffiffiffiffiffiffiffiffiffi
2qDp
p ; ð13Þ

where Dp is the pressure drop across the nozzle, A is the minimum
nozzle flow area, and _m is the nozzle mass flow rate.

The present ICD is nozzle-based, with a binary shutdown
mechanism [refer to Olsen (2015) for details] designed to close
sections of the well in the event of premature breakthrough. The
nozzles are inclined at a 30� angle, and by default, four nozzles
are used, each with 6-mm diameter and equally spaced around the
circumference. Olsen (2015) showed that it is not required to
model the reservoir when analyzing the ICD placed in a permea-
ble reservoir, because the reservoir does not significantly alter the
inflow-velocity profile. The simulated domain consists therefore
of the wellbore, ICD, and production well with the dimensions
and boundary conditions shown in Fig. 3.

Zeng et al. (2013) showed that the restrictive pressure-drop
characteristics for a nozzle-based ICD are

Dpr / qu2
n; ð14Þ

meaning that the pressure difference across the ICD is independ-
ent of viscosity. This is because the friction losses are much
smaller than the restrictive losses.

The oil properties are assumed as loil ¼ 15 cp and qoil ¼ 850
kg/m3. To model a real oil well, it is assumed that the well pro-
duction is _mprod ¼ 5 kg/s (equal to 508 m3/d), and the nozzle flow
rate is governed by the well and wellbore-pressure difference. For
the analysis, only the mass flow rate through the nozzles is used.
For modeling turbulence, the realizable k-e model (Shih et al.
1995) is used.

The ICD flow characteristics can be found by simulating over
a range of pressure differences. Olsen (2015) shows that, particu-
larly, the fillets have a large impact on the mass flow rate. There-
fore, the range Dp ¼ 0:1–20 bar is simulated for varying fillet
radii. A mesh independence study was performed to ensure a

. . . . . . . . . . . . . . . .
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Fig. 2—Impact-angle dependence as a function of particle-
impact angle with Eq. 11. Both graphs are normalized to
their respective maximum value, g(b)max,steel 5 1.35 and
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Fig. 3—Fluid domain of the assumed scenario along with the boundary conditions (BCs). All surfaces with no specified BC are
modeled as walls with a no-slip condition. The green arrows show the reservoir flow, and the blue arrows show the production-
well flow. All units are in millimeters. From Olsen (2015).
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mesh-independent solution; see Olsen (2015) for details. The
mesh providing a mesh-independent solution can be seen in
Fig. 4. An overview of the flow can be seen in Fig. 5. The figure
illustrates that a small region of the nozzle has high velocity, and
flow separation is observed downstream of the nozzle edge. Fig. 6
shows that, for all fillet radii, Cd converges toward a constant
value for high Reynolds numbers. Fig. 6 also shows that the fillet
radius has a significant impact on the discharge coefficient. Fur-
thermore, Fig. 6 demonstrates that the larger the fillet, the more
variable the Cd is. This means that, for large fillets, the ICD
becomes increasingly sensitive to changes in viscosity, which is
in contrast to Eq. 14.

To calculate the ICD discharge coefficient, the following equa-
tion is proposed:

Cd ¼
c1

ec2Re þ c3

; ð15Þ

where the fitted coefficients are shown in Table 1. Fig. 6 shows
that the proposed equation gives a good fit. Eq. 15 shows that Cd

always will have an asymptotic value, c1/c3, for large Reynolds
number (Re).

Erosion Modeling

The previous section showed that minor changes to the nozzle fil-
let radii do have a significant impact on the ICD characteristics.

In combination with the long lifetime of a reservoir, minor
changes to the geometry can have a large impact on the overall
reservoir performance. By performing a series of erosion analyses
for varying scenarios and optimizing the ICD on the basis of the
results, improved performance can be achieved.

The manufacturer is aware of erosion as an important issue for
nozzle-based ICDs, and is therefore using erosion-resistant inserts
for their nozzles. To quantify the difference in materials, the
results will be analyzed with both tungsten carbide and carbon
steel as wall materials, because these two materials are already
used by the manufacturer. The erosion resistance for both materi-
als is found in Haugen et al. (1995), and the density is provided
from the manufacturer, qsteel ¼ 8200 kg/m3 and qtungsten¼
19,600 kg/m3.

The default scenario will be the same as in the preceding sec-
tion, and the same physics and boundary conditions are applied.
In addition, the sand mass flow rate is found from Garcia et al.
(2009) to be _msand ¼ 2:9 � 10�6 kg/s at the wellbore inlet on each
side. Eq. 7 shows that the erosion rate depends linearly on
the sand mass flow rate, meaning that the results are easily
scalable-dependent on the expected sand-production rate for a
specific reservoir.

The particle diameter is set as default to be dp¼ 250mm,
which Haugen et al. (1995) show is the typical sand size for North
Sea reservoirs. The particle density is set to qsand ¼ 2650 kg/m3

equal to sand density used in the erosion experiment by Zhang
et al. (2007), which was also used as a validation case in the work
by Boye (2015).

For evaluating erosion on the walls, the appropriate constants
for the Oka correlation (Eq. 10) are found from the experiment by
Zhang et al. (2007) and are listed in Table 2. When using either
steel or tungsten carbide, the wall density, volumetric erosion rate
per mass of particles, and Vickers hardness, Hv, must be set to
their respective values listed in Table 3.

The flow is modeled in steady state with the realizable k-e tur-
bulence model (Shih et al. 1995). After convergence is reached,
the parcels are injected with a maximum residence time of 100
seconds. To ensure accurate comparison between different scenar-
ios, 1.5 million parcels are injected 10 mm from the wellbore

. . . . . . . . . . . . . . . . . . . . . . . . . .

Fillet

Fillet

Fillet

Fillet

Fig. 4—Cross section of the 4.1-million-cell mesh. Heavy refine-
ments are applied to the nozzle edge and fillet. The arrows
mark the edges that are rounded. All fillets are the same size.
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Fig. 5—Overview of the flow with the 0.5-mm fillet radius and
Dp510 bar.
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Fig. 6—Discharge coefficient for varying geometries, where rf is
the fillet radius. rf 5 0 mm represents a sharp-edged nozzle. The
points represent data from the CFD simulations, and the lines
represent the fitted curve with Eq. 15.

Fillet Radii c1 c2 c3

rf = 0.00 mm 6.7625 –3.0006 · 10–5 10.967

rf = 0.05 mm 3.6004 –4.9686 · 10–7 4.2746

rf = 0.50 mm 3.5349 –7.5090 ·10–6 3.7705

rf = 1.00 mm 3.6077 –5.1749 · 10–6 3.4893

Table 1—Fitting coefficients to be used in Eq. 15.

n1 = 0.8004 n2 = 1.0733 

k1 = 2.3761 k2 = 0.1900 

vref = 104.0 m/s dref = 3.26·10–4 m 

Table 2—Coefficients for Oka correlation (Oka et al. 2009). From

Olsen (2015).
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inlets with an equidistant spacing between each parcel. Further-
more, a new mesh-independence analysis is performed for the
erosion analysis to ensure a mesh-independent solution, which
resulted in a mesh containing 16.0 million cells; see Olsen (2015)
for details.

Erosion Results. The erosion aspects are analyzed by investigat-
ing the erosion pattern and the mean erosion rate in the nozzles.
To ensure an accurate mean, the results from all four nozzles are
used when discussing the mean erosion rate.

Fig. 7a shows the initial results for the default scenario with
steel nozzles. The erosion results demonstrate that there is a local-
ized erosion at the center of the nozzles. Fig. 8 shows the tangen-
tial in-plane velocity contours and the location of the particles
with the sharp-edged nozzle; see Fig. 9 for reference coordinate
system. The results show strong secondary flow structures in the
entrance of the nozzle, contributing to the displacement of the
particles toward the wall. By minimizing the separation, the
strength of the secondary flow should decrease, lowering the ero-

sion rate. The figure also shows that the secondary flows are not
symmetric until after L/d¼ 2, meaning that the erosion is not
entirely symmetrical. In addition, Fig. 8 shows that the particles
are densely packed when impacting the nozzle wall. This might
interfere locally with the dilute assumption, and can be a source
of inaccuracy leading to overestimated erosion rates because
some particles do not collide with the wall but with each other,
which is not modeled.

Because the predicted mean erosion rate is Em;steel ¼ 0:47 mm/
a, optimizing the nozzles is important if the planned inflow char-
acteristics should be maintained. With the assumption that the
pressure drop should not change more than 5%, the simulated
ICD lifetime will be less than 6 months.

Fig. 7b shows the erosion with tungsten carbide. Comparing
the mean erosion rate for the two materials gives a factor of 29 in
difference, which equals a lifetime of 14 years. The figure shows
a very similar erosion pattern for the two materials. Fig. 10 shows
the particle-impact angle. It is observed that 95% of the particles
have an impact angle less than 12.5�. The nearly identical erosion
pattern is a result of the normalized g(b) shown in Fig. 2 being
nearly identical for the two materials at low angles. Furthermore,
this shows that, if further erosion resistance should be achieved, a
material resistant to the cutting action should be found.

Material e90 Hv ρwall

Steel 1.76 ·10–3 m3/kg 2.354 GPa 8200 kg/m3

Tungsten 2.40 · 10–5 m3/kg 17.65 GPa 19600 kg/m3

Table 3—Wall-material properties. From Olsen (2015).
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0.025 0.050 0.075 0.10

(b)

Fig. 7—Close-up view of the nozzle erosion rate with steel (a)
and tungsten carbide (b), respectively. Notice the change in
scale. The mean erosions for the nozzles were Em,steel 5
0.47 mm/a and Em,tungsten 5 0.016 mm/a.

L/d = 0.50 L/d = 0.75

L/d = 1.00 L/d = 1.25

L/d = 1.50 L/d = 2.00

0 10 20 30

y1
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40 50 60

Fig. 8—Tangential velocity contour (m/s) in the [x1, y1, z1] coor-
dinate system for the sharp-edged nozzle. The white circles
represent the particle position. The high-velocity secondary
flows pull the particles toward the nozzle edge, causing
erosion.
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Fig. 9—Position of local coordinate system and velocity planes.
The local coordinate-system origin is placed at the center of
the nozzle inlet with x1 parallel to the nozzle. L is the position
down the x1-axis, and d is the nozzle diameter. The black arrow
represents the view direction used in Fig. 18.
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The nozzle edge is also investigated. It shows that the erosion
rates were exceeding 0.1 mm/a and 4.0 mm/a at several locations
on the nozzle edge for tungsten carbide and steel, respectively.
This means that, after only a short time, flow characteristics of the
nozzles will change.

Because using tungsten-carbide nozzles gives a large improve-
ment in comparison to steel nozzles, the remaining erosion simu-
lations will be made with tungsten carbide as wall material.

Sensitivity to Turbulence Models. Because the behavior of
the separation in the nozzle is highly influenced by the choice of
turbulence model, three standard turbulence models are compared
in terms of erosion rate. Fig. 11 shows the erosion prediction for
the realizable k-e model, the Spalart-Allmaras model, and the k-x
SST model. The figure shows that the realizable k-e model has a
much sharper erosion pattern in comparison with the two other
turbulence models. It is noticed that the Spalart-Allmaras model
and the k-x SST model show similar erosion patterns. Because of
the uncertainties associated with erosion modeling and the lack of
experimental work for inclined nozzles, no conclusions can be
made on which model performs best. The two largest uncertain-
ties come from imperfect solutions to the flow field, resulting in
the particle trajectory being incorrect and in the uncertainty of the
erosion-model coefficients. In the validation case by Zhang et al.
(2007), they found the deviation in erosion to be 0–25% with
water. Because the computational mesh is significantly finer
for the present case, the deviation can thus not be expected to
exceed 25%.

To model the effect of turbulent fluctuation on the particle tra-
jectory, the turbulent-dispersion model is used. Activating the tur-
bulent-dispersion model results in the parcel trajectory becoming
more chaotic downstream of the nozzles. It is contrary that the
particle trajectory before entering the nozzles is very similar, indi-
cating few flow fluctuations in the wellbore. The parcel trajectory
in the nozzles (Fig. 12) shows that the behavior is similar with
and without turbulent dispersion. Because erosion is only
expected in the nozzle wall and nozzle edges, the turbulent-dis-
persion model can therefore only be expected to have a minor
impact on the mean erosion rate.

Fig. 13 shows the erosion pattern with the turbulent-dispersion
model. The erosion pattern becomes more diffused when turbu-
lent dispersion is activated, but there is only a 2.5% difference in
mean erosion rate. In terms of usability, it is more attractive to
run the simulations without turbulent dispersion, because a clear
erosion pattern is preferred for analysis. In addition, the turbulent-
dispersion model increases the simulation time by more than a
factor of 2. Therefore, the turbulent-dispersion model will not be
used for the remaining simulations.

Parametric Analysis of Eroding Factors. The type of sand
screen used will vary depending on the specific reservoir because
the sand-grain size is reservoir-dependent. Therefore, simulations
are performed with the particle-grain sizes of 100, 250, 500, and
1000 mm in diameter. Fig. 14 demonstrates that the larger the par-
ticles are, the higher up the nozzle the erosion starts. Furthermore,
almost no erosion can be observed for very small particles. Notice
that the erosion rate does not necessarily increase with the parti-
cle-grain size, but does instead have a maximum erosion rate
when using 500-mm particles. This must be because of the larger
particles impacting the nozzles at either small angles or large
angles, resulting in lower erosion rates; see Fig. 2.

To investigate how the erosion will vary for different
flow velocities, the pressure difference across the nozzle is varied.
Fig. 15 shows the erosion for Dp ¼ 5 bar, Dp ¼ 10 bar, and Dp ¼
20 bar. Notice that the erosion pattern has a similar shape for the
three cases. The difference is that, for larger Dp, the erosion rate
is higher and starts higher up the nozzle. This indicates that the
secondary flows behave identically for all three cases, with the

0 5 10

Impact Angle (deg)
15 20

Fig. 10—Particle-impact angle in the nozzle. The mean particle-
impact angle is 9.48. 95% of the particles have an impact angle
<12.58. Zero impact angle represents regions where no particle
impacts are observed.

0.0
Erosion (mm/a)

0.025 0.050 0.075 0.1

Fig. 11—Turbulence models used from left to right: the realiz-
able k-e model, the Spalart-Allmaras model, and the k-x SST
model. The mean erosion is Em;k�e50:016 mm/a, Em,S-A 5
0.013 mm/a, and Em,k-x 5 0.012 mm/a. The material is tungsten
carbide.

0.0 8.0 16
Velocity Magnitude (m/s)

24 32 40

Fig. 12—Particle trajectory in the nozzle. The turbulent-disper-
sion model is activated on the right image. The particle trajec-
tory can be seen to be only slightly wider when the turbulent
dispersion is activated. From Olsen (2015).
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Fig. 13—Comparison of the erosion pattern without (left) and
with (right) turbulent dispersion. The patterns are very similar
except that the turbulent-dispersion model results in a more-
diffused erosion pattern. The mean erosion rates are
Em,default 5 0.016 mm/a and Em,turbulent 5 0.016 mm/a. The maxi-
mum erosion is lower with the turbulent-dispersion model,
because fewer particles affect the exact same location on the
wall. The material is tungsten carbide.
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0.025 0.050 0.075 0.10

Fig. 14—Particle size used from left to right: 100, 250, 500, and
1000 lm. The mean erosion rate is Em,100 lm 5 0.0016 mm/a,
Em,250 lm 5 0.016 mm/a, Em,500 lm 5 0.031 mm/a, and Em,1000 lm 5
0.019 mm/a. The material is tungsten carbide without the turbu-
lent-dispersion model.
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difference being that they have different strengths. To investigate
this phenomenon, the tangential in-plane velocity contour is
investigated. Fig. 16 shows the secondary flow at L/d¼ 0.75 and
L/d¼ 1.25 for the three pressure variations. The figure shows that
the velocity contour is very similar for all cases, creating a nearly
identical erosion pattern.

Because the pressure difference from the reservoir to the well
varies during the reservoir lifetime, the erosion rate must be
known for all relevant pressure differences. For the present case,
the following equation is proposed for finding the erosion rate as
a function of pressure difference:

EmðDpÞ ¼ a1Dpa2 ; ð16Þ

where the coefficients are a1¼ 2.15�10–12, a2¼ 1.65. Fig. 17
shows that the proposed equation gives a good fit for the condi-
tions modeled. The proposed equation can be used in near-well
nodal simulators described by Johansen and Khoriakov (2007) to
model the erosion during the reservoir lifetime. This can give sig-
nificant information on how the completion characteristics will
change during the reservoir lifetime, and might therefore reduce
intervention work.

Because the separation in the nozzles is a determining factor
in erosion, the nozzle angles are varied and simulated. The results
show that the mean erosion rates for the 60� and 90� inclined noz-
zles are extremely low, Em;60 deg ¼ 0:45 � 10�4 mm/a and
Em;90 deg ¼ 0:00 mm/a. Investigating the edges of the nozzles
shows significant erosion in both cases; see Fig. 18. Therefore,
even though the nozzles will not erode for higher nozzle angles,
the characteristics will vary during ICD lifetime because the noz-
zle edge is very prone to erosion.

Optimizing the Nozzle Geometry With Fillets. With the sepa-
ration in the nozzles identified as the primary erosion mechanism,
the nozzle can be optimized by minimizing or removing the sepa-
ration with fillets.

We considered three cases: rf¼ [0.05 mm, 0.50 mm, 1.00 mm].
Comparing the tangential velocity field for a rf¼ 0.50-mm filleted
nozzle (Fig. 19) to that of a sharp-edged nozzle (Fig. 8) shows

. . . . . . . . . . . . . . . . . . . . . . . . .
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Fig. 15—Pressure difference Dp used from left to right: 5, 10
(default), and 20 bar. The mean erosion is Em, 5 bar 5 0.0045 mm/
a, Em, 10 bar 5 0.016 mm/a, and Em, 20 bar 5 0.050 mm/a. The mate-
rial is tungsten carbide without the turbulent-dispersion model.
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Fig. 16—Tangential velocity contour projected on the z1-y1

plane. Dp is 5, 10, and 20 bar for (a), (b), (c), respectively. It can
be seen that, for all three pressure variations, the behavior of
the secondary flows is very similar.
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Fig. 17—Erosion rate as a function of pressure difference for
the ICD with four 308 inclined nozzles. The material is tungsten
carbide.
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Fig. 18—The nozzle edge seen from the top with varying nozzle
angle; refer to Fig. 9. The top image is for a 308nozzle angle
(default). The bottom left and right images are for 608 and 908
nozzle angle, respectively. The material is tungsten carbide
without the turbulent-dispersion model.
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that the fillets greatly reduce the secondary flows, resulting in less
displacement of the particles toward the wall and, hence, less ero-
sion. In addition, this implies that the erosion rate will decelerate
over time for the sharp-edged nozzle.

The erosion pattern can be seen in Fig. 20. For the rf¼ 0.05-mm
fillet, a minor improvement is seen because the mean erosion rate
has decreased from Em,sharp¼ 0.016 mm/a to Em,rf 005¼
0.011 mm/a. Using fillets that are either rf¼ 0.50 mm or rf¼
1.00 mm shows a major improvement with the mean erosion rate as
Em,rf 050¼ 1.8�10–4 mm/a and Em,rf 100¼ 2.1�10–4 mm/a, respec-
tively. This means that, according to the simulations, a reduction
factor of 89 in erosion rate can be achieved with 0.5-mm fillets.

By applying the erosion-resistant tungsten carbide and using a
0.5-mm fillet on the nozzle edges, a reduction factor of 2,612in ero-
sion rate is simulated in comparison to the standard sharp-edged
steel nozzle. This may increase significantly the accuracy of the
flow characteristics during the reservoir lifetime, because the mod-
eled ICD lifetime is now 1,235 years at Dp ¼ 10 bar. With Eq. 16,
this could be translated into 20 years, operating at Dp ¼ 123:5 bar.

Conclusions

This work has demonstrated how numerical simulations can be
used to
• Characterize an ICD in terms of the Reynolds number, dis-

charge coefficient, and fillet radii.
• Investigate erosion parameters and optimize an ICD with CFD

by applying erosion-resistant materials and altering the nozzle-
edge geometry, resulting in a simulated reduction in mean ero-
sion by a factor of 29 and a factor of 89, respectively. Applying

both methods is modeled to reduce the mean erosion rate by a
factor of 2,612, potentially resulting in an ICD lifetime exceed-
ing the reservoir lifetime.

• Systematically analyze characteristics and erosion rates to pro-
pose empirical equations to implement in reservoir simulators.

This work also shows that the lack of experimental data for erod-
ing nozzles means it cannot be concluded which model is best
suited for erosion modeling. The following is recommended for
further research:
• Investigate the effect of compressibility in combination with

erosion rate and erosion pattern. This topic is particularly rele-
vant for cases in which gas is present in the reservoir.

• Model erosion of other common types of ICDs.
• Model the empirical equations with a nodal approach [see

Johansen and Khoriakov (2007)] or near-well simulators to
investigate the erosion effects during the reservoir lifetime.

Nomenclature

a1, a2 ¼ fitting coefficients, dimensionless
A ¼ nozzle area, L2, m2

Af ¼ face area, L2, m2

Asurf ¼ nozzle surface area, L2, m2

c1, c2, c3 ¼ fitting coefficients, dimensionless
Cd ¼ discharge coefficient, dimensionless

Cvm ¼ virtual mass coefficient, dimensionless
d ¼ diameter, L, m

dn ¼ nozzle diameter, L, m
dp ¼ particle diameter, L, m

dref ¼ particle-reference diameter, L, m
Ef ¼ erosion rate on a face, m/t, kg/s
er ¼ volumetric erosion rate per mass of particles, L3/m,

m3/kg
e90 ¼ volumetric erosion rate per mass of particles at 90�

impact angle, L3/m, m3/kg
Em ¼ mean erosion rate, L/t, m/s
Et ¼ total eroded mass, m/t, kg/s
Fd ¼ drag force, cm3/t2, kg m/s2

Fp ¼ pressure-gradient force, cm3/t2, kg m/s2

Fvm ¼ virtual-mass force, cm3/t2, kg m/s2

FSL ¼ shear-lift force, cm3/t2, kg m/s2

Fg ¼ gravity force, cm3/t2, kg m/s2

g (b) ¼ impact-angle dependence, dimensionless
Hv ¼ Vickers hardness, m/L t2, Pa
i, j ¼ indices

k1, k2 ¼ constants, dimensionless
l ¼ characteristic length scale, L, m

L ¼ length in the x1 direction, L, m
_m ¼ mass flow rate, m/t, kg/s

mp ¼ particle mass, m, kg
_mp ¼ impacting-parcel mass flow rate, m/t, kg/s

_mprod ¼ production-well mass flow rate, m/t, kg/s
_msand ¼ sand mass flow rate, m/t, kg/s

n ¼ number of nozzles, dimensionless
n1, n2 ¼ constants, dimensionless

p ¼ pressure, m/L t2, Pa
pr ¼ restrictive pressure drop, m/L t2, Pa
p ¼ mean pressure, m/L t2, Pa

pres ¼ reservoir pressure, m/L t2, Pa
pw ¼ well pressure, m/L t2, Pa

L/d = 0.50 L/d = 0.75

0 10 20 30

z1

y1

40 50 60

L/d = 1.00 L/d = 1.25

L/d = 1.50 L/d = 2.00

Fig. 19—Tangential velocity contour (m/s) in the [x1, y1, z1]
coordinate system for the 0.5-mm filleted nozzle. After decreas-
ing the strength of the separation, fewer particles are seen to
move toward the wall.
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0.025 0.050 0.075 0.10

Fig. 20—Fillet radius used from left to right: 0.05, 0.50, and
1.00 mm. The mean erosion is Em,rf 005 5 0.011 mm/a, Em,rf 050 5
1.8�1024 mm/a, and Em,rf 100 5 2.1�1024 mm/a. The material is
tungsten carbide without the turbulent-dispersion model.
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Q ¼ volumetric flow rate, L3 / t, m3/s
rf ¼ fillet radius, where rf¼ 0 is a sharp-edged nozzle, L,

m
rp ¼ article position, L, m
rp ¼ parcel position, L, m
Re ¼ Reynolds number, dimensionless

S ¼ surface, L2, m2

t ¼ time, t, seconds
T ¼ temperature, T, K
u ¼ continuum velocity tensor, L/t, m/s
u ¼ mean velocity tensor, L/t, m/s
u0 ¼ fluctuating velocity tensor, L/t, m/s
un ¼ mean nozzle flow velocity, L/t, m/s
vp ¼ particle velocity, L/t, m/s
vs ¼ particle slip velocity, L/t, m/s

vrel ¼ particle relative velocity, L/t, m/s
vref ¼ particle reference velocity, L/t, m/s

xi ¼ spacial tensor, L, m
b ¼ particle-impact angle, degree
d ¼ Kronecker-delta function, dimensionless
� ¼ turbulent kinetic energy, L2/t2, m2/s2

l ¼ dynamic viscosity, m/L t, Pa�s
lt ¼ eddy viscosity, m/L t, Pa�s
� ¼ kinematic viscosity, L2/ t, m2/s

q ¼ fluid density, m/L3, kg/m3

qsand ¼ sand density, m/L3, kg/m3

qsteel ¼ steel density, m/L3, kg/m3

qtungsten ¼ tungsten density, m/L3, kg/m3

qwall ¼ wall density, m/L3, kg/m3

p ¼ parcel
s ¼ Reynolds stress term, m/Lt2, kg/m�s2

x ¼ specific dissipation rate, t–1, s�1
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A B S T R A C T

The oil production by horizontal wells is a complex phenomenon that involves flow through the porous reservoir,
completion interface and the well itself. Conventional reservoir simulators can hardly resolve the flow through the
completion into the wellbore. On the contrary, Computational Fluid Dynamics (CFD) is capable of modeling the
complex interaction between the creeping reservoir flow and turbulent well flow for single phases, while
capturing both the completion geometry and formation damage. A series of single phase steady-state simulations
are undertaken, using such fully coupled three dimensional numerical models, to predict the inflow to the well.
The present study considers the applicability of CFD for near-wellbore modeling through benchmark cases with
available analytical solutions. Moreover, single phase steady-state numerical investigations are performed on a
specific perforated horizontal well producing from the Siri field, offshore Denmark. The performance of the well is
investigated with an emphasis on the inflow profile and the productivity index for different formation damage
scenarios. A considerable redistribution of the inflow profile were found when the filtrate invasion extended
beyond the tip of the perforations.

1. Introduction

Production by horizontal wells is a widely used technology of the
upstream oil & gas industry since several decades. The enhanced well-
reservoir contact increases the area swept by the well, leading to a rise
of inflow performance, thereby horizontal wells perform significantly
better in thin reservoirs than vertical wells and reduce problems related
with water or gas coning. However, the estimation of the horizontal well
productivity is more challenging than the corresponding estimation for
vertical wells. The partial penetration of the well into the reservoir, and
the finite conductivity of the long wellbore results in a complex well-
–reservoir interaction that can hardly be captured by conventional
analytical methods. Therefore, analytical formulas are only available for
simplified problems where the flow in the wellbore is neglected and – in
most cases – uniform well pressure assumed (Joshi, 1988; Giger et al.,
1984; Renard and Dupuy, 1991). More sophisticated semi-analytical
models were developed to overcome the uniform well pressure
assumption, by including the pressure loss in the wellbore (Ozkan et al.,
1999). The inflow predicted by such finite conductivity well models
reflect the field observations of increased production rate at the heel,

where coning is more likely to occur. Nonetheless, when formation
heterogeneity or complex well completion is present analytical or
semi-analytical solutions are impossible to obtain, numerical methods
must be used.

Standard large scale reservoir simulators are extensively used in the
industry. However, they often lack the accuracy to resolve the well and
the near-wellbore area since the applied Cartesian grid size (50–100m) is
two orders of magnitude larger than the diameter of the well. Therefore,
the pressure gradients and flow velocities at the vicinity of the well are
approximated based on analytical or semi-analytical formulas. Neglect-
ing important near-well physics such as sharp pressure gradients, reser-
voir inhomogenity or completion geometry. To address this issue
methods have been developed to advance the near-well representation by
improving the standard Cartesian grid technique. In order to increase the
accuracy of the numerical grid's resolution, a local grid refinement (LGR)
method was proposed (Heinemann et al., 1991) using irregular PEBI
(perpendicular bisection method) grid. It was proved for vertical wells
that the LGR method helps to capture the near-well flow patterns, while
the PEBI unstructured grid significantly increases the flexibility of the
spatial discretization. A similar unstructured LGR method was presented
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recently, with upscaling in the near-well area (Karimi-Fard and Durlof-
sky, 2012). This expanded well modeling approach was designed to cap-
ture the key near-well effects. The model itself is constructed through a
single-phase steady-state solution on the underlying fine-scale model,
in which certain key features such as hydraulic fractures can be resolved.
A new global upscalingmethod was also introduced for computing coarse
scale transmissibilities. The applicability of the expanded well model was
shown for a horizontal well problem and found to be in a close agreement
with the reference solutions.

These methods are proven to be useful to increase the accuracy at the
near-well area; however they still ignore the well completion and the
flow in the wellbore. Today's computational capacity enables the use of
Computational Fluid Dynamics (CFD) simulations on wells with the
drainage area resolved, in a single three-dimensional (3D) numerical
model. In CFD the small details of the well and completion can be
resolved using small grid sizes, and the formation damage or reservoir
heterogeneity may also be captured around the well. This enables a far
more detailed representation of both the well and the near-wellbore area,
leading to a potentially better inflow performance estimation.

Recent papers of Byrne et al. (2009) introduced the use of CFD for
modeling well inflow to a perforated open-hole vertical well. Byrne
showed that CFD can resolve the formation damage of asymmetric dis-
tribution around the well (Byrne et al., 2010), and can capture the
cross-flow appearing among adjacent layers for a heterogeneous layered
reservoir (Byrne et al., 2011). Furthermore, a case study was published
about the detailed modeling of a perforated horizontal well, offshore
Australia (Byrne et al., 2014). Moreover, Molina (2015) have used CFD
for investigating the performance of a perforated gas well using a
detailed near-wellbore model, focusing on different completion methods
and erosive effects on the wellbore (Molina, 2015).

The present work considers a steady–state single–phase application of
CFD for horizontal well modeling, using Ansys Fluent v17 software.
Furthermore, it aims to present the applicability of CFD for simplified
well inflow problems where the flow is resolved in both the near-well
reservoir area and in the wellbore, using fine numerical grid with a
smooth transition between the well and the far reservoir. No upscaling
method is considered, since CFD can resolve the formation heterogeneity
when data is available. In order to prove the applicability of CFD on well
inflow simulations, certain benchmark cases are considered. Afterwards,
a horizontal producer well is modeled having 1 km long perforated
producing section, draining from the Siri field offshore Denmark. In order
to address the uncertainties arising from potential formation damage,
different scenarios are taken into account. For all the cases the 3D flow
field around the well are of interest, as well as the inflow profiles and
productivity index of the well.

2. Methodology

2.1. Governing equations

The equations governing the isothermal fluid motion are the funda-
mental principles of mass and momentum conservation. Additionally,
equations accounting for the transport of turbulence properties were
also used.

2.2. Mass conservation

∂ρ
∂t
þ ∂ðρuiÞ

∂xi
¼ 0

where ρ is the mass of the fluid for unit volume, ui is the fluid velocity in a
given spatial direction, xi is a spatial direction.

Momentum conservation for incompressible steady-state, Newtonian
fluid flow:

ρ

�
uj
∂ui
∂xj

�
¼ �∂p

∂xi
þ μ

∂2ui
∂x2j
þ ρgi þ Si

where, p is pressure, μ is dynamic viscosity of the fluid, gi is the gravi-
tational acceleration in a spatial direction, Si is the momentum source/
sink term.

Due to the turbulent flow regime present in the well, transport
equations of the standard k� ε turbulence model were used as well
(Ferziger and Peric, 2002).

2.3. Porous media

The present CFD simulations only resolve the macroscopic flow pat-
terns of the porous media and neglect the pore-scale flow. Thus, control
volumes were defined all over the domain (grid cells), and averaged
quantities over these volumes were considered. Thereby, in the porous
domain the superficial velocity was used for the equations, similarly to
the Darcy law.

The porous media model in Ansys Fluent used the Navier-Stokes mo-
mentum equation with the Darcy-Forchheimer equation as a momentum
sink on the right hand side of the momentum balance equation:

Si ¼ �
�
μ

ki
ui þ βρjuijui

�

where ki is the viscous resistance (permeability) in a spatial direction, β is
the inertial resistance.

The momentum sink represents the pressure drop across the porous
media which is arising due to viscous forces (Darcy term) and/or inertial
forces (Forchheimer term). The inertial Forchheimer term is quadratic in
velocity, therefore it is expected to become significant only for high ve-
locities, which will not likely to occur for liquid flows. Thus, this term
was neglected for all simulations of this study.

2.4. Turbulence treatment

In Ansys Fluent the porous medium had no effect on the turbulence
generation or dissipation rates. In addition, the generation of turbulence
was set to zero in the porous domain. Therefore, any specified turbulence
property at the inflow boundaries were transported through the porous
medium without any change, and the flow here was treated as
laminar flow.

Whereas, in the free-flow zone (well, perforations) the transport of
turbulent quantities were considered by using the Standard k-ε turbu-
lence model with Standard Wall Functions at the vicinity of the walls.
Thus, attention was taken to keep the dimensionless wall distance (yþ)
between 30 and 300, to fulfill the requirements.

2.5. Solver

Computational Fluid Dynamics is a numerical procedure to seek
approximate solutions for fluid flow related problems. The core of this
procedure is to discretize the continuous domain on which the flow
variables can be defined and the differential equations can be approxi-
mated by a set of algebraic equations, which can be solved by a computer.

Ansys Fluent uses a control volume based technique to convert the
governing equations to algebraic equations. This technique consists of
integrating the governing equations about each control volume, to yield
discrete equations that conserves each quantity on a control volume
basis. The present CFD simulations use a pressure-based (segregated)
solver. This method solves the governing equations sequentially and
iteratively due to the non-linear, coupled formulas until a convergent
numerical solution is obtained. Each iterations consists of the steps
shown in Fig. 1.

For computing the cell-face pressures, the standard interpolation
scheme was selected. While the second-order upwind interpolation was
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used for the momentum equations. The pressure-velocity coupling is
achieved by using the SIMPLE algorithm (semi-implicit method for
pressure linked equations) (Patankar, 1980). Such algorithm is neces-
sary, because the velocities obtained from solving the momentum
equations may not satisfy the continuity equation locally, thus a pressure
correction is computed to update the pressure and mass fluxes achieving
mass conservation.

3. Model parameters for the benchmark cases

3.1. Reservoir data

The benchmark cases are based on the data of an open-hole horizontal
well draining from the Troll field, described by Ozkan et al. (1999). Two
cases were considered, one assuming uniform well pressure from heel to
toe (infinite well conductivity), and the other, considering the well with
certain resistance to the flow inside (finite well conductivity). The data
for the latter case is shown in Table 1.

The same properties were used for the infinite well conductivity case,
except that the well was located centrally in the vertical plane of the
reservoir (zw ¼ 11 m), and uniform well pressure of 156.6 bar was
applied on the sand-face as a boundary condition, obtaining a uniform
drawdown of 2 bar. In addition, different well lengths were tested: 200,
400, 600, 800m.

3.2. Reservoir geometry

The present single-phase steady-state simulations focused on the
production from an oil saturated reservoir layer which is bounded by
impermeable shale layers from top and bottom sides. Both boundary
surfaces were modeled as flat impermeable walls parallel to each other
and to the center-line of the well.

The shape of the drainage area for the CFD simulations at the hori-
zontal plane were determined based on Joshi's argument (Joshi, 1990):
“A horizontal well can be looked upon as a number of vertical wells
drilled next to each other and completed in a limited payzone thickness.
Therefore each end of a horizontal well would drain a circular area with a
rectangular area at the center”. Thus, the drainage radius given by Ozkan
is enough to determine the location of the domain edge.

3.3. Spatial discretization

Due to the large difference in spatial scales a multizone hexahedral
mesh was used, which is indicated on Fig. 2. The multizone method re-
quires to split up the domain to sweepable bodies that can be meshed
individually. This way it is possible to use large elements in the reservoir
far from the well, and smaller elements close to the well.

The finite conductivity model includes the horizontal well in the
domain, thereby attention was taken to achieve conforming mesh to-
pology among the well and the near-wellbore area in order to avoid
stability issues during the simulation.

3.4. Boundary conditions

The symmetrical well placement enables the reduction of the reser-
voir domain. Thus, the domain for the infinite and finite conductivity
models were quartered and halved respectively. Symmetry boundary
condition was applied on the cutting planes.

It was assumed that impermeable layers are bounding the reservoir,
therefore at the top plane of the domain no-slip wall boundary condition
was applied (due to the symmetry the same applies for the bottom of the
reservoir as well).

Constant pressure inlet was applied at the edge of the reservoir at
re ¼ 850 m. The outlet was set as constant production rate at the heel of
the well for the finite conductivity case. Whereas, constant pressure was
set at the well sand-face for the infinite conductivity case.

4. Results for benchmark cases

4.1. Benchmark cases – infinite conductivity well

Horizontal wells are often modeled as infinitely conductive wells
having uniform pressure from heel to toe. This assumption is justified on
the basis that the pressure drop in the wellbore is negligible compared to
the drawdown in the reservoir. Using such assumption it is enough to
model the flow in the reservoir and neglect the well hydraulics.

Five single-phase steady-state analytical models were used for
benchmarking. Giger et al. (1984) reported two formulas for estimating
well inflow for circular and elliptical drainage areas. Joshi (1988) pro-
posed a similar formula assuming elliptical drainage area. Renard and
Dupuy (1991) reported two equations assuming elliptical and rectan-
gular drainage areas. Using these formulas the oil production was esti-
mated on the Troll field for varying well lengths between 100 and
1000 m, assuming central well placement in both the horizontal and
vertical planes.

Fig. 3 summarize the production rates of the horizontal well,
computed with numerical (CFD) and analytical methods. The figure
clearly shows, that the numerical results are in a good agreement with
the analytical solutions. The deviation from the analytical results is 0.1%.
Note, that the drainage area was increased proportionally with the well
length, and was adjusted to reach the same magnitude for all the
analytical and numerical methods.

4.2. Benchmark cases – finite conductivity well

The drawdown in the reservoir for long horizontal wells may become
the same order of magnitude as the pressure difference along the well. In
such cases, the infinite conductivity assumption fails, and the well

Update properties.

Solve momentum equations.

Solve pressure-correction (continuity) equation.
Update pressure, face mass flow rate.

Solve energy, species, turbulence, and other
scalar equations.

Converged? Stop

Fig. 1. Flowchart of pressure based segregated solver.

Table 1
Troll field data, finite conductivity case.

Formation thickness h 22 m
Drainage radius re 850 m
Well length L 800 m
Well radius rw 7.6 cm
Vertical position of well zw 3.5 m
Horizontal permeability kh 8500 mD
Vertical permeability kv 1500 mD
Oil density ρo 881 kg/m3

Oil viscosity μo 1.43 cP
Oil compressibility co 1.0e-4 1/bar
Total production qw 30,000 bbl/d
Reservoir pressure Pe 158.6 bar
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hydraulics must be included in the model.
A semi-analytical solution was proposed by Ozkan et al. (1999) on the

Troll field. These results were used as the basis of comparison for the CFD
numerical model.

The results are shown in Fig. 4 by indicating the inflow profile along
the well length for the semi-analytical and for three numerical solutions
with different grids. One may note that the inflow profile of the CFD
simulation is within 1–2% of the results of Ozkan et al. (1999). The nu-
merical mesh 1, 2 and 3 have cell counts as follows: 70,000; 300,000;
700,000 cells. The refinement of the mesh was the strongest at the well
and near-wellbore area in the radial direction (from well's axis), where
the gradients are the highest thus, where the accurate resolution was
most important.

It can be concluded that the numerical investigations with CFD can
meet the results of the well-known analytical formulas with great accu-
racy. Thus, CFDmay be used for modeling complex well inflow problems.

5. Model parameters for the Siri field

5.1. Reservoir data

The Siri field is located in the North-Western part of the Danish sector
of the North Sea. It lies at a depth of 2100m in Palaeocene sandstone. The
production started in 1999. The most important reservoir parameters can

be found in Table 2.
Information about the reservoir permeability was available in the

ECLIPSE reservoir simulation model of the Siri field, provided by DONG
Energy. The isotropic permeability values were taken from the well cells
of the simulator. A 1D polynomial regression was done to fit a continuous
function on the discrete points obtained from ECLIPSE. This function
describes the variation of isotropic permeability along the axial distance,
parallel to the well. Such a simplified method represents the formation
heterogeneity in the near-wellbore area (0–100 m; see Fig. 12), which is
essential to properly estimate the inflow to the well. Whereas, far from
the well (100–600 m) the mean isotropic permeability was used

Fig. 2. Spatial discretization of the benchmark reservoir for the infinite conductivity model. Overview of the multizone mesh. Right: plan view. Left: heel of the horizontal well is enlarged.
Due to the symmetrical well placement only one quarter of the domain is modeled with symmetry boundary conditions on the sides.

Fig. 3. Comparison of production rates between the CFD numerical and five analytical
models, for infinite conductivity horizontal wells (Troll field). Steady-state single phase
problem for different well lengths. Drainage area increased proportionally with the
well lengths.

Fig. 4. Inflow profiles along the well length. Comparison of CFD results (for different
numerical grids) with Ozkan's semi-analytical results (Ozkan et al., 1999). Steady-state
single-phase simulation of a well draining from the Troll field.

Table 2
Reservoir parameters of Siri field.

Formation thickness h 27 m
Drainage radius re 600 m
Drainage area Ad 2.33 km2

Mean of isotropic permeability k 178 mD
Standard dev. of isotropic permeability σk 78 mD
Reservoir pressure pe 230 bar
Vertical well location hw 4 m
Producing well length Lw 1000 m
Oil density ρo 844 kg/m3

Oil viscosity μo 1.0 cP
Oil compressibility co 1.8e-4 1/bar
Oil saturation So 1.0 –
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(k ¼ 178mD), and the formation was modeled as homogeneous.
The drilling induced formation damage was taken into account by

modeling the filtrate invaded zone as an impaired permeability zone
around the well with kskin ¼ 0:1 kres. The presence of any mud cake was
omitted since its effect on the production of a perforated well is
negligible.

Three formation damage scenarios were taken into account: no
damage, shallow filtrate invasion and medium filtrate invasion, as indi-
cated in Table 3. Note, that the penetration of the perforations to the
formation was presumed to be 20 cm, thus the medium invasion extends
beyond the tip of the perforations.

5.2. Reservoir geometry

The single-phase steady-state simulations of the Siri field focused on
the production from an oil saturated reservoir layer which is bounded by
impermeable shale layer from the top and oil-water contact from the
bottom. However, both surfaces were modeled as flat impermeable walls
parallel to each other and to the center-line of the well, during the
production.

The short thickness of the reservoir is clearly drained by the well
entirely. However, defining the lateral extent of the drainage area is more
challenging. The edge of the reservoir was set as constant pressure
boundary due to the steady-state flow regime. However, this boundary
cannot meet the real pressure contour which would develop in the
reservoir during production. Therefore, the inflow boundary must be
placed “far enough” from the well, thus it may not impact the pressure
contours developing in the reservoir during production. This “far
enough” distance was investigated here with a series of CFD simulations.
As the drainage radius was increased systematically, and the well inflow
profile was monitored.

The simulations were undertaken with high production rate of 20,000
bbl/d at the heel, and fixed reservoir pressure. Furthermore, the entire
reservoir was modeled to be homogeneous, using the mean isotropic
permeability of 178 mD. The resulting inflow profiles can be seen
on Fig. 5.

The distribution of the inflow differs considerably for the smaller
drainage areas, however they are converging upon reaching the drainage
radius of 600 m. Therefore, this value was selected as the drainage radius
of the horizontal well, and it is concluded that the inflow pressure
boundary lies far enough, and thus it will not impose an erroneous inflow
profile on the well.

5.3. Well completion geometry

The numerical simulations only include the producing section of the
horizontal well, modeled with a straight centerline, located hw ¼ 4 m
from the top reservoir boundary. The well is cemented and perforated
along the 1 km long producing section with the parameters given
in Table 4.

The numerical resolution of the well completion has a considerable
impact on the computational cost when simulating long wells. Therefore,
a cost efficient way of modeling the completion was sought by consid-
ering different numerical resolutions on short well sections. It was found
that it would have been too expensive to resolve all ~13,000 perforations
individually, therefore a reduced order numerical model was proposed
that models the presence of the perforations with a continuous high
permeability “porous perforation channel”, as it can be seen on Fig. 6.

This channel extends from heel to toe in the horizontal direction along
the well and has thickness and penetration equal to the real perforations.

The permeability of the porous perforation channel was set to meet
the same overall productivity as the detailed model (with the resolved
perforations) would have, with the given completion properties. Addi-
tionally, the surface roughness of the well was tuned to compensate the
presence of the perforation cavities in the production liner. For this
reason short well sections (50 m) were simulated to tune both the porous
perforations permeability and the well surface roughness for all three of
the formation damage scenarios.

Fig. 7 indicates the pressure field around the short well sections for
comparison. One may see that the pressure contours are comparable,

Table 3
Formation damage scenarios.

Penetration kskin/kres

No damage – 1.0
Shallow invasion 12 cm 0.1
Medium invasion 40 cm 0.1

Fig. 5. Inflow profiles for various drainage radiuses. Constant inflow pressure of 230 bar,
constant production rate of 20,000 bbl/d. Homogeneous reservoir assumed.

Table 4
Well completion parameters.

Wellbore diameter dwb 21.6 cm
Production liner diameter dw 14.0 cm
Well length Lw 1000 m
Perforation density sd 4 spf
Perforation phasing ϕp 180 �

Perforation diameter dp 2 cm
Perforation penetration lp 20 cm
Prod. liner surface roughness ε 1 mm

Fig. 6. Horizontal well geometries. Left: detailed model with resolved perforations. Right:
reduced model with modeled perforations (porous perforations channel). Note, that for
both models, the fluids can enter the well across the entire surface of the perforations.
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however for the reduced order model the contours remain radially
symmetrical close to the well due to the lack of the individual
perforations.

As a result of the simulations with the short well sections, the
permeability of the perforation channel is indicated in Table 5 as a
fraction of the reservoir permeability for all three formation damage
scenarios. The reservoir and the formation damage permeability varies
with the well axial distance, thus the permeability of the porous perfo-
ration channel has to be varied as well, to keep the indicated ratio fixed.
This way the permeability in two directions perpendicular to the well
axis was determined. While the permeability parallel to the well axial
direction was set to zero, to prevent any flow in the channel parallel to
the well stream.

The obtained ratios were found to be correct for different flow rates
and reservoir permeabilities as well, as it is thought to be influenced by
the well completion only. Therefore, it can be concluded that such a
reduced order model of the perforated well completion can potentially be
used to represent long horizontal wells having 180� phasing perforated
completion.

5.4. Spatial discretization

The current study includes both the well and its drainage area in one
numerical model, which makes the grid generation challenging due to
the large differences in spatial scales. The dimensions in the porous
drainage volume are in the order of 103 m in the horizontal and 101 m in
the vertical plane, whereas the well diameter is in the order of 10�1 m.
Therefore, to resolve both scales with minimized cell count, the grid cell
sizes had to be increased incrementally from the well – where the small
details are of interest – towards the far reservoir. Furthermore, due to its

larger volume and potentially better aspect ratio, hexahedral cells were
used instead of tetrahedral cells. Hexahedral cells result in high quality
mesh and high accuracy (Ferziger and Peric, 2002).

The numerical grid was built up of hexagonal elements of various
sizes, using the multizone hexahedral meshing method. The domain was
decomposed until sweepable bodies were obtained (indicated with
different colours on Fig. 8) on which the structured hexahedral mesh can
be generated. Among the bodies the mesh topology is conforming,
however when sharper transition of mesh size is sought interface ele-
ments needs to be used to create non-conforming mesh topology. Note,
that the solution may become unstable when the mesh topology is non-
conforming at the porous – non-porous interface, thus it is essential
that the well and its close vicinity are meshed in one part.

The near-well area needs a fine resolution due to the steep pressure
and velocity gradients. Thus, here small cell sizes were used with cylin-
drical symmetry, surrounding the horizontal well (Fig. 9). The mesh in
the production liner was conforming to the mesh of the perforation and
built up of 360,000 cells. Close to the wall, inflation layers were used to
capture the steep velocity gradients arising from the rough no-slip walls
(Fig. 9). The annular gap between the production liner outer wall and the
wall of the wellbore is filled with cement in real world. Thereby, this area

Fig. 7. Pressure field around short well sections. Top: perforations resolved (detailed model). Bottom: porous perforation channel (reduced order model). Right side of the figures indicates
the pressures in the vertical cross section intersecting the well.

Table 5
Porous perforation channel permeability as a fraction of the reservoir
permeability. Using these fractions the reduced numerical model can
meet the productivity of the detailed model.

Formation damage scenarios kperf/kres

No damage 32.58
Shallow invasion 23.59
Medium invasion 3.26
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was not resolved by the numerical model, shown blank on Fig. 9.
Further from the well the cell sizes increased, as the pressure gradient

decreased and a lower resolution was also adequate in the reservoir.
A series of simulations were undertaken to reveal the directional

sensitivity of grid spacing on the solution. It was found that the mesh is
most sensitive to the cell size in the radial direction, whereas the well
axial direction requires a considerably lower resolution.

It must be noted that a considerable speedup can be achieved with
using the reduced order well model, compared to the detailed model.
While the detailed numerical model uses minimum 300,000 cells, the
reduced order model uses only 4000 cells for 1m well section. Since here
there is no need to capture the flow near and in the perforations. Such
difference can be observed at the computational time as well. While the
detailedmodel needs 10 hours to reach a converged solution, the reduced
order model reaches solution within minutes. Furthermore, since the
reduced order model has a uniform cross-section due to the continuous
porous perforation, the cell sizes can be increased at the middle sections
of the well, where the flow patterns are less complex compared to the
ends of the well.

5.5. Boundary conditions

The boundary conditions are indicated on Fig. 10. At the edge of the
domain the inflow pressure was fixed to be 230 bar. The top and bottom
boundaries of the formation were walls, whereas there was a symmetry
boundary at the vertical plane intersecting the horizontal well, due to the
symmetrical geometry and reservoir conditions.

At the heel of the well the overall production rate was fixed by using a
mass-flow boundary condition. The toe of the well wasmodeled as a wall.
Three production scenarios were considered: 5000; 10,000; 20,000
bbl/d.

The surface of the borehole was modeled as no-slip wall, whereas the
surface of the production liner was a rough wall with 1.5 mm surface
roughness and 0.7 roughness constant to account the considerable in-
crease of roughness from corrosion or scale buildup during decades of
production.

The well and the perforation channel were connected by the use of a
porous jump face. This boundary condition ensures that the fluids can
pass through the face but also keeps a no-slip condition from the well
side. The connection of the perforation channel and the reservoir did not
require any boundary condition, since both domains defined as
porous regions.

The formation heterogeneity was taken into account in the 0–100 m
region from the well only. A polynomial function was used to describe
the continuous variation of permeability (Fig. 12). Whereas, further from
the well the overall average permeability of 178 mD was used to model
the reservoir as a homogeneous domain (Fig. 10).

After all, nine single phase steady-state simulations were conducted
to model the performance of the horizontal well. Three formation dam-
age scenarios were considered, each of which with three production
rates. The most likely scenario was presumed to be the one with the
shallow filtrate invasion producing with a rate of 10,000 bbl/d.

6. Results for Siri field

6.1. Flow field

This section consider the results of the flow field in the near-well area
by presenting pressure and velocity fields. In addition, the distribution of
well inflow and productivity index are shown along the well length for
different formation damage scenarios.

The drainage mechanism of the horizontal well is shown by pressure
and velocity fields in Fig. 11 and Fig. 12 respectively. One can see that the
pressure contours are elliptical far from the well (Fig. 11), but deviate in
the heterogeneous zone, which may also be observed at the streamline
plot. Fig. 12 indicates a similar deviation of the velocity magnitude scalar
field. There are three locations with increased flow velocity: heel, toe,
and a zone between 200 and 400 m. The high velocity at the heel and toe
results from the end effects of the well and can be explained by the partial
penetration of the well into the domain. However, the increased flow
velocity between 200 and 400 m and suppressed flow at 100 m indicates
a direct correlation between the local permeability and the flow velocity
in the near-well area as expected.

6.2. Inflow to the well

The inflow to the well is presented here for every 1 m well section, to
reveal its distribution along the well length for the three formation
damage scenarios. Note, that the numerical simulations were undertaken
with fixed production rate boundary condition at the heel of the well.
Thus, the overall production rate is not affected by the presence of the
formation damage.

Fig. 13 shows the inflow to the well when the total production rate is
10,000 bbl/d. One may see an uneven inflow distribution for all three
scenarios, which is caused by the formation heterogeneity. Note that for a
homogeneous reservoir the middle section of the inflow profile should be

Fig. 8. Spatial discretization of the simulation domain. Half of the drainage volume is
shown in the vicinity of the heel of the well. The well is indicated by yellow, the interface
between the two mesh densities is shown with dashed white line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 9. Mesh shown at the cross section of the horizontal well, perpendicular to the well
axis. Yellow colour indicates the well and the porous perforation channel. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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evenly distributed, as it can be seen in Fig. 5. Furthermore, the increased
inflow between 200 and 400 m in Fig. 13 indicates that the production
from the high permeability zones are considerably higher than from the
adjacent zones. This is in a good agreement with the results shown
in Fig. 12.

There is no significant difference in the well inflow between the no-
damage and the shallow filtrate invasion cases. However, the medium
filtrate invasion cause the inflow profile to change considerably. This
may also be seen in Fig. 14, where the impact of the formation damage on
the inflow profile is shown relative to the no-damage base case. The
figure indicates a severe �40% inflow reduction at the ends of the well,
and a þ20% increased inflow at the middle of the well. Implying that the
resistance of the filtrate invasion redistributes the flow around the well to

feed the middle of the well stronger. Such flow redistribution seemed to
be increasing with the extent of the formation damage.

6.3. Inflow performance

The inflow performance of the well is addressed through its produc-
tivity index shown for 1 m well sections. It is computed by taking the
ratio of the inflow [bbl/d/m] and the drawdown [bar] per 1 m
well length.

The distribution of the productivity index is shown for 10,000 bbl/
d total production rate in Fig. 15, for all three formation damage sce-
narios. It can be seen that the most productive well segments are located
at the ends and between 200 and 400 m in the middle of the well, where
the reservoir permeability is high (see Fig. 12). But in general, a simi-
larity between the distribution of the curves of Figs. 14 and 16 may be
observed, implying that the shape of the productivity curve is mostly
influenced by the inflow profile.

One may see the overall trend that any filtrate invasion decreases the
productivity index at every point along the well (Fig. 16). Furthermore,
such a decrease of productivity is considerably stronger at the ends of the
well than at the middle. Therefore, the presence of the formation damage
evens out the well segment productivity, as it can be seen on Fig. 15.

When considering the impact of the two filtrate invasion scenarios, it
can be seen that the shallow invasion leaves the well productivity almost
unaffected, similarly to the inflow profiles. Whereas, the medium filtrate
invasion causes a severe reduction of productivity both at the ends

Fig. 10. Boundary conditions.

Fig. 11. Pressure field and streamlines, shown at the horizontal plane. Black line indicates the 100 m zone from the well where the formation heterogeneity was captured. Shallow filtrate
damage scenario, 10,000 bbl/d production rate. Siri field.

Fig. 12. Velocity magnitude indicated at the horizontal plane 0–100 m zone from the well, together with the function describing the variation of permeability. High inflow velocity at the
heel, toe and in the high permeability zone. Siri field.
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(�50%) and at the middle of the well (�20%). Note that the overall well
productivity (fraction of the total production rate and drawdown at the
heel of the well) decreased by �2% and �25% compared to the no
damage case, for the shallow and medium filtrate invasion cases
respectively.

7. Discussion and conclusion

The present study has demonstrated that CFD is applicable for basic
well inflow problems. It was proven that CFD can meet the results of the
well-known analytical formulas with an acceptable accuracy.

In addition, simulations with CFD enables the representation of the
three dimensional flow field in the near-wellbore area, thus the resulting
pressure and velocity fields can be used to interpret the well inflow-
performance. As expected, the reservoir heterogeneity in the near-well
area impacts the inflow to the well significantly. A correlation was
observed between the reservoir permeability and the well segment
productivity.

The presence of formation damage around the borehole was found to
impact the well productivity stronger at the ends than at the middle of the

well. The numerical simulations revealed that the redistribution of flow
patterns was the underlying cause behind that phenomenon. This might
be explained by considering the streamlines in the horizontal plane
feeding the well. When the fluids are flowing through the formation
damage region, they suffer a pressure loss proportional with the flow
velocity – according to Darcy's law. Thus, the streamlines are redis-
tributed to feed the middle of the well (where the inflow velocity is
smaller) rather than the ends of the well (where the inflow velocity
would be higher), to suffer a smaller pressure loss. Nonetheless, a
considerably higher drawdown was necessary to drain the desired
amount of fluid due to the presence of the filtrate damage, this decreased
the well productivity at every point along the well, meaning that despite
of the flow redistribution, the well segment productivity decreased
everywhere along the well. Even if such a change of well productivity is
uneven and higher toward the ends.

Furthermore, the results suggested that there is a distinct difference
between the shallow and medium filtrate invasion scenarios. This is
explained by considering the penetration of the perforations into the
formation. Until the filtrate invasion is shallower than the perforations,
the well productivity is affected less than 10%. However, as the filtrate

Fig. 13. Inflow profile of the horizontal well, total production rate: 10,000 bbl/d. Three
formation damage scenarios indicated. Siri field.

Fig. 14. Change of the inflow profile of the well, total production rate: 10,000 bbl/d. The
effect of formation damage relative to the no-damage base case. Siri field.

Fig. 15. Distribution of the productivity index (for 1m well sections) along the well
length. Three formation damage scenarios indicated. Siri field.

Fig. 16. Change of the productivity index of the well. The effect of formation damage
relative to the no-damage base case. Siri field.
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extends beyond the tip of the perforations, one may see a severe reduc-
tion of well productivity between 20 and 60%.

The present study has focused on the single phase steady-state
simulation of oil wells. However in real life the inflow to the well is
more complicated, having multiple phases present. Such phenomenon
may only be captured using unsteady simulations since the change in the
reservoir saturation and preferential flow of certain phases can only be
resolved with time dependent investigations. With multiphase CFD
simulations, one may resolve the water cresting effect as the preferential
flow of water breaks through at the heel of the well due to the locally high
drawdown. Such simulations are challenging to carry-out since the
relevant time steps are considerably different for the well (flow velocity:
10�1 – 100 m/s) and for the reservoir (flow velocity: 10�7 – 10�5 m/s),
thus for engineering use one might want to consider coupling CFD with
nodal simulation models to achieve robust numerical models.
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Conclusions, perspectives and future work

To summarize and provide perspective on the different contributions intro-
duced in the previous parts, this chapter provides overall conclusions and a
discussion of potential contributions in future work. The chapter is divided
into two parts. The first part provides overall conclusions of the main parts
of the thesis. The second part provide a discussion on recommendations for
future work motivated by the challenges in the different contributions.

1 Conclusions

Well models used in reservoir simulators are challenged by limited accuracy
of the flow physics present in the near-well region and complex well comple-
tions. To meet these near-well challenges, this thesis has used a CFD model
that produce accurate predictions of a wide range of problems related to
the flow physics in the near-well region. Different aspects of the near-well
challenges have been presented in four different chapters of the thesis and
separate conclusions are made.

Part III – Multiphase coupling of a reservoir simulator and CFD. Moti-
vated by the limited accuracy of well models in reservoir simulators, this
thesis has proposed and investigated a multiphase coupling framework that
increases the accuracy of reservoir simulators well representation. The cou-
pling framework increases the simulation details of the well performance and
characteristics by coupling two numerical methods in a fixed-point iterative
approach. The two numerical methods are the full-scale reservoir simulator
and the near-well CFD model. The two coupled methods represent different
flow scales in the reservoir, and by simple proof-of-concept examples, it was
shown that the details of the simulation basis can be increased. Furthermore,
the coupling framework opens opportunities to investigate the influence of
several near-well related flow problems on the full-scale simulator. However,
the price of coupling the reservoir simulator and the CFD model is heavily
increased computational costs. Computational cost is the main disadvantage



of using the coupling framework to predict lifetime production rates in real
reservoirs. A reduction of the computational costs was obtained by intro-
ducing a domain split of the CFD model and perform additional internal
coupling at each coupling iteration, however, the computational cost is still
significantly larger compared to solving the reservoir flow by a stand-alone
reservoir simulator.

Part III – Well modelling of long horizontal well with CFD. The major
contribution of this paper is the application of CFD models to investigate
zonal isolation and long horizontal wells based on the geological formation
provided by the reservoir simulator. The application of CFD models increases
the accuracy of the near-well region and provides detailed information of the
flow in the well and in the vicinity of the well. The detailed insight into the
near-well flow, provided by the CFD model, provides a good basis for the
decision-making process in the early design phase or before initiating well
interventions. This was shown by investigating the flow crossflow between
two zones using different packer lengths within different reservoirs. Reduc-
tion of the crossflow was obtained for both longer packers and placement of
the packer in reservoirs with lower permeability. The most significant reduc-
tion was obtained by placing the packer in zones where the permeability is
low.

The second major contribution was provided by building a CFD model of
a real long horizontal well based on the reservoir simulator and data from
well log measurements. The results demonstrate a significant heel-to-toe ef-
fect in the installed well completion design, resulting in limited use of the
wells full potential. Furthermore, the increased data information put into the
CFD model, using external algorithms, shows a detailed inflow profile to the
well.

Part IV – Erosion modelling of ICD. Erosion rate and characterization of
well equipment is addressed in the third paper. An inclined nozzle-based
ICD is investigated with CFD by inserting sand particles, in a Lagrangian
framework, to the flow field and evaluating the wall erosion rate using an
empirical erosion model. Erosion rate was investigated by variations of the
geometry and wall material. Furthermore, the ICD is characterized by means
of a discharge coefficient and changes to the curvature of the nozzle edge at
the entrance, i.e. fillet radii. The numerical results demonstrated a flow rate-
dependent discharge coefficient, which is sensitive to viscosity variations if
the fillet radii are large. A significant reduction of erosion could be obtained,
potentially making the ICD operational for the entire lifetime of the reservoir,
if the wall material was made of erosion-resistance material and the fillet radii
were increased.
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2. Perspectives and future work

Part IV – Formation damage of horizontal well with CFD. The fourth paper
contributes with detailed information on the influence of formation damage.
Production profiles are investigated for different scenarios of invasion depth
in a long horizontal well located in the North Sea. The well is completed
using a perforated completion strategy and a simplified CFD model is used
to calculate the flow. The results show that if the perforations extend beyond
the invasion depth, minor impact is observed on the production curve and
productivity of the well (less than 10%). However, if the invasion depth is
beyond the perforations the well performance is reduced by 20% to 60%, and
a larger pressure drawdown is needed to maintain the same total production
rate. The significant reduction is related to a redistribution of the flow away
from the ends of the well, reducing the end-effects.

2 Perspectives and future work

The following section provides perspective and recommendations for future
work. A brief discussion is given to provide a highlight of the prospects and
challenges of the suggested methodologies. Furthermore, the discussions
also provide a summary of the limitations of the contributions presented in
this thesis.

Increasing complexity of models in the coupling framework. Increasing
the complexity of the reservoir and the well introduces new challenges to
the coupling framework. The coupling framework is only tested on simple
benchmark cases, and it is intended as a proof-of-concept.

Optimize coupling workflow to reduce computational cost. The challenge
of the computational cost of the multiphase coupling is mainly connected
with the time stepping of the CFD model. The introduction of the double
coupling reduced the computational cost, but further development of the
presented double coupling method is required. By optimizing the algorithm
and time-stepping in the CFD model, it would be possible to decrease the
computational cost and move a step closer to use the coupling framework in
real-world applications.

CFD model and 1D model coupling. In several regions of the full CFD
model, the flow can be represented by 1D models without compromising the
accuracy of the model. Coupling the two methods could lead to decreased
computational cost.

Implementation of three phase flow and PVT data. Flow in real-world
applications includes three phases and the exchange of mass between the
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phases. The presented CFD model is limited to compressible two-phase flow
without mass exchange. Empirical functions already exist to represent the
relative permeability and capillary pressure in systems with three phases and
are implemented into the most popular reservoir simulators. Implementing
these functions into the CFD model would provide a more realistic represen-
tation of real-world reservoir flow.
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