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Foreword

This book is an introduction to reservoir simulation. In contrast to
other books on the same topic, all the software employed in this
book are freely available and open source. There are two main rea-
sons for choosing such software. The first is that all students have
access the to software, also when they leave the university (or for
that matter, a company). This is in contrast to commercial software
that require a license. The second reason is the openness of the
open source software makes it well suited for research. Commer-
cial software might be a black box, where it sometimes is difficult to
know exactly which methods have been employed. This is a prob-
lem for research which is expected to rigorous. With open source
software there are no longer any black box, as the full code base is
open for investigation and thereby available for scrutiny. Further, it
is possible to change any part of the code to test out new methods
and methodology. This enables researchers to test out new ideas
and methods in a mature reservoir simulator. Bringing concepts
from simplified models, e.g. one dimensional models, into a full
reservoir simulator elevates support for the research results. For
these reasons, a number of master and PhD theses have already
been based on the software presented in this book.

The content of this book started out from the lecture notes of Jon
Kleppe, who gave the course Reservoir Simulation at NTNU be-
fore me. The shift in software from commercial to open source has
changed the content. So too has the shift from Fortran to Python.
Still, the main structure is reminiscent of the notes from Kleppe.
Thanks to Muhammad Iffan Hannanu for changing the word doc-
ument files from Kleppe into Latex during a summer project at
NTNU.

Trondheim
December 20, 2019

Carl Fredrik Berg
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1

Introduction

Here had been a treasure of oil that,
wisely drilled, would have lasted thirty
years: but now the whole �eld was "on
the pump," and hundreds of wells
producing so little that it no longer paid
to pump them. One sixth of the oil had
been saved, and �ve-sixths had been
wasted!

Upton Sinclair, Oil!

The main goal of reservoir simulation is to guide management
of a subsurface reservoir through future forecasting and predic-
tion, thereby avoiding wasting resources as described in the excerpt
from the book Oil! in the epigraph above. There is a wide range of The book Oil! was the inspiration for

the 2007 movie There Will Be Blood.subsurface optimization problems that need forecasting: Whether
one is working on maximizing fresh water production from an
aquifer, �nding the optimal well placement for sequestration of
carbon dioxide into a deep subsurface aquifer, or maximizing the
net present value during the oil production from a hydrocarbon
reservoir, reservoir simulation could give predictive input into the
optimization. Common to these and similar optimization problems
is that we have a porous material, e.g., porous rocks such as sed-
imentary sandstone or carbonates, sand or soil, and transport of
�uids through the porous medium.

When we say a reservoirwe usually mean the part of the porous Reservoir

material where the resource collects, e.g., a subsurface structure
where precipitation is collected during its gravity-driven downward
movement, or under a dome structure where hydrocarbon collects
during its gravity-driven upward movement. Strictly speaking,
when monitoring hazardous �uids in soil or predicting seques-
tration of carbon dioxide, we are not producing a resource, but
polluting or storing an unwanted substance. We will still use the
term reservoir, but now in the meaning "the part of the porous ma-
terial of importance for the process", e.g., the part of the subsurface
that will be used for storage. When we talk about reservoirs, we
normally consider resources that can be produced by wells. Some
shallow resources, such as the tar sands in Alberta, Canada, might
be produced by wells, using steam-injection to heat the bitumen,
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but are more commonly extracted by strip mining. To distinguish
such shallow resources accessible by surface mines from deeper
resources that need to be produced through wells, the shallow
resources available through surface mines can be referred to asde-
posits, while deeper resources that need wells for production can be Deposit

referred to as reservoirs.
The two most important properties of a reservoir are the stor-

age capacity and how easy it is to inject into or produce from the
reservoir. The permeabilityof a porous material is a parameter that Permeability

describes how easy it is for �uids to move through the material.
When witnessing a pressure gradient, the �uids in the reservoir
will start moving in the direction of the pressure drop. The �uid
velocity is described by the Darcy equation(see Eq. (3.26)), and is Darcy equation

dependent on the viscosity of the �uids and the permeability of the
rock material, in addition to the pressure gradient. An extended
version of Darcy's equation for systems with more than one �uid
phase is additionally dependent on saturation, i.e., the fraction of Saturation

the different �uids �lling the pore space (see Eq. (9.3) for the ex-
tended Darcy equation). A higher permeability (or lower viscosity) Extended Darcy equation

means that more �uid will be transported at a given pressure gra-
dient. This means that �uids are produced at a higher rate or that
it is easier to inject �uids into the reservoir. A high permeability is
therefore almost always preferable. One exception is storage of pol-
lutants, where low permeability hinders the spread of the pollutant
and therefore gives safer storage.

Since reservoirs are permeable, a fraction of the pores must be
connected. As we are only interested in the connected part of the
pore system, we usually de�ne the porosityf = Vc/ Vt as the frac- Porosity

tion of volume of the interconnected pores Vc to the total volume
Vt . The spatial extent of the reservoir times the porosity yields the
storage capacity,which is a principal parameter for the economics of Storage capacity,

a reservoir.
During the injection or production phase, reservoir simulation is

a continuous activity integrating the stream of data from the reser-
voir into a reservoir simulation model. Thus, the simulation model
will be continuously updated, and with it, the future predictions
will be continuously altered to give the best prediction based on the
currently available data of the reservoir.

Reservoir simulators are software designed to model �uid �ow Reservoir simulator

in porous media. There is a range of available reservoir simulation
software. The reservoir simulator considered in this text is the See Chap. 2 for description of the

different software used in this book,
including OPM-Flow, and links to sites
where they can be downloaded.

software OPM-Flow from the Open Porous Media (OPM) initiative.
In the context of reservoir modeling, the description of the sub-

surface, provided as input data to the reservoir simulator, is called
a reservoir simulation model realization. The word realization indicates Reservoir simulation model realization

that this model is one of several possible models of the reservoir.
The high uncertainties associated with the subsurface make it com-
mon to have several realizations to try to span the uncertainty.
Since this is a text on reservoir simulation, and not on reservoir
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modeling in general, we will, for the most part, simply use the
shortened term reservoir model. The reservoir model must contain all Reservoir model

relevant information about the reservoir, including a description of
the reservoir geometry (grid model), petrophysical properties, and Petrophysicsis a term originating from

Greek, with petrameaning rock and
physismeaning nature. It thus means
rock physics, and encompasses the
study of physical rock properties and
rocks' interaction with �uids.

�uid properties.
In order to simulate different injection or production scenarios,

the simulator input data must also contain information on wells,
well controls, and injection/production constraints. The total simu-
lator input is called a simulation model. Simulation model

Simulation model

Geological
model: Seismic,

petrophysics,
geological

interpretation

Data from
wells: Cores,

logs, well tests

Wells: Location,
drilling sequence,

constraints

Laboratory
data: Core

and �uid data

Drainage strat-
egy: Recovery
strategy, well
scheduling

Decision support: Production forecasts,
uncertainties, sensitivities, optimization

Management decisions: Investments,
development, drainage strategy

Figure 1.1: Data gathering
for and output from reservoir
simulations.

As illustrated in Fig. 1.1, reservoir simulation results are the out-
come of data gathering and interpretation by many disciplines,
including geologists, seismic interpreters, and well-log interpreta-
tions by petrophysicists. Reservoir simulation, therefore, ends up
as thepoint of contact for technical staff in companies working on
subsurface transport of �uids. Analogously, developing reservoir
simulation models combines the disciplines of physics, mathemat-
ics, chemistry, reservoir engineering, and computer programming.
The interdisciplinarity of reservoir simulation can be challenging, as
it requires diverse knowledge. It can also be rewarding, as it gives
a good overview of the work�ows leading up to reservoir manage-
ment decisions.

1.1 Subsurface reservoirs and driving mechanisms

Subsurface reservoirs are typically massive, relatively horizontal,
layered structures, divided into fault blocks by faults, as indicated
by the outcrop in Fig. 1.2. The reservoir consists of material that
is both porous and permeable. These structures can be intercon-



12 reservoir simulation

Figure 1.2: A photo show-
ing layered structures from
Kjøllefjord in Finnmark, Nor-
way. The Sami sacri�cial site
Finnkirka can be seen to the
lower right of the image.

nected with the surface and are then usually �lled with water and
air. The Netherlands and Israel have been spearheading research
into such groundwater �ow due to issues with �ood control in the
Netherlands and problems of the in�ow of salt water into freshwa-
ter reserves connected to the sea in Israel. For CO2 sequestration
into an aquifer, the reservoir contains CO 2 as a cap under an imper-
meable material, but will also contain a signi�cant amount of CO 2

dissolved in the water. For oil reservoirs, the pores contain hydro-
carbons (oil and/or gas) in addition to brine. The hydrocarbons are
hindered in their upward migration by impermeable material and
therefore accumulate.

For groundwater, the porous material can be soil and sand, while
for deeper aquifers, CO2 storage sites and hydrocarbon reservoirs,
the porous material is typically sedimentary rocks, such as sand-
stone and carbonates. Sedimentary rocks have been formed by the
deposition of sand, clay, and organic material. Over time, these
sediments are pushed downwards and covered by new layers of
sediments or other material. When deeper, the sediments can be
heated and pressurized, which leads to diagenetic processes chang-
ing the structure, e.g., dissolution of speci�c minerals (e.g., feldspar
and mica), overgrowth of other speci�c minerals (e.g., quartz over-
growth). Diagenetic processes consolidate the material, making the
originally unconsolidated material, such as loose sand, into hard
rocks.

Figure 1.3: A photo of a fault
at the Jabal Ha�t mountain
in Abu Dhabi. The fault is in-
dicated by the red lines. This
fault is considered a trap for
planned CO2 injection into a
subsurface reservoir. The fault
is being exposed at the Jabal
Ha�t mountain as the reservoir
is folded up here.

As the sediments accumulate over large areas, such as lakes and
shores, the sedimentary structures in reservoirs are horizontally ex-
tensive. They typically show sheet-like structures, called beds. Due
to the lateral size, such beds can be interconnected between wells
that are kilometers apart. As already mentioned, on top of CO 2

storage sites and hydrocarbon reservoirs is an impermeable bed
hindering the upward migration of the CO 2 or hydrocarbons, re-
spectively. Inversely, impermeable beds stop the downward migra-
tion of precipitated water and accumulate the fresh water resource
in aquifers.

A reservoir can also be con�ned on the sides by faults: Faults are
discontinuities in the rock formed from massive movements in the
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Figure 1.4: Upward migration
from the injector and trapping
of injected CO2. The CO2 is
trapped by an impermeable
layer and an impermeable fault
(indicated as a black line). The
perforated part of the injection
well is indicated by a light gray
color.

earth's crust, which have caused the rock to move in opposite direc-
tions on the two sides of the fault. An example of a fault is shown
in Fig. 1.3. The faults are abrupt shifts in the otherwise continuous
beds, and these shifts can be large enough to be observed on seis-
mic. Faults have varying degrees of permeability, with some faults
being practically impermeable and thereby part of the boundaries
of the reservoir. This way they can be part of the trap for upward-
moving �uids, as shown in Fig. 1.4.

In carbon dioxide sequestration, �uids are injected into the sub-
surface reservoir. At the pressure and temperature in the subsur-
face, the carbon dioxide is often at supercritical conditions. Despite For typical subsurface temperature

and pressure gradients, CO2 is super-
critical when below depths of around
800 m.

being supercritical, and therefore having a density larger than the
gas phase CO2, it is still of a lower density than the displaced brine.
This density difference leads to upward migration of CO 2 due to
gravity. As the carbon dioxide should be sequestrated for the fore-
seeable future, the upward migration needs to be hindered, e.g.,
by injection under an impermeable barrier. Suitable reservoirs for
carbon dioxide sequestration are therefore often similar to hydro-
carbon reservoirs.

The migration of hydrocarbons from source rocks and into reser-
voirs follows a similar process as the sequestration of CO2; however,
the distance between the source rock and the reservoir is typically
much larger than the distance between the CO2 injection well and
the trap for the upward migrating CO 2. Thus, the migration of hy-
drocarbons covers spatial scales, thebasin scale, which are much
larger than the reservoirs from which hydrocarbons are produced.
Sometimes reservoir simulation software tools are used for sim-
ulating the process of hydrocarbon accumulation, but reservoir
simulation of hydrocarbon resources typically concentrates on the
production phase. The accumulation of a resource is also happen-
ing over a long time horizon compared to the time horizon for the
production of the resource. On the �ip side of that, for CO 2 seques-
tration, ensuring safe storage requires simulations on much longer
time-scales than the period of CO2 injection, but then simulations
of the time after the injection period. The methods and simulations
covered in this book have a stronger focus on the short term, i.e.,
the production or injection phase.
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While sequestration depends on injection into a reservoir, pro-
duction of fresh water or hydrocarbons depends on �uid extraction
from a reservoir. Both �uid injection and �uid extraction start with
drilling wells into the reservoir. If the reservoir pressure is higher
than the hydrostatic pressure of the �uids inside the well, �uids
will start to �ow into the well. We then get a �ow of �uids from
the reservoir, through the well, and up to the surface. This initial
�uid extraction driven by the reservoir pressure (and thereby the
potential energy of the compressed �uids in the reservoir) is called
primary recovery. Energy can be added to the reservoir by wells Primary recovery

where �uids, e.g., water or gas, are injected into the reservoir. This
additional energy can increase recovery from the producing wells.
Recovery as a result of injection wells is called secondary recovery. Secondary recovery

For hydrocarbon extraction, where we are only interested in the hy-
drocarbon portion of the produced �uids, secondary recovery can
greatly increase the recovery compared to primary recovery. For
this reason, most large oil �elds are quickly moved from primary
recovery to secondary recovery. Further increase in recovery can be
obtained by adding additives to the injected �uids. Such additives
are typically either lowering the surface tension between injected
and produced �uid (assuming that the injected and produced �u-
ids are immiscible phases separated by a �uid-�uid interface) or
increasing the viscosity of the injected �uid. These two types of
changes to the injected �uid typically increase the recovery. All
injection methods more advanced than injection of water or gas
without additives are called tertiary recoverymethods. Tertiary recovery

Already, primary recovery involves choices with a large im-
pact on the recovery: Where to place the wells? Should one drill
horizontal or vertical wells? What drainage rate would yield the
optimal production curve? How will the different wells affect each
other? With secondary recovery, all these questions get more com-
plex: Where should the injectors be placed to optimally drive the
resources towards the producers? And at what rate? The complex-
ity is even higher for tertiary methods: Which methods should be
used? What is the right amount of additives? When is the optimal
onset of the tertiary method? To answer such types of questions, we
need reservoir simulation, and for reservoir simulation, we need a
reservoir model.

1.2 What is reservoir modeling?

The role of reservoir modelingis to summarize as much as possible
of our collective qualitative and quantitative knowledgeabout the reser-
voir to give quantitative answersto questions related to reservoir
development and reservoir management. The product of reservoir
modeling is a reservoir model.

Digital representations of the sub-surface are among the prod-
ucts of reservoir modeling, and they are necessary in order to get
quantitative answers through reservoir simulation. To be more spe-
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ci�c, these digital representations are called model realizations. They Model realizations

exist in the form of geo-model realizations (static) and simulation-
model realizations (dynamic), with the latter being what we will
simply call reservoir models in the context of reservoir simulation.

Figure 1.5: An ensemble of
reservoir model realizations,
showing a spread in static
properties arising from un-
certainty in the geological
model. This ensemble is from
the Olympus model created by
Fonseca et al. (2018).

Since our knowledge about the true sub-surface is always lim-
ited, a single realization can not give the uncertainty span for
outcomes that is needed for making good reservoir management
decisions. In order to span out the uncertainty, an ensemble of
statistically representative realizations is needed, and the actual
reservoir model therefore comprises a set of parameterized recipes
for creating model realizations. Furthermore, since different models
are needed for answering different questions, all models should be
based on a common set of concepts and data, stored in aknowledge
database. This database can be a true knowledge management sys-
tem, but in practice, most companies rely on a mixture of databases
(typically for measured data) and more informal storage formats.

The number of software tools involved in reservoir modeling is
extensive, and ranges from data management tools and asset sim-
ulators to specialist simulators for tertiary recovery: Knowledge
management systems and database tools are often calledshared
earth models, and serve as the basis upon which ideally all modeling Shared earth models

is built. Work�ow managers enable the writing of parameterized Work�ow managers

recipes for creating model realizations, and exist both internally in
various software packages and as separate work�ow management
software. Geo-modeling tools, such as Petrel and RMS, are static Geo-modeling tools

model builders, and may contain modules all the way from seismic
interpretation to the building of reservoir simulation model grids
�lled with appropriate properties. Reservoir simulators, such as Reservoir simulators

OPM-Flow, pFlotran, Eclipse, Intersect (IX), Tempest MORE, and
tNavigator, are used to evaluate the dynamic response of a reser-
voir to proposed drainage strategies and interventions, while asset
simulators, such as Pipe-It, are used for optimizing systems of Asset simulators

multiple reservoirs coupled to common top-side equipment and
infrastructure.

1.2.1 Classi�cation of models

Reservoir models may be classi�ed either based on the purpose of
the model, i.e., which questions the model is supposed to answer,
or based on the scope of the model, i.e., which sub-surface features
are included.

The model's purpose can be

• Field development:
The main questions to be answered in �eld development are the
number of wells and their placement, sub-sea vs. platform, and
capacities of sub-sea and top-side equipment such as separators.
The main tool for answering these questions is usually a full-
�eld reservoir simulation model. A full �eld model may contain
several reservoirs, with or without pressure communication.
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• Asset optimization:
In a reservoir modeling context, the purpose of asset optimiza-
tion is to optimize top-side equipment and infrastructure that
couple a number of �elds, both regarding which equipment is
to be installed and their capacities, and regarding how the pro-
duction of each �eld should be prioritized. It is also of interest to
evaluate how different asset-wise production strategies will af-
fect the recovery from each reservoir. Typically, a set of coupled,
simpli�ed, full-�eld reservoir models is used in this context.

• Long-term production optimization:
Short-term production optimization, such as rapid alteration of
production rates to limit gas production, mostly affects the �uid
and pressure distribution close to the wells. This is typically on
a spatial and timescale much smaller than what is captured by
reservoir simulation models. However, by determining targets
and limits on the operation of wells and groups of wells, long-
term production optimization determines the framework in
which short-term optimization operates. In addition to full �eld
models, more detailed models that cover parts of reservoirs, such
as zones, fault-blocks, or near-well regions, are typically used in
this process.

• Selection of in-�ll well targets:
The process of identifying targets for in�ll wells, which are
drilled to replace or complement existing wells with declining
rates, requires input from maps of remaining in-place resources
together with reservoir simulation. Full �eld models can be used
in an initial screening phase, while more detailed models, cov-
ering reservoir regions in the vicinity of proposed sites, are used
for more detailed target selection and de�nition.

• Well planning and geo-steering:
Models that are used in the planning of drilling targets and well
paths must contain the geology of the overburden in addition
to reservoir properties. Geo-steering is the process of utilizing
Logging-While-Drilling (LWD) data for guiding the well-path
while drilling. Detailed, and continuously updatable, near well
models populated with relevant properties related to the logging
tools, such as resistivity, are crucial for a successful application of
this technology (Antonsen et al., 2018).

• Tertiary recovery:
Tertiary recovery methods typically in�uence reservoir �ow in
ways that are not well described by traditional reservoir-scale
simulation models. In these cases, models with �ne-grid repre-
sentation of geology, and often also special reservoir simulators,
are needed in order to evaluate possible effects of applying the
tertiary recovery method.

• Data interpretation:
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Reservoir models that cover the volumes in�uenced by a well
test are used both for planning the test and for well test interpre-
tation.

The main classi�cation based on scope is the distinction between Static vs. dynamic model

a static model, which comprise the geological features with limited
changes during production, and a dynamic model, which contain
the additional features needed for simulating �uid �ow during
production. For the simulation of the �uid �ow in the reservoir,
we thus need a dynamic model. As already mentioned, we will
simply call this dynamic reservoir simulation model the reservoir
model, while the static model would sometimes be referred to as the
geo-model.

1.3 What is reservoir simulation?

Reservoir simulation is the use of computers to simulate the �uid
�ow in a reservoir model by numerically solving equations for �uid
�ow. Reservoir simulation software commonly uses �nite volume
methods for conservation of mass, with �nite difference methods to
solve the �ow equations determining �ux over the volume element
boundaries. Such methods will be treated in detail in this book.

Fluid density and viscosity, and �uid phase behavior, are depen-
dent on pressure, temperature, and composition. Reservoir simu-
lators are distinguished by how this thermodynamic description,
conventionally called the PVT model, is handled. As we will see
below, the temperature is often treated as constant in reservoir sim-
ulation, while the composition is variable, so the term pVTx-model,
or even pVx-model, would actually be more descriptive.

The �rst distinction is between thermaland isothermalsimulators. Thermal vs. iso-thermal simulation

Although injected �uids can have signi�cantly different tempera-
tures than the reservoir, except for near near-well region, the tem-
perature changes in reservoirs are often so small that they do not
in�uence �uid and rock properties signi�cantly. In this case, we
can treat the temperature as constant, and we only need to solve
for the conservation of mass. For CO2 storage, the horizontal move-
ment of the CO2 plume can be so large that both temperature and
pressure change signi�cantly. This will affect the properties of the
CO2. Inclusion of temperature has been seen to affect the reservoir
simulation, especially in cases where the pressure and temperature
around the injection well are close to the critical point for CO 2. As
an example case, at the Sleipner CO2 sequestration site, the pres-
sure and temperature at the top of the reservoir are close to the
critical point (Alnes et al., 2011).

Note that changes in near-well properties due to the injection of
�uids with signi�cantly different temperatures from the reservoir
should also be taken into account in this case. For other processes,
for instance, the injection of steam into heavy oil reservoirs, tem-
perature changes are signi�cant and must be simulated. This is a



18 reservoir simulation

thermal simulation, where we need to account for the conservation
of energy in addition to the conservation of mass.

The second distinction is between compositionalsimulators, Compositional vs. paired phase-
component simulatorswhich are based on an explicit equation of state, and simulators

using table-based thermodynamic descriptions, which we will call
the paired phase-component model. In the oil industry, this latter type Paired phase-component model

of model is traditionally called the black oil model. Black oil model

The composition of �uids is described in terms of components.
A componentis a single chemical species, such as water (H2O),
sodium chloride (NaCl), oxygen (O 2), carbon-dioxide (CO2), differ-
ent hydrocarbon species (CmHn), etc. For real subsurface systems,
the composition of the different �uids is never fully described.
The number of components also tends to be very large, so that in-
cluding all of them in a simulation is computationally prohibitive.
The components used in the simulation are thus always pseudo-
components. A pseudo-component description is a mapping from Pseudo-components

a detailed description using real chemical species into a simpli�ed
description with only a few components. The pseudo components
may be de�ned by lumping real components together. As an exam-
ple, we might consider the pseudo-component C 6+ consisting of all
hydrocarbon components C6 and heavier, or the pseudo-component
salt, consisting of all salts dissolved in a brine. Real components
can also be distributed over pseudo components, such as in the
black oil model, where the light and some intermediate hydrocar-
bon components are distributed between two pseudo components.

Dependent on pressure, temperature, and total composition, the
�uid components in the pore space may be distributed over several
phases in mutual equilibrium. Most reservoir simulators are three-
phase simulators, and in a petroleum context, these phases are
brine, oil, and gas. The vadose zoneis the unsaturated zone between
the surface and the water table. Thus, the pore space in the vadose
zone contains two �uid phases: A liquid phase, which is mainly
composed of water, and a gas phase with a composition similar to
atmospheric air. Below the water table (the pheratic zone), the pore
space is fully saturated by a single liquid phase.

The density and viscosity of water-rich phases, such as brine
and groundwater, are only slightly dependent on the composi-
tion and amount of dissolved pollutants, salts, and gases. In these
cases, the �uid �ow can be modeled as a single-component �ow,
where dissolved components can be tracked as a passive tracer.
Typically, this is the case with miscible pollutants at small concen-
trations. When the injected water differs from the original reservoir
water, i.e., the formation water, we can track the movement of the Formation water

pseudo-components injected waterand formation watersimilarly. If
the composition has a signi�cant in�uence on the liquid properties,
such as in the case of seawater intrusion in fresh water aquifers and
dissolved CO2 in brine during CO 2 sequestration, we will need to
calculate the �uid properties from the composition.

Any system with an equal number of pseudo-components and
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phases can be modelled with the paired phase-component model.
For CO2 sequestration, we have the two pseudo-components in-
jected gas(carbon dioxide with additional gas components) and
formation water. Further, we have the two phases gas (typically a
supercritical mixture of CO 2 with H 2O and additional components
in injected gas) and brine (with dissolved CO 2). To distinguish be-
tween a component and a phase, one can call the water-rich phase
the aqueous phase, and the CO2-rich phase the gaseous phase. It is Aqueous phase

Gaseous phasemore common to use the same word for both the component and
the phase, such as water and gas; however, this can cause some
confusion.

When simulating petroleum reservoirs, the formation water, that
is, the aqueous phase, is usually treated as being immiscible with
the hydrocarbon-rich phases, and the composition is assumed con-
stant. Thus, the formation water is seen as a phase containing a
single pseudo-component called water. The oil-rich and gas-rich
phases can, on the other hand, exchange components, and the
composition and saturation of the two phases are determined by
thermodynamic equilibrium. In a compositional simulator, this
phase equilibrium is calculated using an explicit equation of state
and several pseudo-components closely related to the actual hydro-
carbon constituents. Determining the equilibrium state at a given
pressure, temperature, and total composition is called a �ash cal-
culation. In a compositional simulator, this is calculated from the
equation of state, while in a paired phase-component simulator,
this equilibrium is inferred from tables. A table lookup is evidently
much more ef�cient than numerically solving a set of equilibrium
equations. Since a paired phase-component simulator works with
only two pseudo-components instead of the plethora of hydrocar-
bon components, it will use much less computational power than
a compositional simulator. For a hydrocarbon reservoir, the two
pseudo-components in the paired phase-component model are con-
ventionally called oil and gas. The gas component represents the
volatile part of the hydrocarbon mixture, which is in the gas phase
at standard conditions, while the oil pseudo-component represents
the non-volatile part, which is in the liquid (oil) phase at standard
conditions. In general, both reservoir oil and reservoir gas, i.e., the
oleic phaseand gaseous phase, may contain each pseudo-component. Oleic phase

As noted above, this model is usually called the black-oil model
in the oil industry; however, sometimes this symmetric formula-
tion is called the wet-gas model, and a distinction is made between
this and the dry-gas model, where the gaseous phase contains no
oil pseudo-component. There is also a dead-oil model, where the
components are immiscible.

1.4 Reservoir simulation work�ows

The use of reservoir simulation correlates with the size and com-
plexity of the reservoir, as the use of reservoir simulation is related
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to the capital investment and operating costs. Small onshore reser-
voirs might not use reservoir simulation at all, while large offshore
hydrocarbon reservoirs will have a dedicated team of reservoir en-
gineers working solely for a single �eld. Geologists and reservoir
engineers start working on a �eld right after discovery, trying to
assess if the discovery is economically viable to produce. They then
need to evaluate the production potential, cost, and risks associated
with different possible development plans.

Before any reservoir simulation study, the goals of the study
need to be properly de�ned. For a small and simple reservoir, pro-
duced by pressure depletion, one might not need simulations at all,
while for a tertiary driving mechanism, the simulation study could
end up complex and costly, involving a number of specialized
reservoir models on different scales. Fig. 1.6 shows a �ow chart of
a typical work�ow for reservoir simulations aiming at delivering
future predictions of recovery. These predictions are the deliveries

geological data

geo-model
(static model)

�uid and �ow
properties

reservoir model
(dynamic model)

production data

history matched
reservoir model

prediction

Figure 1.6: Flow chart of a
typical reservoir simulation
work�ow.

from the reservoir simulation work, and they are used as decision
support for the management of the reservoir

The �rst part of any reservoir simulation study is the collection
of geological data, e.g., seismic data, well log data, and core analy-
sis data. Together with analogue data, these geological data must
be integrated into the geo-model (the static model). The geo-model
contains information on reservoir compartments and on the distri-
bution of porosity and permeability inside these compartments.

The second part is collecting additional data needed for the dy-
namic model; �uid samples are analyzed to build a PVT model,
and special core analysis (SCAL) to supply data for the saturation
functions (relative permeability and capillary pressure). Saturation
functions will be associated with different parts of the reservoir
based on the distribution of different geological bodies. One also
needs to decide on the grid size appropriate for reservoir simu-
lation. The grid size must meet an appropriate balance between
computational feasibility and numerical and geological accuracy.

Reservoir simulations are invariably uncertain, and especially
so pre-production and in the early stages. Reservoir heterogeneity,
the distribution of faults, the shape of relative permeability, etc., are
all uncertain factors that contribute to the overall uncertainty in the
reservoir simulation results. The uncertainty of these parameters
can be reduced by additional measurements such as well tests, core
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analysis, and improved seismic. When the production starts, the
reservoir model will be improved further by incorporating produc-
tion data. It is up to the reservoir engineer, in collaboration with the
colleagues who have delivered the different data sets, to decide the
uncertainty level for the different data sources. The uncertainty in
prediction is best represented by an ensemble of model realizations,
each giving a different prediction. This is, however, demanding
both in terms of computer- and man-power, so it is common to ap-
ply simpler work�ows using an approach with a single base-case
realization, where uncertainties are explored by testing the sensitiv-
ity of different uncertain input parameters. The tuning of reservoir
models to be consistent with production data is traditionally known
as history matching, and the history matched reservoir model is our History matching

best approximation for the subsurface behavior built on all available
data.
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Software

Cause I'm a 21st century digital boy
I don't know how to live, but I got a lot of
toys

Bad Religion - 21st Century (Digital Boy)

This book will only use open-source software. The reservoir sim-
ulator used in this book is the open source software OPM-Flow from
the Open Porous Media (OPM) initiative. For visualization of reser-
voir models and simulation results, we will use the open source
visualization tool ResInsight, also part of OPM. For scripting, we
will use the Python programming language, including the resdata

package. For optimization, we will utilize the Petroleum Field De-
velopment Optimization Framework ( FieldOpt), an open-source
optimization framework developed at NTNU.

The OPM initiative started in 2009 as a collaboration between
Equinor and several research institutions (including SINTEF), and
the focus of the initiative has been to develop open source software
for simulation and visualization of �ow and transport in porous
media. More information about OPM, including the software
OPM-Flow and ResInsight, can be found on https://opm-project.

org/ .

2.1 OPM-Flow

OPM-Flow is a fully-implicit black-oil simulator. The simulator uti-
lizes automatic differentiation, which enables the rapid develop-
ment of new �uid models. The OPM-Flow simulator has extensions To read more about automatic differen-

tiation, a good introduction is given in
(Lie, 2016).

to handle CO2 sequestration, H2 storage, and enhanced oil recov-
ery �ooding using viscosi�ers (polymer) and solvents (e.g., CO 2

�ooding).
The main operating system for OPM-Flow is Linux, and there

are repository packages for the most common Linux distributions
(Ubuntu and CentOS). It works well on Windows Subsystem Linux
(WSL), which is probably the easiest option for people using Win-
dows. OPM-Flow can also be run using a Docker container, which is
possible in Microsoft Windows. It can also be compiled from source
on both Linux and macOS. Please visit the OPM website for how to
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install OPM-Flow: https://opm-project.org/?page _id=36 .
OPM-Flow is run from the command line, and is therefore eas-

ily integrated into sensitivity and optimization work�ows. The
input data �les for OPM-Flow are similar to input �les used for
ECLIPSE 100, and many simulation models can be run with both
these reservoir simulation software. However, some keywords are
not compatible between these two simulators.

The Flow Documentation Manualis available from the OPM web-
site https://opm-project.org/?page _id=955 , and this manual
describes all OPM-Flow keywords and their functions. Note that
this manual also contains keywords that are not implemented in
OPM-Flow (yet). All keywords that are implemented are indicated
by a green color in the upper bar. The upper bar shows which sec-
tion the keyword belongs to. Keywords that are not implemented
are shown in orange.

When opening the OPM-Flow manual, you will quickly realize
that this is a massive software package, with a wide range of key-
words to alter the simulations. There are more than 2800 pages in
the manual, indicative of the vast amount of functionalities in the
software.

2.2 Python

Python is an open-source programming language that emphasizes
core readability. It is designed to be extensible and has a wide
range of libraries and packages available. It has become very pop-
ular in scienti�c computing, with libraries such as NumPy, SciPy,
and Matplotlib.

Python is cross-platform, and can be obtained from

https://www.python.org/

2.2.1 Naming variables

Note that many of the Python scripts use Hungarian-like notation
for pre�xes to indicate “what is what”:

• C for class;

• I for instance;

• t for objects and structures;

• h for handles/pointers;

• i for integers;

• f for �oats;

• d for doubles;

• str for strings;

• ch for chars;
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• b for booleans;

• a for arrays;

• aa matrices (i.e., arrays of arrays);

• aaa 3D matrices (i.e., arrays of arrays of arrays), and so on.

2.2.2 resdata package

The Python package resdata is a package for reading and writing
the result �les from OPM-Flow and other reservoir simulators. The
�le types covered are the restart, init, rft, summary, and grid �les.
Both uni�ed and non-uni�ed and formatted and unformatted �les
are supported.

This package is a strong tool for pre- and post-processing sim-
ulation results from OPM-Flow, e.g. in sensitivity studies and op-
timization loops. The Python package can be installed from this
page:

https://github.com/equinor/resdata

If you are using pip install, you can install the resdata package
from the command line:

pip install resdata

2.3 ResInsight

ResInsight is an open-source visualization software which is part
of the OPM project. This software can visualize output from the
OPM-Flow simulator. ResInsight is cross-platform, and can be ob-
tained from

https://resinsight.org/

An important feature in ResInsight is Octave and Python inte-
gration. Octave is an open-source software with similar syntax and
functionality as Matlab, and can be used to post-process the sim-
ulation results from OPM-Flow. The Python integration is a newer
add-on for using Python to post-process simulation results.

2.4 FieldOpt

FieldOpt is an open source framework for rapid prototyping and
testing of optimization procedures such as well placement opti-
mization, reservoir control optimization, and in�ow-control device
optimization. The code is written in C++ and is found as a reposi-
tory under the Petroleum Cybernetics Group NTNU GitHub page:

https://github.com/PetroleumCyberneticsGroup/FieldOpt
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The GitHub repository also contains a guide for how to compile
the software.

The development of FieldOpt is ongoing, and the aim is to con-
tribute to research work�ows by providing an interface between
optimization methodologies and reservoir simulation software.
Several optimization methodologies are implemented in FieldOpt,
including compass search, a genetic algorithm, and particle swarm
optimization.

2.5 Repository

Python codes and example reservoir simulator input �les used in
this book can be found in the repository

https://bitbucket.org/ntnu _petroleum/ressimbook-material

The repository can be copied (cloned) by running the command

$ git clone https://bitbucket.org/ntnu _petroleum/ressimbook-material.git
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Basic theory for single phase �ow

Nå e me atter på vei
Gjennom storm, gjennom regn
Som en Åsgårdsrei
Og vi går aldri lei

Kvelertak - Kvelertak

In this chapter, we will present one-dimensional �ow equations
for horizontal �ow of a single �uid phase, and look at analytical
and numerical solutions of pressure as a function of position and
time. These equations are derived using the continuity equation,
Darcy's equation, and compressibility de�nitions for rock and �uid,
assuming constant permeability and viscosity. They are the simplest
equations for describing transient �uid �ow in a porous medium.

To start off, we will �rst give a short introduction to partial dif-
ferential equations. The second section contains a note on contin-
uum models, then a brief introduction to Darcy's equation, before
we derive the basic equations for �ow in porous media. The third
section is deriving an analytical expression for one-dimensional
single-phase �ow. This analytical solution will be compared to
numerical solutions in the next chapter.

3.1 Partial differential equations

When describing physical processes, including transport in porous
media, we commonly describe the problem by a mathematical
equation. For porous media �ow, the potential driving the �ow is
the pressure gradient. The pressure is one example of a physical
quantity that gives rise to partial derivatives, as we will see in the
following sections. The mathematical equations describing the
physical process can be solved to give us the state of the system
at later times, which introduces partial derivatives with respect
to time. Working with partial derivatives is therefore essential for
describing and solving physical processes, including subsurface
transport processes.

Let f (x, y, . . .) be a function of several variables x, y, . . . . As an
example, f could be the pressure p, and the variables could be
spatial coordinates and time, thus p(x, y, z, t), which is the pressure
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at the spatial point (x, y, z) and at time t. A partial derivativeis the
derivative with respect to one variable when the other variables
are held constant. As an example, the partial derivative ¶f / ¶x of f The are many ways to denote the

partial derivative, including ¶f
¶x , ¶

¶x f ,
fx, and ¶x f . We will only use the �rst
two versions.

with respect to x is the derivative d f / dx when all other variables
are kept constant. Thus we have

¶f
¶x

=
d f
dx

�
�
�
�
y,...

= lim
h! 0

f (x + h, y, . . .) � f (x, y, . . .)
h

, (3.1)

where the vertical line in the second term indicates which variables
are kept constant.

A partial differential equation(often referred to by the three-letter Partial differential equation

abbreviation PDE) is an equation that contains partial derivatives.
In contrast to ordinary differential equations, where the unknown
function depends on only one variable, the unknown function in
partial differential equations depends on several variables. As an
example, consider the partial differential equation

¶2 f
¶x2 =

¶f
¶t

. (3.2)

Here f is the unknown function, while x and t are the independent
variables, thus f = f (x, t) is a function of x and t. It is often ben-
e�cial to write the equation in the form P f = 0, where P is an
operator. The corresponding operator P for Eq. (3.2) would be

P =
¶2

¶x2 �
¶
¶t

. (3.3)

As already mentioned, a range of physical phenomena, including
�uid �ow in porous media considered in this book, can be de-
scribed by partial differential equations. Other physical phenomena When including gravity, the unknown

in our �uid �ow equations will not be
the pressure �eld p, but the head �eld
h. See Sec. 3.2.2 for the de�nition of
head and how to include gravity into
our �ow equations.

described by partial differential equations are the Navier-Stokes
equation, the heat equation, Newton's equation of motion, etc. In
this section on single-phase �ow in porous media, our unknown
function would be the pressure �eld p, which is dependent on both
position and time.

There are several classes of partial differential equations; one
such classi�cation is the order. The orderof a partial differential Order of a PDE

equation is the highest partial derivative in the equation, e.g.,
Eq. (3.2) is a second order partial differential equation since the
highest partial derivative is the partial derivative ¶2 f / ¶x2 of order
two.

A partial differential equation is called linear if it is a linear Linear PDE

combination of the unknown function f and its derivatives. Thus,
Eq. (3.2) is a linear partial differential equation, while

¶f
¶t

¶2 f
¶x2 = 0 (3.4)

is a non-linear partial differential equation. All second-order linear
partial differential equations in two variables are therefore of the
form

A
¶2 f
¶x2 + B

¶2 f
¶x¶y

+ C
¶2 f
¶y2 + D

¶f
¶x

+ E
¶f
¶y

+ F f + G = 0 . (3.5)
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There are three basic types of second-order linear partial differential
equations: The naming for these types of dif-

ferential equations comes from the
similarity with equations describing
conic sections.

Parabolic: B2 � 4AC = 0

Hyperbolic: B2 � 4AC > 0

Elliptic: B2 � 4AC < 0 ,

where the capital letters are as given in Eq. (3.5). We will encounter
two of these basic types in this section; the parabolic type will de-
scribe transient single-phase �uid �ow, while the elliptic type will
describe the same equation in steady state. The hyperbolic equa-
tions can describe pressure waves; however, this topic will not be
covered in this book.

A partial differential equation that will be recurrent in this book
is the following:

¶2 f
¶x2 +

¶2 f
¶y2 +

¶2 f
¶z2 =

¶f
¶t

, (3.6)

where the function f will be the �uid pressure p. To simplify our
notation, we will use the nabla symbol r to represent the del op-
erator r = (¶/ ¶x, ¶/ ¶y, ¶/ ¶z). For a general introduction to the
mathematical notation, see the mathematical notes in Sec. 18. Tak-
ing the dot-product of the del operator with itself, we get The dot product, denoted by a cen-

tered dot �, of two vectors of equal
dimension is the sum of the prod-
ucts of the corresponding vector
entries. Thus, for ~a = ( a1, a2, a3)
and ~b = ( b1, b2, b3) we have
~a �~b = å 3

i= 1 ai bi = a1b1 + a2b2 + a3b3.
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The dot product r � r is commonly written as r 2. Our Eq. (3.6)
then simpli�es to

r 2 f =
¶f
¶t

. (3.8)

Treating the multi-dimensional r similar to the single-dimensional
¶/ ¶x above, we then have A = 1 and E = � 1 in Eq. (3.5), with all
other terms equal to zero. This gives B2 � 4AC = 0, so this equation
is considered a multi-dimensional parabolic partial differential
equation.

3.2 The diffusivity equation

In this section, we will derive the hydraulic diffusivity equation,
which is the fundamental equation for single-phase �ow in porous
media. The starting point for deriving the diffusivity equation is the
continuity equation for single-phase �ow, which expresses the con-
servation of mass within a volume element. This will be combined
with the Darcy equation to obtain our diffusivity equation.

The driving forces for �uid transport in porous media are vis-
cous, gravity, capillary, and diffusion. As we will start off by only
considering a single �uid phase with a constant �uid composition,
capillary forces and diffusion are not of relevance for us at this
moment. We will introduce the effect of gravity in the subsection
on the Darcy equation; however, as we will consider horizontal
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1D �ow in the remainder of this chapter, gravity effects will be ex-
cluded, too. When we start to consider two phases in Chap. 9 we
will introduce capillary forces. Transport by diffusion will not be
covered in this book, as this is of minor importance for most sub-
surface reservoirs due to large length scales. However, diffusion
will be discussed in Sec. 9.4 on numerical diffusion.

3.2.1 Continuum model
In-depth treatments for topics in this
section can be found in (Whitaker,
1986; Bear, 1988; Torquato, 2001; Bear
and Bachmat, 2012; Battiato et al.,
2019).

Porous media, such as reservoir rocks, are often extremely complex
materials. Modern imaging techniques can characterize the pore
structure of small pieces of rock samples to a high level of accu-
racy. An example of a high-resolution image of a cross-section of
a sandstone is shown in Fig. 3.1. We observe that even in such a
high-resolution image of a small sample, the pore-matrix interfaces
of this rock are still extremely complex. It is therefore impossible
to carry all information for all pore-matrix interfaces for a whole
reservoir. This push for describing the �ow problems at a larger
scale, where the porous material is considered as a continuous ef-
fective medium, and where the �ow problems can be described by
a set of continuous variables and differential equations.

Figure 3.1: An image of the
pore structure in a Bentheimer
sandstone. The left image
shows part of a 1.5-inch cylin-
drical core sample, while the
red box is enlarged in the right
image. Some pore-�lling clay
is highlighted by the circle in
the right image, and represents
the pore structure not properly
resolved by the current image
resolution.When considering the porous medium as a continuous medium,

then any volume element we consider must be large enough so that
it still contains something we can consider as a porous medium. If
it is too small, then it might contain only part of a single grain or a
single pore body, and it is no longer a porous medium. So even the
smallest volume elements must contain a large amount of building
blocks of our porous material, i.e., a high number of grains or pore
bodies.

The continuum scale for a porous medium should not be con-
fused with the continuum scale encountered in other parts of sci-
ence, and in particular, the continuum scale for �uid dynamics. The
continuum scale (or macroscopic scale) in �uid dynamics means
a scale much larger than the distance between the molecules (con-
sidered as the microscopic scale). However, due to the small size
of molecules, this is still a very small scale compared to the scale
needed for a porous medium continuum scale. When working with
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