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Abstract

Most gradient-based history matching (HM) tools consider only the
minimum and maximum geological constraints in the algorithm and the
applied calculations. As a result, the crucial link connecting geological,
petrophysical and reservoir engineering data is diminished or, at times,
completely lost. Therefore, an iteratively created model suffers
significantly from the subsequent inconsistencies, e.g.,
porosity /permeability relations do not honour their petrophysical
constraints. This leads to questionable admissibility of the entire model
and, thus, calls for the necessity of removing or minimalising these

inconsistencies.

This dissertation focuses on finding an innovative solution to suggest
better and more plausible results. It investigates a new workflow that
improves the geological consistency and suggests automation of the
process of assisted history matching with a strong consideration of
different geological constraints with respect to the different rock type
definitions. The new workflow is provided as an external tool using
available libraries in Python that can be applied as an extension for
existing assisted history matching workflows. The rock typing coupled
with the adjoint method is proposed to maintain the relationship
between model parameters to different rock types, which are then
iteratively updated during the history matching procedure. The rock
types have different porosity and permeability ranges, relative

permeability curves, and different connate water and residual oil
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saturation. The rock type is changed with corresponding parameters at
the grid-block level based on the porosity and horizontal permeability
change. The so-called rock-typing extension of the history matching
workflow allows parameters to be modified co-dependently according to
the rock type definition after the permeability adjustment suggested by

adjoint-based sensitivity calculations.

As proof of the concept, the simulation was carried out for the synthetic
model with the same parameter distribution with and without the
extended workflow. The results show obvious improvements in history
matching quality in terms of geological consistency with fewer iterations
or within the same amount of iterations with favourable objective
function (OF) wvalues. The simulation output achieves the target
observed production profiles driven by the automatic joint correction of
the saturation functions, including the initial saturations due to the rock

type adjustments.

Properly including the porosity-permeability correlations, priorities and
model-specific details, the rock type can bind all the geological
properties together, allowing consistent parameter changes for an
improved history matching process. Since the base case is a product of
geostatistical modelling, the level of certainty needs to be accounted for.
Therefore a statistical distance is applied, which is the Mahalanobis
distance. The Mahalanobis distance is associated with each rock type;
it helps to guide the validation and correction step and determines the
appropriate rock type based on the underlying statistical information.

It also serves as the basis for the calculation to prove the concept.
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Overall, the novel approach has successfully managed to improve the
geological consistency of the models during the history matching
process, thereby improving the quality and reliability of the reverse
simulation. Moreover, this extension includes workflow automation. It
is an excellent practical standalone achievement that can potentially
reduce the previously required work hours for the iterations to find the

right set of data.
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Chapter 1 - Introduction

“Essentially, all models are wrong, but some are useful.”

- George E. P. Box

Chapter 1 Introduction

A reservoir model’s history matching (HM) is a significant and often
time-consuming task in every field study. History matching can be
broadly described as the calibration of a static model until it produces
the closest possible match in dynamic results to the observed history
(Oliver, Reynolds and Liu, 2008). In order to achieve a realistic reservoir
behaviour that matches historical observations, the engineer in charge
needs to change the static parameters in the model. This time-
consuming and complex iterative process is described as a mathematical
problem(Oliver, Reynolds and Liu, 2008). Therefore it can be a

computer-assisted or automated procedure.

History matching can be formulated as an ill-posed inverse problem,
where the output is known while the input is an unknown variable.
Therefore adjustments must be made to the input(Oliver, Reynolds and
Liu, 2008). The input data of the static model is provided in a limited
amount, which leads to a high amount of uncertainty (Pyrcz and
Deutsch, 2014). Thus, appropriate alterations to the input data must be

made to iterate the result closer to the target. However, multiple
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parameter combinations can provide the same result. The input is the
petrophysical data; the output is the production and pressure data
observed over a certain period. Automated, accurate, and fast methods
that consider the geological constraints are already developed (Zakirov
et al., 2017). However, these computer-assisted history matching tools
only apply minimum and maximum bounding geological constraints on

the considered input variables (Almuallim et al., 2018).

During history matching, the link between lithology, petrophysics, and
special core analysis (SCAL) is often lost. Therefore, the iteratively
created models can suffer considerable geological inconsistencies; for
instance, a rock type is mnot honoured by petrophysical
properties(Bentley, 2016). Since these models are used to predict future
performance, physical consistency needs to be improved. To tackle the
problem of geological inconsistency during history matching, typically,
an approach of combining the geostatistical modelling and history
matching is applied (Schulze-Riegert et al., 2013). A variety of papers
were published on that topic using different optimization techniques,
such as ensemble methods (Liu and Oliver, 2005), (Maschio, Vidal and
Schiozer, 2008), gradient-based optimization (Bukshtynov et al., 2015),
deep learning methods (Caers, 2002), (Mosser, Dubrule and Blunt,
2019). However, not much attention has been paid to the significance of
the link between SCAL saturation functions and rock types during the

history matching process.
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The crucial point of not diverging from the original static model is to
avoid decoupling the data. The static model coming from geostatistical
modelling is a complex system, as the data comes from different sources
of many disciplines (Pyrcz and Deutsch, 2014). The input for reservoir
characterization (Pyrcz and Deutsch, 2014), in fact, is coming from
petrophysics (Tiab and Donaldson, 2015), seismic interpretations,
geological study, well test analysis, flow simulations (Helmig, 1997) and
geostatistics(Johnson, 1996; Pyrcz and Deutsch, 2014; Pyrcz, 2018c).
The geomodel, hence, contains the essential connection between
different data types coming from the branches mentioned above.
Therefore the correlation between other parameters as well as the
constitutive relation needs to be maintained and honoured. In this work,
the link between model parameters is recovered iteratively based on the
rock type adjustment defined by the corresponding regions in ¢-k

diagrams in an automated way.

Understanding and characterising the subsurface fluid flow and its
system is not only the primary concern of petroleum engineering. It also
has enormous importance in several other practical applications in
subsurface energy systems, such as the exponentially developing
underground storage of energy and gases, one of which is carbon capture
and storage (CCS) (Class et al., 2009) or hydrogen storage (Panfilov,
2010). Due to the radically increasing global warming issue, the need for
CCS has jumped to a higher level. Understanding the flow and transport
behaviour of the earth’s subsurface can answer many questions, such as

the safety of CCS and other underground storage of energy and gases.
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One should also not forget about hydrogeological considerations
(Michael and Voss, 2009), such as drink water formations and
geothermal reservoirs. Finally, a better understanding of underground
fluid flow can solve the current problem related to the transportation of
different types of pollutants in the aqueous phase, thereby affecting the
environment (Mosser, Dubrule and Blunt, 2019). That being so, the
improved history matching tool has a great potential to be widely used

in the future outside of classical petroleum engineering.

Profound convening research proved that implementing co-dependent
geological constraints can improve assisted history matching (AHM).
The improvement can be achieved by extending the presently available
tools by introducing an external workflow and the knowledge gained
from the results of Mr Awofodu’s work (Awofodu, 2019). Tt aimed to
develop advanced techniques for calibrating reservoir simulation models
to available observed data using the adjoint method (Almuallim et al.,
2010). Subsequently, algorithms and workflows for improving reservoir
characterization by detecting hidden reservoir features (Awofodu,
Ganzer and Almuallim, 2018) in reservoir simulation models have been

developed throughout that research project using the adjoint technique.

This work developed an integrated and automated workflow using state-
of-the-art optimization techniques combined with the adjoint method
(Almuallim et al., 2010) for history matching. The developed workflow
was ascertained through nine reservoir simulation models varying in

reservoir heterogeneity complexities and reservoir physics. The aim is to
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improve reservoir characterization within the history matching
framework. In the past, the history matching de facto was rather
impairing the reservoir characterization from geoscientific aspects
because the priority was given to matching the dynamic data without
necessarily maintaining geological realism(Bentley, 2016). The workflow
(Jenei et al., 2020) established in this study improves the model in terms
of dynamic and prediction performance and improves or at least does
not harm the static model in its established relations. The workflow uses
the results of the adjoint-based history matching tool and automatically
validates or corrects the rock types with the utilisation of Mahalanobis

distance (Mahalanobis, 1936) calculation.

1.1 Definitions

Throughout the entire dissertation, there are two significant definitions
often used. These are the rock type and the geological consistency. Since
these terms can have flexibility in their meaning, the used definitions

need to be clarified.

Rock type

The rock type is a geological formation that can be identified and
characterised through the rock properties, namely the porosity and the
absolute permeabilities and the rock fluid interactions, so-called
saturation functions. In the scope of this work, the interest in

differentiating rock type extends to the level of details satisfying the
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proper distinction between the different rocks in terms of flow
properties. Therefore the rock type is utilised to differentiate the flow
behaviour. Only the parameters directly affecting the dynamic
simulation characterise the rock types in this research. The mineral
composition, compaction, geological age, depositional environment, and
other factors from a geological point of view are not investigated. A
detailed review of rock type and facies modelling can be found in
Chapter 3.

Geological consistency

In this research, the geological consistency means that the preliminarily
established connection during geostatistical modelling is maintained
through the history matching phase of the reservoir characterisation,
avoiding the introduction of physically and geologically contradicting
data and sudden changes in the reservoir properties. The rock types are
modelled after stratigraphic layering and large-scale modelling within
the reservoir characterisation process. Within the identified rock types,
each rock type has its porosity, permeability distributions, established
porosity-permeability (¢-k) relationships and corresponding saturation
functions which are the relative permeability and capillary pressure. In
the scope of this research, the geological consistency is when the defined
parameter ranges and distributions are not violated, and the link
between the different rock type-dependent parameters is not lost during
history matching. In addition, the uncertainty of the model parameters

directly relates to the tolerance of the deviation. Details about the
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relationship between uncertainty and geological consistency are

summarised in Chapter 3.

1.2 Motivation and importance of improved
geologically consistent history matching
workflows

History matching processes have significant importance in the
management decisions of projects. Accurate and rapid methods and
tools to process history matching, which considers the geological
constraints, are already developed (Almuallim et al., 2018). However,
not enough attention is paid to the relationship between the model

parameters during the history matching process.

Observations (Reality)
P,Q,, WCUT, GOR

o

Static Model Rock T
Petrophysics and Geostatistics ock Types
History matching g0,
E— I
RT, = {'[\,' ¢, S\.‘\"i} €0, Modified k, @, Swi
. €0,

RT, = {k, ¢, Swi} € Q,,

Fig. 1.1.: The conflicting indicators in reservoir characterisation workflow
(Jenet et al., 2020)
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In other words, they do not honour the rock type, so the relationship
between lithology, petrophysics, and SCAL is substantially lost. Fig. 1.1
represents the mentioned issues. This dissertation aims to optimize,
improve and test the available Assisted History Matching (AHM) tools
to perform reliable, fast, and practical history matching within engaged
geological constraints (Jenei et al., 2020). The core of this new
investigation is an explicit consideration of the geological constraints
that automatically conserve the relationship between petrophysical and
lithological information through the rock type parameter. When the
reservoir model is initialized at reservoir conditions, the base case
forward simulation model honours the geological details consistently
(Ertekin, Abou-Kassem and King, 2001).

The process of the standard history matching is the adjustment of the
model parameters until the simulation model reproduces the actual
observed reservoir behaviour within an acceptable range (Oliver and
Chen, 2010). In the applied gradient-based assisted history matching,
the model parameters are modified according to computed sensitivities,
and it allows parameter changes at the grid block level in efficient
computational time (Almuallim et al., 2010). The parameter constraints
are honoured individually without their correlation. The minimum and
maximum limits are defined for each parameter, but the changes of the
model parameters are independent, meaning that their relationship is
ignored. Therefore, the iteratively created model suffers from certain

geological inconsistencies. These models then are used to predict the
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future performance of the reservoir through the geologically inconsistent

model.

In the new workflow (Jenei et al., 2020), the link between model
parameters is to be recovered iteratively based on complex criteria,
including rock type distribution and rock-type dependent properties,
such as permeability and porosity (¢-k) correlation, relative

permeability, capillary pressure and irreducible saturation.

Although various methods of performing proper history matching are
available on the market, they try to preserve the geological consistency,
but none considers the relationship between the model parameters
within the same integrated workflow like this research does. In
stochastic approaches, geological consistency is achieved by creating
new model realisations. While, in gradient approaches using one
realisation, the preliminarily defined porosity and permeability
constraints during reservoir characterisation and the geostatistical
modelling are honoured individually without their correlations. The
presented workflow includes the correlations where the rock type binds
all the properties together so that every parameter changes
automatically in a continuous and connected fashion, within the same

realisation.

Generally, history matching is conducted in a sequence; the process is
divided into different stages, global-level and well-level. Fluid

production/injection rates such as reservoir rate or individual well-rates
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and pressures such as average reservoir pressure or bottom hole flowing
pressure can also be separately matched within the global and well-
levels. The history matching sequence is usually not automated,;
therefore, the secondary goal is to provide the automated history
matching process for the general sequence as an option, which can be
more efficient than manually setting up the different stages one by one

after each stage.

This research investigates an automated workflow that improves the
process of assisted history matching with a strong consideration of
different geological constraints and respect for their relations. It is also
of great benefit that developing an external tool is possible, which
improves the results and the efficiency of existing assisted history

matching tools regarding geological consistency.

1.3 Objectives

Most state-of-the-art history matching approaches are good at global
level history matching, but they are not fulfilling in terms of local
optimisation. Most of them are even automated, but they lack geological
consistency. Therefore, the most fundamental objectives of this research

topic are defined as the following first two:

o  Geological consistency: One of the main objectives is to achieve

geological consistency to a higher level than already available. The

10
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geological consistency should be maintained through rock type

definition.

e Automated-extended workflow: Implement a general, robust

workflow, which can be applied to any simulation software to

perform automated history matching.

o Proof of Concept Model: Develop a proof-of-concept model,

which could serve the fundamental purpose of proving the

concept within realistic data ranges and distribution.

o Sensitivity Analysis: Analyse the performance of the extended

workflow concerning the parameters which characterise
different rock types, namely porosity, permeability, relative
permeability, and capillary pressure functions. Demonstrate
the advantages of the created workflow compared to the
conventional approach through the different history matching
cases - representing the advantages of the rock type adjusting

workflow.

Not included in this work

The work combines different disciplines: numerical reservoir simulation,
history matching (numerical optimization), geology, petrophysics,
geostatistics and algebra. Therefore, each topic is described to the extent
sufficient for the application and the understanding of the presented

approach.

11
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The simulation software specifics and numerical methods are not
included in this work. Therefore, the solvers are not discussed in detail
because there were no modifications/implementation in the simulator

since the work instead focuses on the applied engineering solution.

The idea of performing computer-assisted history matching employing
a post-processing tool is not new. Therefore, the workflow description
does not provide a detailed insight into the adjoint-based gradient
approach implementation. A detailed review describes the reason behind
the selection of method, including the practical and fundamental
understanding of the advantages and disadvantages of its application

compared to the other methods.

The geostatistical reservoir modelling is not covered to the greatest
extent in this work. The dissertation only presents the relevant
fundamentals applied in this research and information to help

understand the geological consistency.

12
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1.4 State of the Art

Due to its importance in management decisions, different methods were
developed to create assisted history matching tools. Assisted history
matching tools are beneficial since the manual history matching process
is less accurate and requires more man-hours. In assisted history
matching, the mismatch is minimized precisely, while it is only based
on the engineer's judgment in the manual process. In addition, most of
the time, the manual way violates the geological constraints of the model
due to the generally applied box multipliers. The bigger the size of the
model, the higher the level of complexity and the more details the
models have. Therefore it becomes more and more difficult, if not
impossible, to handle them only with a human brain during a manual
history matching procedure. With assisted approaches, the sensitivity of
the model parameters to the mismatch is quantified precisely,
accounting for every single influence of the model parameter. Therefore,
with assisted tools, matching large models with a significant amount of
complexity and details is more accurate than with a manual approach

and, most importantly, feasible.

History matching is static model calibration until the model reproduces
the closest possible dynamic result to the observed history. From the
mathematical point of view, it is an ill-posed inverse problem. The
geologically consistent spatial distribution of the petrophysical
properties underground needs to be found, which gives simulation

results in good agreement with the historically observed dynamic data

13



Chapter 1 - Introduction

(Oliver, Reynolds and Liu, 2008). The history matching problem can be

analysed solved with different mathematical approaches.

Several commercial tools are available on the market with assisted
history matching and uncertainty analysis features. The most widely
used ones by far, but not limited to, are MEPO (Schlumberger, 2021),
ResX (Resoptima, 2021), tNavigator (Rock Fluid Dynamics, 2021),
CMOST (Computer Modelling Group, 2021), 3DSL (Streamsim
Technologies, 2021), Tempest ENABLE (EMERSON, 2021), Raven
(Christie, Arnold and Winton, 2021), CougarFlow (BeicipFranlab,
2021), SenEx (HOT Engineering, 2021). They all attempt to honour the
geological constraints, but none of them does it in a linked, integrated,

and fully automated way yet.

For instance, MEPO is a Multiple Realization Optimizer, which uses
modern optimization and experimental design techniques. It allows the
user to explore better the solution space of the problem. The stochastic
method determines different simulation runs depending on the
probability of the parameters included in the model with known
minimum and maximum values. These methods can create various
parameter distributions based on geostatistical information. In contrast
to the advantages, this method is neither convenient in its
computational time nor considers the relationship between the model

parameters.

14
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Additionally, proxy (Zubarev, 2009) and dimensionality reduction
models (Crevillén-Garcia, 2018) help to reduce the computational costs
of the history matching process. It still faces some difficulties in terms
of the complex relationship of the model parameters, which are still not

considered.

The other example, SenEx, is a gradient-based assisted history matching
tool. The model parameters are modified according to computed
sensitivities. The adjoint method allows parameter changes at the grid-
block level in efficient computational time (Almuallim et al., 2010). The
changes of the model parameters are also independent, meaning that

their relationship is ignored.

In joint research to utilise the benefits of the stochastic and gradient
technique, a combination of both methods to improve history matching
on a reservoir model was implemented and published (Schulze-Riegert
et al., 2013). However, the resulting model does not honour the
geological constraints to the greatest extent. To avoid geological
inconsistency, a research paper (Mosser, Dubrule and Blunt, 2019)
presents a developed tool that allows history matching to consider
correlations between the model parameters and uses rock type as a

model parameter on a synthetic case study for single-phase flow.

The principal objective of this work is to combine the statistical and
adjoint-based gradient methods with the potential of future extension

of its application for real cases. Nonetheless, it should apply to
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commercial tools or at least easy to be adapted to other history

matching workflows.

1.5 Outline of Thesis

The particular focus of this work is thoroughly discussed in the following

chapters, i.e., Chapters 2-7.

Chapter 2 - Literature Review of History Matching — State-of-the-Art

Chapter 2 provides a literature review on the history matching
procedure in theory and application. It gives the necessary overview of
the fundamentals and different history matching techniques, including
basic concepts, manual and computer-aided assisted history matching
methods. This section summarizes the fundamentals of history matching
techniques that are most commonly used in the industry. In addition, it

provides a short overview of a typical history matching sequence as well.

In detail, this chapter compares the adjoint and direct formulation of
the gradient approach, and as well it presents the application of the
adjoint method. It discusses the advantages of the applied assisted
history matching approach and the mathematical description of the
application. It gives a clear picture of the impact of reservoir

characterization on history matching through the role of history

16
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matching in reservoir characterization and vice versa. Furthermore, the

chapter lists the utilised tools and software applications in this research.

Chapter 3 - Rock Typing

The main message of Chapter 3 is how to identify a sufficient amount
of rock types, which are beneficial for subsurface flow simulation and
history matching as well. It describes and provides the necessary
fundamentals of rock typing, also known as facies modelling. It
highlights the theoretical importance of reservoir characterization in
history matching, especially considering the established connections of
different model parameters from geostatistical modelling. It shows the

importance and definition of varying facies categories.

Moreover, it describes the identification of the right amount of rock
types in a geological model. It summarises the different facies definitions
and modelling techniques and clarifies the used meaning in this work.
The fundamental properties which are dependent on the various rock
types are listed and explained. These are the porosity, absolute
permeability and their relationship, and saturation functions, which
play an essential role, are relative permeability and capillary pressure
functions. Additionally, the commonly used parameterisations of these

functions are presented.
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Chapter 4 - Methodology and Rock Typing Workflow

This chapter consists of two main parts: methodology and the rock type
adjusting history matching workflow. It summarises the applied
methodology of preparing the proof of concept model with a simple

synthetic case and the designed workflow.

Therefore, it describes the design and construction of a synthetic model
to extend the history matching tool that allows for assessment,
validation, and correction within engaged reservoir geological
constraints focusing on reservoir pressure, oil, and water rate match

with liquid rate control.

As a second part, the developed workflow is explained in detail. The
optimised workflow is based on multiple test cases and automation of it
integrating into the inner loop for the black oil simulator ECLIPSE and
tNavigator. Furthermore, it describes the theory behind the extended

workflow completed for integration into various user interfaces.

The following most valuable concept of the rock type adjusting history

matching workflow is described in this chapter with details.

o Constraints — Set Up

e Automation - Multiple Set-Up combinations

e Adjustment of Rock Type

18
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e Python workflow

Then the main parts are the Mahalanobis calculation, and the

confidence interval is defined to understand the reason behind using it.

e Distance Calculation - Application of Mahalanobis distance and

the conditions of application

e Application of Confidence Ellipse Calculation

e Rock Type Selection

e Conditions of application of the Mahalanobis distance

Chapter 5 — Proof of Concept — Simple Quarter-Five-Spot Model and
Chapter 6 - Results

In Chapter 5 and 6, the results of the nine test cases are summarized
and presented. It contains the model descriptions of “TRUTH” and
BASE cases, including the initial and boundary conditions of the
simulation cases. It lists the model description with the different
parameter setups in Chapter 5. Chapter 6 consists of a comprehensive
summary of the results of all nine cases conducted using the nine
variations of the simple model. The results of the “PERMKR” case is
presented with the details and thoroughly analysed. The comprehensive

summary of results in each case is shown separately, comparing the
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required number of iterations, the objective function and the geological
consistency  indicators in  both multi setup combinations
“BESTPARENT” and “ITERNUM?”. The history matching setups are
performed without (standard workflow) and with the rock typing

workflow.

Chapter 7 — Summary

Chapter 7 summarizes the significant aspects of this work and provides
an overview of the conclusions, including suggestions for future
investigations and further other research activities on the topic of

improved history matching.
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Chapter 2 Literature Review of
History Matching — State-of-the-Art

This chapter provides a comprehensive overview of the fundamentals
considered in this dissertation. It covers the topic of reservoir
characterization workflow from the geostatistical modelling through the
facies definition to the post-processing tools, mainly focusing on the
utilised history matching approach. In addition, it lists and briefly
explains the state-of-the-art and most widely used history matching
techniques and algorithms(Oliver and Chen, 2010). The used methods
and their mathematical background are discussed and described in this
chapter. It is focused and limited to the parts necessary for the work
performed in this dissertation. The chapter also shows the advantages,
benefits and reasons of the utilization of the adjoint approach in
comparison to the direct one; however, the implementation of the used
gradient approach is not described. The software tools used in this
dissertation are summarized and listed in Chapter 2.4. Lastly, the
geostatistical reservoir modelling (Pyrcz and Deutsch, 2014) is covered
with the relevant information to help understand the geological

consistency.
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2.1 Theory and application of History Matching

The history matching is an iterative and, therefore, time-consuming
procedure. The key is the calibration of the geological model to
reproduce the realistic reservoir behaviour (Oliver, Reynolds and Liu,
2008). It can be conducted either manually or with the help of a
computer program(Oliver and Chen, 2010). Considerably extensive

experience and engineering judgement are required in both cases.

Agsisted history matching is widely used due to its efficiency and
improved computational power compared to the technical capabilities
in the past. History matching can be mathematically defined as an
inverse problem since the output is known, but there is limited
information about the input. There is no unique solution to these
problems. Thus, the history matching needs to be well constrained and
controlled in order to create a reliable model of the underlying formation
(Oliver, Reynolds and Liu, 2008).

The final models are often used in decision-making and future
predictions. Therefore honouring the geological features and
interconnected petrophysical details is crucial (Liu and Oliver, 2003).
Particularly, vast consideration should be given to the relationships
established during reservoir characterization. This procedure involves a
complex, thorough, and well-structured geological modelling effort in
order to build a static model, which serves as the input for the base case

simulation (Pyrcz and Deutsch, 2014). Consequently, the basic details
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of the initial model should not be ignored or forgotten during further

model alterations, such as reverse simulation iterations.

The history matching procedure can be limited by the type and
characteristics of a given problem to be solved(Oliver and Chen, 2010).
For example, the complexity of the model, the scale of the model, the
number of wells, and the applied fluid model define the chosen approach.
The objective of the history matching is pretty the same in terms of
minimization of the mismatch, but the realisation of it, the methods can
vary over large ranges. The choice of approach is dependent on several
factors. Primarily, the application of one particular minimization
method highly depends on the difficulty of the implementation (Oliver
and Chen, 2010).

On the other hand, the history matching problem itself defines the
required optimization method(Oliver and Chen, 2010). For instance, a
smaller and simpler model can be easily matched manually within a
reasonable amount of time, while a larger, more complex model might
require computer-assisted optimization. Therefore, the complexity of the
model, i.e., the size of the reservoir, compartmentalisation, geological
features, the number of wells, and fluid models, always need to be

considered to select an optimization tool.

The most common history matching techniques are listed and

summarized in the following subchapter. The adjoint technique is
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explained in detail, as this research is developed based on the utilization

of the adjoint algorithm.

2.1.1 Overview of the Algorithms for History
Matching

The development of different history matching methods and algorithms
has increased exponentially in the last 25 years. A detailed review has
been conducted by D.S Oliver about all the existing and most often used
tools. These methods are briefly listed below before the detailed
explanation of the adapted method(Oliver and Chen, 2010).

The most widely applied techniques, history matching methods:

e Manual History Matching: It has a high range of flexibility in
terms of the parameters and the data set. Hence, it poorly
assesses the uncertainty and consumes significant investment in
human/engineering work. Since it is extremely time consuming,
it is not suitable for large reservoirs with a high amount of

variables.

e Evolutionary algorithms: It is suitable for discrete parameters
and highly non-Gaussian distributions. Unfortunately, these
algorithms have slow convergence; therefore, it is not robust.
Along with the manual history matching, the evolutionary
algorithms are weak in uncertainty assessment and are not

advisable for large and complex models.
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¢ Ensemble Kalman Filter (EnKF): This technique generally
underestimates uncertainty. On top of that, additional
parametrisation is required to take in the discrete variables.
EnKF is highly parallelizable and is also well-suitable for
models with a large number of variables. Moreover, the
algorithm has high flexibility, as it can be used with all model

variables and adapted to different simulator programs.

e Adjoint approach: The primary advantage of this method is its
robustness due to its considerably fast convergence rate. This
method provides a single history match with a high-efficiency
level in terms of computation time and effort in total. It takes
more computational time than other methods per iteration
because, on top of the simulation, the calculation of derivates
takes additional time, but in return, it takes fewer iterations to
reach the optimal solution. In comparison to the direct
approach, the adjoint formulation is still faster. Moreover, with
several history matches, uncertainty estimation becomes
possible. Nonetheless, with its great benefits, the adjoint
method is not the most flexible approach, as it is not simply

adaptable to all simulators and variables.

The following section further describes the manual and assisted history
matching approaches, including those as mentioned above widely used

techniques.
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2.1.2 History Matching Phases/Sequence of History
Matching

In general, the history matching process, independently from manual or
automated/assisted, can be divided into two main phases: the global
(field-level) and the local (well-level) performance. On top of that, the
global and local phases need to be separated into smaller steps. The
typical sequence of history matching procedure is the following (Aziz
and Settari, 1979), (Ertekin, Abou-Kassem and King, 2001):

1. Match the global (field level) average reservoir pressure (Pr):

This step assures that the overall reservoir energy is matched.

2. Match the individual fluid rates at field-level, such as oil
rate(q,) and water rate(qy), which includes water-cut (WCUT).
In case gas production is present, the gas rate (q,) and the gas-
oil ratio (GOR) need to be matched as well. This phase assures
that the liquid production rate is distributed correctly within

the different phases.

3. Match the different fluid rates (qo, qw, qz) at the well-level: this
assures the correct fluid distribution in the reservoir by
correctly dividing the liquid production rate into individual

fluid rates at every well.
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4. Match the bottom hole flowing pressure at each well (pw): with
this stage, the local energy is matched in the drainage area of

the wells, including near-wellbore effects, i.e., skin factor.

5. Match the water breakthrough: Complete matching of the
breakthrough times at the well-level is the most difficult if not
impossible in some cases. Sometimes this is not a target, for
example, when we have high uncertainty of this data. High
uncertainty of the production data could happen in cases where
we have a rough estimate for the breakthrough time, for
instance, when we have the production data from production

allocation.

The above-described sequence is typically recommended to follow, but
the main focus of the history matching is always unique and defined by
the purpose of the model. The sequence can be varied when needed for
practical reasons because, in the end, the final models should always

serve the original purpose.

The rule of thumb (Aziz and Settari, 1979) in history matching is first
to change the parameter that has the most significant influence on the
simulated result and has the highest uncertainty. Changing the relative
permeability data is the last resort in conventional history matching
because it hugely affects the simulated data (Ertekin, Abou-Kassem and
King, 2001). Therefore, it must be defined accurately before history

matching as an input parameter. Last but not least, preferably, several
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scenarios have to be created to provide a range of models with different
probabilities (Pyrcz and Deutsch, 2014), (Ringrose and Bentley, 2015).

With the consideration of the rules of the history matching sequence,
automation is conducted as part of the improved workflow. The rock
type adjustment and the sequence of the different history matching
steps listed above can be automatized through the developed workflow.
The effort for the automation of the mentioned steps is relatively small,
while the value of the automation is way higher. Two significant factors
make the automation of the history matching sequence certainly
conductible. The main factor is the flexibility of the application of the
adjoint method, and the second factor is the structure of the rock typing
workflow, which is wrapping up the adjoint method without the need of
modifying it but instead utilising the results and expanding the list of

functionalities.

Typical reservoir data to adjust (parameters to

modify)

During history matching, there could be an almost infinite amount of
reservoir data to be adjusted in the reservoir model. Based on the
uncertainty and the sensitivity of these parameters, the list of variables
can be shortened uniquely. The most typical data to be modified during
the history matching are the size and strength of the aquifer, vertical
barriers, kyh product (absolute horizontal permeability), the ratio of
horizontal and vertical permeabilities, pore-volume, relative

permeability and capillary pressure.
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In this dissertation, the directly modified parameters are the porosity
and the absolute permeability. In addition, in the rock typing workflow,
not only the porosity and the absolute permeability are modified, but
the relative permeability and capillary pressure functions are indirectly
adjusted according to the rock type validation. The indirect change
means that the changes are not done conventionally (scaling) but

through the rock type link.

First of all, the modifications of relative permeability should always be
the last resort in history matching. Second of all, when it is modified, it
is done by the scaling of relative permeabilities. The scaling means that
the curves are shifted along the saturation axis by changing the connate
water, and residual oil saturation or the end-points of the relative

permeability curves are modified or the combination of these two.

In this dissertation, the relative permeabilities stay untouched; the
developed workflow keeps the original values as it is interpreted but
changes jointly with the rock type change. When the rock types are
adjusted, the corresponding saturation tables are used for the
calculations, so practically, the saturation functions are not modified

but switched.

An extensive summary of all the parameters and their contribution to

the match is shown in Fig. 2.1.
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Objective Reservoir Data To Adjust Additional Tools
® Aquifer size © Material-balance analysis
and connectivity o Aquifer-influx analysis
* Global PV # Coarse-grid simulation models
« Total compressibility
Mach regional © Aquifer ivity |« Coarse-grid simulation models
and pressure © Global kgh
gradients (with space « Regional kyh
and time; .
© Regional PV
o Fault transmissibilities,
T and Ty
Match well pressures © Regional kgh (for matching » Coarse-grid simulation models
o Shut-in well pressure static pressures) . © Analytical analysis
data, p,,s © Layer kyh (for matching Ei-function analysis
3 WL pressures) " .
Wirel
. d:: ine (WL) pressure « Layer PV (for matching Fetkovich type-curve analysis
WL pressures)
© Layer Tj,(for matching
WL pressures)
« Flowing well pressure data, —-'  Well kyh
Pws (normally not matched
in full-field simulation)

Match individual well Coning Coning
water-cut behavior oky © Analytical coning models
« Breakthrough times « Shale barriers  Single-well simulation models
© Water-cut performance, f, © Well &, curves
© Log-derived
Lateral Fluid Movement Lateral Fluid Movement
© Model layering scheme © Buckley-Leverett analysis
* Regional kyh  Stiles analysis
o Layer kgh | o Dykstra-Parsons analysis
® Regional PV © Streamtube analysis
o Interblock & curves © Cross-sectional simulation models
(breakthrough time)
« Well & curves
(post-breakthrough f, and GOR)

<@ Saturation Match MENSEES <@  Pressure Match m—m

Match individual well GOR Coning Coning
behavior « Same as above © Same as above (when applicable)
* Breakthrough times
*GOR MM Lateral Fluid M Lateral Fluid Movement
9 Log-derived « Same as above « Same as above (when applicable)
© PVT properties (R; and p)

Fig. 2.1: Typical reservoir data to adjust during history matching (Ertckin et
al., 2001)
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2.2 Manual History Matching

The basic concept of manual history matching (Ertekin, Abou-Kassem
and King, 2001) is to adjust the input parameters of the built static
model, manually one by one, parameter by parameter for numerical
simulation until the simulated data is in good agreement with the
historical data. In conventional or manual history matching, commonly
observed data is the same as in the assisted way: water-cut, gas-oil-ratio,
average reservoir pressure (static, shut-in pressure), flowing well

pressure, oil production rates breakthrough time, and others.

The inverse modelling approach (Oliver, Reynolds and Liu, 2008)allows
the engineer to determine numerical parameters of the corresponding
input variable based on the known output results. In other words, the
purpose of history matching is to manually find the best set of input
data to reproduce the historically observed data. Inverse problems do
not have unique solutions. It does not have a unique solution because
many different sets of input data can reproduce the same outcome
performance. On the one hand, it is impossible to try all the realistic
combinations manually with a trial and error process. On the other
hand, the quantification of the mismatch and the model parameter
modification is less accurate than in computer-assisted history matching

approaches.

Typically, the engineer runs the simulations with different parameter

combinations in several iterations and monitors the simulated data
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changes regarding the changed parameters. As a start, in order to
understand the model and find the sensitivities of the model, the
parameters are changed separately. It is not efficient to change
parameters on grid-block level by hand. Therefore box multipliers can
be applied, which breaks the continuity of the underlying geological

parameters.

The quality of the outcome of the history matching is not limited to the
degree of matching. On top of the unknown rock properties and
saturation functions, the dynamic input parameters may include a
certain level of uncertainty to the results. As such, inaccurate,
insufficient, and inconsistent measured fluid properties and historical
production data, i.e. production rates, reservoir pressure, and well-
flowing pressure, may contribute negatively to the overall precision of

the history matching procedure.

The history matching is time-consuming. It takes a large portion of a
reservoir study, especially when it is only completed manually. The
process is repetitive/iterative and takes an enormous amount of time
only by the trial-and-error approach. Conventionally, the manual
history matching is segregated into two phases, where globally observed
data is matched first, and only then the observed data is matched on

the local-scale or so-called well-scale.
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The typical sequence of history matching is described in subchapter
2.1.2, which is also applicable in manual model adjustments. The

typically adjusted parameters are summarised in subchapter 2.1.2.

2.3 Assisted History Matching Methods

The computer-assisted or automated history matching approaches
pursue the same goal as the manual history matching techniques (Oliver
and Chen, 2010). The methodology is the same, but the realisation can
be different. From the perspective of this research topic, it is essential
to highlight that the assisted history matching tools can be divided into
two main groups. The first group comprises the gradient-free, mainly
stochastic or statistical and simplex methods, and the second consists of
gradient approaches. While discussing the gradient approach, it is
essential to point out the differences between the direct and the adjoint
approaches, as the latter method is adopted in this work. Both direct
and adjoint approaches are gradient-based algorithms, but the
underlying difference exists in the formulations of the equations. Before
moving forward to the comparison of the two gradient-based
approaches, a short note on the most widely used algorithms is

summarized below.

Trial and error approaches, such as manual history matching
techniques, are impractical due to the high computational cost of each

simulation and the significant amount of model parameters. Today,
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complex and large models are more feasible and, thus, popular.
Therefore, the need for accurate and precise automated history
matching tools is constantly growing. Moreover, the approach to honour

all the parameter constraints and their relationship is required.

The arising system of modelling equations that describe the reservoir
fluid flow is the incompressible two-phase flow system Eq. 2.1 (Aziz and
Settari, 1979). Such a system can be written in the following way
(Oliver, Reynolds and Liu, 2008):

L(p,m) = L(p(m),m) =0
Eq. 2.1
, where
L(p,m) — set of discretised flow equations,
p — primary variables (pressure, saturation),

m — model parameters (porosity, permeability, parameterization of k.
and P.)
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2.3.1 Objective Function

The following equation Eq. 2.2, represents the calculation of the
objective function. The objective function quantifies the mismatch
between simulated results and observed production history (Oliver,
Reynolds and Liu, 2008).

Nobserved
](p m) =1 Z w,(dcalculated(p) _ dabserved)z
’ L
2 i=1
Eq. 2.2

, where

J(p, m) — objective function,

w; — weighting factor,

dealewated () simulation results,

deovserved _ production history.

In the optimization workflow, the goal is to find the minimum of the
objective function subject to the discretised flow equation (Oliver,

Reynolds and Liu, 2008).
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min J(p, m) => VJ(p,m) = 0
m
Eq 2.3

The minimization problem of described type can be solved by various
methods, among which the stochastic approaches and gradient-based
methods are the most popular choices. Each method has its advantages
and disadvantages. A good review of recent developments in history
matching is published(Oliver and Chen, 2010). The stochastic
approaches like EnKF (Ensemble Kalman Filter) and EnRML
(Ensemble Randomised Maximum Likelihood) (Li and Reynolds, 2009)
are attractive because they do not require the calculation of the gradient
of an objective function, but on the other hand, gradient approaches

have a higher rate of convergence.

2.3.2 Gradient Free Algorithms

The first group of algorithms that needs to be mentioned is the gradient-
free stochastic methods. The most widely used ones are the evolutionary
algorithm (Béck, 1996) and the EnKF (Kalman, 1960; Evensen, 1994;
Liu and Oliver, 2005; Aanonsen et al., 2009; Li and Reynolds, 2009;
Chen and Ollver, 2010; Oliver and Chen, 2010; Schulze-Riegert et al.,
2013; Thiele and Batycky, 2016; Wang and Oliver, 2021). The used
methods in practice are not limited to those. There are numerous other
gradient-free approaches available. Simplex methods such as the Nelder-

Mead optimization algorithm (Nelder and Mead, 1965) can be used for
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relatively minor problems, meaning a small number of model parameters
(model with a small number of grid blocks). It is a generalized bi-section
unconstraint optimization approach for high-dimensional parameter
spaces. This method is robust, does not require any Hessian matrix
calculation (Nocedal and Wright, 2006), and applies to a wide range of
functions. Another category is the swarm intelligence algorithms, the
most popular are the Particle Swarm Optimization (PSO) (Kennedy
and Eberhart, 1995) and the Ant Colony Optimisation (ACO) (Dorigo
and Gambardella, 1997). In both cases, the algorithm tries to replicate
the behaviour of insects, birds, and fish populations. In nature, their
goal is to arrive at a particular location of their interest, so, therefore,
modelling this behaviour in every iteration, the direction and the
velocity of movement are defined. These algorithms have growing
popularity and have a high chance to dominate in the future with a
combination of machine learning techniques (Mosser, Dubrule and
Blunt, 2019). Nevertheless, the most widely used ones are the following

two described below.

Evolutionary algorithm

Evolutionary algorithms are based on the ideas of biological processes
such as natural selection, mutation, reproduction. The most popular
methods from this category are the Genetic algorithms (Romero and
Carter, 2001) and Differential evolution (Storn and Price, 1997). Each
model/realization in the terminology of the evolutionary algorithms is

called population. After generating the initial population at random,
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every new population is generated by selecting the most potent
members, survivors and applying one or several genetic functions on
them, such as mutation and recombination. The selection process is
performed using the fitness function, equal to the mismatch between the
model prediction and observed data. The process continues till the
desired fitness or maximum allowed number of iterations is reached. In
differential evolution, the difference between members is used together
with the random differential weight to produce a new candidate
solution. Although the evolutionary algorithms are very general in their
formulation and can be applied to different types of problems and do
not require gradient calculation, the convergence rate is prolonged for

these algorithms.

One great example of the widely used software where the application of
Evolutionary algorithm is available amongst others, but not limited to,

is tNavigator (Rock Fluid Dynamics, 2021).
Ensemble Kalman Filter (EnKF)

The widely used method ensemble Kalman filter is named after Dr
Rudolf Kalman, a Hungarian mathematician who introduced a Kalman
filter in 1960 (Kalman, 1960). Further on, the ensemble Kalman filter
(EnKF) approach, exploiting the Monte-Carlo method (Hastings, 1970)
and Bayesian formulation, was introduced in the petroleum industry in
1994 (Evensen, 1994). An excellent overview of different EnKF methods

can be found in publication(Aanonsen et al., 2009).
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The EnKF method is a sequential data assimilation approach consisting
of forecast and assimilation steps, which modify model parameters and
so-called state variables, such as pressure, saturation, and observed
data. First, the ensemble of models is generated using underlying
statistics of model parameters, or in other words, different model
realizations are considered an initial guess. Further, two main steps,
forecast and assimilation, are applied to modify current model
parameters and state variables (primary variables and production data).
During the forecast step, the simulation is performed given the current
model parameters. Therefore the predictions are made with the help of
a simulator. Afterwards, the assimilation of the measured data observed
at the forecast step is performed. In the assimilation step, the update of
model parameters and the state variables is done using the so-called
Kalman gain matrix. The assimilation step does not require the use of
a simulator. Hence it is computationally cheap to perform. This
advantage made EnKF method trendy(Oliver, Reynolds and Liu, 2008).

On the other hand, EnKF approaches suffer from various drawbacks.
Firstly, it is inaccurate for non-Gaussian distributed parameters and
highly non-linear problems. Secondly, the assimilation step, which relies
on applying the Kalman gain matrix, can produce non-physical solutions

while modifying state variables (Oliver, Reynolds and Liu, 2008).

The most widely used software where the application of the EnKF
algorithm is available amongst others, but not limited to, is MEPO

(Schlumberger, 2021).

39



Chapter 2 - Literature Review of History Matching — State-of-the-Art

2.3.3 Gradient Approach (Adjoint vs Direct
formulation)

In this dissertation, the solution of inverse problems with a gradient
approach based on adjoint formulation is introduced (Almuallim et al.,
2010) and extended (Jenei et al., 2020). All inverse problems are
characterized by many model parameters that have to be defined based

on the observed response of the modelling system.

The observed data always contain measurement errors. It is impossible
to correctly estimate all the model parameters from inaccurate,
insufficient and inconsistent data. This issue causes the non-uniqueness
of the inverse problem solution. The plausibility of models is ensured by

applied bounds and constraints on the model parameters.

The gradient approaches are well known to be dependent on the initial
guess. In order to successfully minimise the objective function with any
gradient approach, the initial model has to be selected carefully. The
solution of the gradient approach is strongly affected by the starting
point, the initial guess. If the initial parameter distribution is far from
the solution, the approach might never arrive at the correct values.
Therefore, the artefact of the approach is that during reservoir history
matching, the base case model needs to be close enough to the final

solution for it to work (Nocedal and Wright, 2006).

To successfully minimize the objective function with a gradient

approach, applying an accurate gradient calculation is of great
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importance. There are three typical methods of how to calculate
gradients for performing optimization. One of the simplest but least
accurate ways to calculate the gradient of an objective function is by
the finite difference method(Oliver, Reynolds and Liu, 2008):

dj(m) J(m+ Am) —J(m — Am)
am 2Am

Eq. 2.

In order to achieve better accuracy in the solution, the direct approach
or the adjoint approach can be used. Since the objective function is a
function of primary variables and model parameters, its derivative can

be calculated by chain rule:

aj 9] dp+6]
dm 0dp dm om

Eq. 2.5

a _d] dp+6]_0
dm dp dm om
Eq 2.6

And the derivative of primary variables with respect to model

parameters :—Z can be obtained directly by differentiating the

constraints:
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dL dL dp
_+_._=()
dm 0dp dm

Eq. 2.7

Therefore, one needs to solve the corresponding system (Eq. 2.8):

oL dp 0L
dp dm  om
Eq. 2.8

The algebraic explanation for the difference between the direct and
adjoint gradient approach is the following, introducing the following

system (Oliver, Reynolds and Liu, 2008).

_dp
u= dm
Eq. 2.9
Ao oL

= o
Eq. 2.10
B oL

f= om
Eq. 2.11

42



Chapter 2 - Literature Review of History Matching — State-of-the-Art

g'= J
dp
Eq. 2.12

, where

u — a variable which needs to be solved for (N, x Nn matrix, where N,
is the number of primary variables, Np is the number of model

parameters),

A - N, x N, matrix,

f — right-hand side, N, x Ny, matrix,
gl — 1 x N, vector.

The dimensionality of such a system depends on the number of model
parameters. In the case of a large number of model parameters, it is
worth considering another method rather than the direct approach. In
the direct method, the linear system A - u = f is solved, and, afterwards,

g7 - u product is calculated.
Solved:
A-u=f

Eq. 2.13
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Calculated:

T

g -u
Eq. 2.1}

In the adjoint method, the system of AT - 1 = g is proposed to be solved,
and the calculated product is AT - f , which is equal to g7 -u=
AT DT u=2T-4-w)y=1T-f.

Solved:
AT - A=g
Eq. 2.15
Calculated:
AT f
Eq. 2.16

gl u=@ - DT u=7T-A-uw=AT-f
Fq. 2.17

P s equivalent to the calculation

. a
In this case, the product g7 - u = é o

of AT - f=2aT. (— :—:1) after the following system is solved:
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&) =)

Eq. 2.18

This comparison clearly shows that, while for the direct approach, the
dimensionality of the arisen linear system is proportional to the number
of model parameters, the computational effort of the adjoint formulation
is not dependent on the number of model parameters. Therefore it is a

more suitable solution for reservoir engineering optimization problems.

Steepest Gradient Descent

In order to understand the parameter modifications in the adjoint-based
workflow, the steepest gradient descent algorithm needs to be clarified.
The gradient of function VJ(p,m) gives the direction of maximum
change. Hence, for the minimization problem, the direction of
minimization is done along the negative gradient direction -VJ(p, m). In

the following expression, the following applies x = (p, m).
Xis1 = X — Qg - V](Xg)
FEq. 2.19
, where
k - is the iteration step

a; - is the step size.
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The choice of a; at each iteration-step depends on the minimization
algorithm. Steepest gradient descent (Debye, 1909) makes the choice of

step size based on the condition of minimum achievable function value:
@, = argmin ] (x, — @ - ¥ (x,0))
az
Eq. 2.20

The gradient direction, which is the direction of maximum function
change, is described as follows. First, the direction in which function
changes most rapidly must be found. For that, one may use the
directional derivative V,J(x), where v is the directional vector of unit

norm |lv|| =1

In the small vicinity of point x, the multivariate function can be

represented using the Taylor expansion demonstrated below.

Jx+e-v)=Jx)+VT(x) - (x+e-v—x)+o0(e)
=J(x)+e-V/T(x)-v+0(e)

FEq. 2.21

Hence, the derivate in the direction v is the scalar product of gradient

VJ(x) and directional vector v:

Jx+e-v)—Jx)
€

VyJ(x) = lim =V"(x) v

Eq. 2.22
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The maximum of direction can be defined from the definition of the

scalar product.

max V,/(x) = max V" (x) - v = [[VJ(x)|| - [|v|l - max cos(V](x), v)
= [IVII

Eq. 2.23

Maximum function change is achieved when max cos(V/(x),v) = 1, i.e.,
v

v is collinear to gradient direction v || V/(x) (Nocedal and Wright,
2006).

Apart from the steepest descent algorithm, other gradient optimization
approaches such as Levenberg-Marquardt (Levenberg, 1944; Marquardt,
2006), L-BFGS-B (Broyden-Fletcher-Goldfarb-Shanno algorithm) (Liu
and Nocedal, 1989) can be applied. L-BFGS-B is a quasi-Newton
method (Nocedal and Wright, 2006) because it uses approximated
Hessian matrix from the provided gradient of the function of interest
(objective function). It uses a line search procedure to find an
appropriate step by bi-section approach. At any next iteration, the
vector of parameters is being changed according to new steps and
directions. This method is a relatedly accurate algorithm with bounding

constraints.

Almost all of the applications mentioned previously in the 1.4 State of

the Art section have at least one form of gradient-based algorithm
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available, for example, CMOST, SimOpt and SenEx. In this thesis,

SenEx was chosen to exploit the functionality of sensitivity calculations.

2.4 The applied software: Numerical simulation,
optimization, post-processing

In this subchapter of the dissertation, the applied software is listed,

defined, and disclosed during this research.

2.4.1 The applied software: SenEx, tNavigator,
ECLIPSE and Python

The main assisted history matching workflow, the sensitivity explorer
(SenEz), supports the two primary players in commercial simulation.
Therefore, the improved and extended history matching tool is designed
in a way that it is capable of handling both tNavigator and ECLIPSE
simulation run decks. The SenEx workflow currently supports the black
oil simulators. Hence, the extended history matching workflow is
designed and tested for the black-oil simulator of both computer

programs from REFD and Schlumberger.

tNavigator software is developed by Rock Flow Dynamics (RFD), a
Russian based company. The software has been under development and
fine-tuning for 15 years, releasing four software updates per year. It is a

high-performance tool for integrated static and dynamic modelling from
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the reservoir to the surface networks. From the various modules
suggested in the software by RFD, the particular feature of interest is
the “Black Oil Simulator”. The feature works with fully implicit and
adaptive implicit algorithms. It supports all industry-standard
functionality, including three-phase flow and temperature extensions
(Rock Flow Dynamics, 2021).

Eclipse is a software package developed by Schlumberger Ltd., which is
historically known as a French oil field company founded in 1926.
ECLIPSE 100 was used in this dissertation, which is part of the package
offered by ECLIPSE. It is a fully implicit integrated finite difference

three-phase general purpose black oil simulator (Schlumberger, 2020a).

Petrel is a complex geomodelling software widely used in the industry
and also in research. It has a broad number of functionalities, from basic
seismic interpretation to comprehensive visualisation of the simulation
results. The tool is developed and distributed by Schlumberger Ltd. In
this dissertation, Petrel was used to design the synthetic models,
including static and dynamic datasets. Petrel Workflows were
implemented as a proof of concept before writing the Python scripts to

prove the method’s validity (Schlumberger, 2020b).

Python is listed within the applied software, but it is a non-commercial
open-source programming language. It is used to extend the history
matching workflow because it is powerful, fast and adaptable to other

software or languages, flexible, and relatively easy to use. Another
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reason for choosing Python is the availability of the libraries, which are
integrated. The principal used libraries are the following: SciPy
(Virtanen et al., 2020), Pandas (pandas development team, 2020),
NumPy (Harris et al., 2020), Bokeh (Bokeh Development Team, 2021),
which means that already available developed functions are used

together from different sources.

2.5 Application of Adjoint Method — Sensitivity
Explorer (SenEx)

The reasons described above led to selecting the adjoint method for the
engine of the extension of the history matching workflow introduced in
this dissertation. Sensitivity Explorer is unique computer software that
is based on the adjoint-driven history matching approach. The highlight
of the workflow is the automated sensitivity analysis followed by input
data alteration for the sole purpose of reducing the mismatch. The
parameters are adjusted repetitively in traditional or manual history
matching until the mismatch results reach the desired quality. It can be
concluded that computer-assisted automation is heavily required
considering a large number of parameters in the models and the

increasing expectations for resulting efficiency from the industry.

The general workflow of the adjoint-based algorithm of Sensitivity
Explorer is represented in Fig. 2.2. The base workflow has five

significant stages or actions. The first two steps require assistance from
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the engineer and simulator. The latter three ones are automatically

performed within the Sensitivity Explorer. Below, the conventional

workflow (Sensitivity Explorer’s) introduced in Fig. 2.2. is described.

Sensitivity Explorer Loop (one optimization iteration) contains and

executes the following steps:

1.

Initialize Sensitivity Explorer Case (This step requires

engineering assistance.)

Simulation (The simulation part is conducted outside, calling a

simulator software program.)

Mismatch calculation (Objective Function is estimated in this
stage, from simulation results with primary set weighting

factors.)

Sensitivity coefficients calculation (The derivatives are
calculated automatically utilizing the calculated OF with

respect to the model parameters.)

Model parameters modification (This step executes the export
of the new parameter arrays, based on the sensitivity

coefficients.)
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Sensitivity Explorer (SenEx)
Workflow

/ Input (BASE CASE) /

A 4

Simulation

Mismatch (OF) estimation

Acceptable
match?

YES Final Model

NO

Sensitivity coefficients calculation

Model parameters modification

Y

Export of the next case

Fig. 2.2: The Sensitivity Explorer Workflow
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The sensitivity explorer works with a technique based on the analytical
computation of objective function and sensitivity coefficients. The
objective function measures or quantifies the mismatch of the model.
The sensitivity coefficients are computed using partial derivatives. The
partial derivatives are calculated for an appropriate objective function

with respect to the model parameters.

The objective function is calculated in the applied adjoint-based

workflow using the following formula:
OF =] (p.m) = ) ;- M
i

Eq. 2.2/

computed observed)? computed observed?
o (Oi,t —Oi¢ aW(VVi,t - Wi )
Mi = +
4 » »
computed _ robserved)>
“g(Gi,t Gt )
,Bg,i
computed observed 2
ap (pi,t — D¢ )
+
.Bp,i
FEq. 2.25
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, where

OF — Objective function,

i — well index,

a;; w; — weighting factors at well i,
M; — mismatch at well i,

B; — standard deviation,

o,w, g — oil, water and gas index.

The goal of the presented workflow (SenEx) is to minimise the objective
function. In order to minimise the objective function, one needs to know
how the parameters are contributing to the mismatch. The sensitivity
coefficients help to quantify that. These coefficients are calculated with

the computation of the partial derivatives.

The partial derivatives are calculated with the following equation
(Oliver, Reynolds and Liu, 2008):

a] (p,m)
am

Eq. 2.26
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, where
J(p, m) — Objective function,
m — model parameter.

The model parameters are the porosity (¢) and the absolute
permeability (k) in both horizontals (k., k,) and vertical (k) directions.
In order to generate new property arrays, the initial sensitivity
calculation is followed by the parameter modifications at the grid-block

level accordingly.

The optimization during history matching is specified within parameter
bounds through multipliers. These are the ratio of the new values

updated by the gradient of the objective function and the initial value:
X1 = X — Q- V] (x)

Eq. 2.27

, where
ay — step size,

V](x;) — gradient of the objective function.
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It is necessary to mention that all together, four parameters can be
modified at the grid block level, namely the porosity (¢) and the
absolute permeability (k) in both horizontal (ki, ky) and vertical (k)
directions. In contrast to other assisted history matching approaches,
this method allows modifying the parameters grid cell by grid cell. The
box multipliers are not required. Therefore the changes in grid-block
properties are minimised, and the final model remains more continuous
and preserves the geological features to a greater extent. The parameter
modifications are iterative, and it is a non-linear problem; following the
partial derivative, we can expect a change in the mismatch. The
workflow is repeated until an acceptable match is reached. The new
arrays should stay within realistic ranges, which are unique in every

reservoir model. Internally, in order to stay within these preliminary

k+1
. . X
defined desirable parameter ranges, the

o multiplication factor is

used.

The aforementioned adjoint-based history matching approach used for
the new history matching workflow has already been implemented and
introduced by H. Almuallim(Almuallim et al., 2010). This post-
processing method, built on the adjoint approach, is already of enormous
significance compared to the manual history matching procedure. The
benefits of an adjoint-based computer-assisted history matching
procedure can be seen in the paper published by H. Almuallim
(Almuallim et al., 2018).
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In this dissertation, the achievements mentioned above of H. Almuallim
are taken as the basis. The objective was to extend his work by
improving the adjoint-based tool concerning geological consistency. A
thorough description of the extension of the algorithm is presented in

Chapter 4.

The workflow extension is developed outside of the domain of SenEx
software, making it flexible to adapt to any other optimization tools.
The independent extension is done to exclude the limitations of

applicability.

2.6 Closed-loop reservoir characterization role

in history matching workflow

Prior to performing a history matching procedure, there must be an
available base case model of the subsurface formation. This initial model
must contain the closest realisation of the reservoir characteristics. In
order to achieve the best static and dynamic representation of the

reservoir, one must rely on the availability of the required data.

The data come in from several different sources, presented in Fig. 2.3
on the left side. The sources are namely laboratory experiments (routine
core analysis (RCA), special core analysis (SCAL)), seismic data, well
testing data and production history. As a result of so many different

available input data, reservoir characterization is a complex, tedious,
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and time-consuming procedure. This work focuses on the flow simulation
and post-processing of a geomodel. Hence, in order to keep the final
product of the history matching consistent with the reservoir
characteristics and reliable for further use, the development of the

reservoir model needs to be fully understood.

The reservoir characterisation process is complex as it generally
combines data from multiple disciplines and establishes relationships
between the different geological and petrophysical parameters. In order
to preserve the quality of the reservoir model over the history matching
procedure, the essentials of the geological model construction procedure
need to be given fair consideration. The quality, not only in terms of
prediction performance but the geological consistency, must be
maintained for a better and more precise reservoir representation and,
ultimately, better decision making in future operations. The most crucial
input data and processes concerning reservoir characterization are

shown in Fig. 2.3.
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It is important to mnote that history matching and reservoir
characterization have a mutual relationship in this work. In general, the
reservoir characterization workflow should contain history matching,
but most commonly, the reservoir characterization is conducted through
geostatistical modelling. The contribution of history matching is well
known as a reservoir model adjustment to reproduce the historical data.
In this research, the focus is to conduct the history matching to mimic
the dynamic behaviour and improve the quality of reservoir
characterization. The workflow extension keeps the preliminarily
established connection instead of introducing physically and geologically

inconsistent data and sudden changes in the reservoir properties.

The operation of the Reservoir Characterization is multidisciplinary and
complex and, therefore, is a time-consuming and tedious process. It
engages data from petrophysics, seismic interpretation, well-test
analysis and production history. The geo- and petrophysical data come
from well-logs and core flooding analysis. These data are then integrated
into all the modelling operations starting from the sedimentologic and
stratigraphic interpretation, modelling through the petrophysical
analysis of facies and rock properties, and the structural and fault
modelling based on the seismic interpretation of surfaces, to the flow

simulation and dynamic data interpretation. In Fig. 2.3:

- The fluid flow simulation uses the results of SCAL as well,
which serves as one of the most significant inputs for fluid flow

dynamics through constitutive equations.
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- Seismic data play an essential role in sediment, structure,
surface and fault modelling, which is critical for the reservoir

geometry, but difficult to be quantified for dynamic simulation.

- Fluid properties and well-test analysis results are vital inputs

for the dynamic simulation of the fluid flow in the reservoir.

In conclusion, all the input data from different disciplines serve as a
value for the geostatistical modelling; however, not all variables can be

quantified for history matching.

The established relationship between engaged properties can be
quantified through two main input groups in the model: the core and
well log data and the results of the SCAL. It is well represented in Fig.
2.3 that these input parameters directly take place in the dynamic
simulation. The data here, which can be quantified and described
mathematically, are the effective porosity, absolute permeability,
relative permeability and capillary pressure functions. The rock type or
facies is the parameter that can bind all of these properties and quantify
the established relationships. Consequently, the geostatistical modelling,
including rock typing or so-called facies modelling, is the most
significant part of the closed-loop reservoir characterization, which is

jointly the interest of this research.
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Chapter 3 Rock Typing

The spatial statistics carries one of the most significant values in the
proposed extension of the history matching workflow. Therefore, it
needs to be clarified what facies and rock types mean in the context of
improved geologically consistent history matching. This Chapter
provides an overview of geostatistical modelling and covers the different
methods for facies/rock type modelling and the flow parameters that

are significantly dependent on the rock types.

3.1 Geostatistical modelling and the importance
of facies modelling in improved geologically

consistent history matching workflow

The importance of facies modelling or rock typing, as a part of
geostatistical modelling, for the implemented workflow extension has
been previously mentioned in Chapter 2. If the maintenance of the
geologically consistent reservoir model during and after history

matching is desired, several factors need to be clarified.
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The factors are:
- The process of geological/geostatistical modelling.
- The meaning of geological consistency.

- The parameters and functions that are crucial to be honoured.

3.1.1 Geostatistical modelling

The reservoir mode utilised in any history matching post-processing
workflow is always constructed using geostatistical tools. Therefore, it
is essential to understand how geostatistical modelling is performed. Fig.
3.1 shows a general overview of the geostatistical modelling workflow.
Geostatistics itself is a tool for supporting reservoir characterization.
The facies can be modelled after establishing stratigraphic layering and
large-scale modelling within the reservoir characterisation process. The
facies modelling is primarily done by geostatistical methods, such as e.g.
sequential Gaussian simulation. Within the formerly identified facies or
rock types, each facies has its porosity distribution, generated by
geostatistical methods with the support of core and well-log data. Then,
within each of the facies, the co-dependent parameter is defined, which
is the permeability distribution that comes from pre-established
porosity-permeability (¢-k) relationships. The -k function is also used

to determine or identify the different rock types.
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Fig. 8.1: General overview of the geostatistical modelling workflow
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Each of the modelling steps shown in Fig. 3.1 consists of numerous
operations and can be completed simultaneously and iteratively. The
rock types can also be determined with closer attention to the
parameters of the constitutive equations, which are the relative
permeability and capillary pressure functions. These two functions are
essential in determining the fluid flow in a multiphase system within

subsurface porous media.

Consequently, the interest in modelling rock type extends to the level
of details satisfying the proper distinction between the different rocks in
terms of flow properties. From the geological point of view, there can be
many facies depending on the composition, compaction, geological age,
depositional environment, and other factors. However, the rock type
modelling should cover only those facies that affect the dynamic
properties, thus, the dynamic simulation. Therefore, geological
modelling needs to be conducted within a multidisciplinary group of
geoscientists to finalise a comprehensive, sophisticated and relevant

model.

3.1.2  Facies Modelling

The two different methods that could be adapted for facies modelling
(Pyrez, 2018a) are multiple point or object-based simulations. Two
concerns are bound to be countered during the reservoir characterization
process. Specifically, these are the definition of the facies and the

characterization of their importance in reservoir modelling.
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Facies helpfully categorise a rock for subsurface fluid flow calculations.
It can be termed the reservoir rock classification method that allows us
to better understand it for further numerical simulations for field
studies. Facies modelling supports the characterisation of the subsurface
formation and in parameter prediction away from the well locations.

(Pyrez and Deutsch, 2014)

Generally, the overall workflow of the categorical simulation (Pyrcz,
2018a) entails that the categorical facies are simulated before creating
multiple different realisations. These different realizations should
honour the data and the concept of spatial continuity of categorical
facies. Then, continuous simulation, such as Sequential Gaussian
Simulation, is carried out to create the porosity distribution of the
model. The trends of spatial statistics and the spatial continuity within

each facies need to be maintained.

Porosity, trends of spatial statistics, spatial continuity, porosity
transitions - higher to lower or lower to higher, build up some realization
within the facies. Co-simulation is applied for another continuous
property modelling, which is permeability that is correlated to porosity.
The correlation means that permeability is dependent on the porosity
values. They have a bivariate relationship, which is honoured during the
property simulation. In a model, there are facies, and within the facies,
there are porosity and permeability variations (Pyrcz and Deutsch,
2014; Pyrez, 2018).
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The Multiple Point Simulation (MPS) (Pyrcz, 2018) technique employs
training images and captures heterogeneous spatial pattern distribution.
The training images present no exact location or specific information,
and the wells cannot be inserted there. It does not have coordinates; it
cannot be identified within a specific location at the reservoir. The
training image is only a pattern, and it has the same scale as the
reservoir model. There is no local information in there; there is nothing
constrained by local data. It is not conditioned to data, and it is simply
a set of patterns extracted and modelled. Instead of modelling a
variogram, an image is created, applied, and built into the model. The
algorithm scans the training image with known and unknown
information and then predicts the conditional probability density
function (Pyrcz and Deutsch, 2014; Pyrcz, 2018).

Of course, both methods have advantages and disadvantages; compared

to their final models, the results can be very close to each other.

3.2 Definition of Facies

Many different types of facies can be recognized. The main differences

between these groups are their scale and the criteria of interest.
The most typical facies categories within subsurface modelling are:

- the lithofacies,
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- the depofacies,

- the seismic facies.

The lithofacies are the different types of sediments that are distinctly
different in their petrophysical properties. They can be distinguished
within the group based on porosity and permeability. Examples of the
subcategories are - sandstone, shale, dolomite, limestone. The lithofacies
do not provide information about the geometry and the parameter
prediction away from the well location. They do not have a good
correlation, consequently meaning that they might change too often and
too fast within one formation. Therefore, a larger scale of facies is needed
for that, which are the depofacies. The lithofacies are sometimes used
within depofacies to capture the crucial heterogeneity at points of
interest. The distribution of the lithofacies is a highly uncertain
parameter because it is challenging, if not impossible, to measure

precisely.

The second category is the most commonly used depofacies or
depositional facies. It can be composed of a mixture of different kinds of
lithofacies. The depofacies provide information about geometry.
Examples of depofacies are channels or sheets. Subsequently, this facies
category provides a better level of understanding in three-dimensional
space in terms of shape and geometry. Therefore, it can provide a better
idea of spatial distribution further away from the well location, and

thus, predictions of better quality can be eventually made.
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Seismic facies, another facies category, use seismic information, such as
acoustic impedance or elastic property. This type of facies tries to

directly map the rock types based on seismic information.

The hierarchical model includes different facies categories within one
model. This structure in a model implies that the facies data are sorted
under a hierarchy of different scales. As such, the highest-level scale
concerning reservoir structure is characterised by seismic facies. These,
in turn, may include depofacies. Furthermore, as previously mentioned,
depofacies are composed of various lithofacies that have different
porosity-permeability distributions and their correlations consecutively.
A typical example of the identification of facies based on the porosity-

permeability relationship is presented in Fig. 3.2.

The facies modelling is conducted as a part of geostatistical modeling.
Therefore one of the vital parameters, which is the uncertainty of each
facies group, needs to be known. The uncertainty level of each category
plays an essential role in geologically consistent history matching. It
defines the level of freedom during model parameter modification,

affecting rock type distribution.

The higher the uncertainty is - the more significant deviation in the
distribution is accepted; the lower the uncertainty is - the minor
deviation is tolerated, meaning that the original rock type distribution
needs to be honoured to the highest extent. In the former case, history

matching is geologically consistent with more extensive modifications in
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the rock type distribution. While, in the latter case, it is highly
recommended to include the facies distribution in the objective function

to quantify the quality in geological consistency.
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Fig. 3.2: Typical porosity-permeability diagram of different rock types and the
individual parameter distributions within the reservoir (Pyrcz and Deutsch,
2014)
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To be more specific, the uncertainty of the depofacies is lower than that
of the lithofacies. Their distribution should be honoured to the fullest
extent. The high certainty of the distribution is not true for the case of
lithofacies since their distribution away from the wells is difficult to

predict.

The ultimate goal of facies modelling within the reservoir
characterization workflow is to have a realistic geological model to run
the dynamic simulation. The facies must improve the subsurface
prediction. Otherwise, it is of no value to the model. Therefore, it needs
to be categorised and chosen carefully and jointly in order to make it
worthwhile for dynamic modelling. The number of the facies, mainly,
should be carefully chosen. If the model is too detailed, it becomes over-
complicated and unnecessarily too complex, while if the number of facies
is too tiny, essential details are grouped and, therefore, missed. The
decision of the level of complexity is always unique in every field case.
The detail of facies modelling always depends on the focus and the goal

of the model.

Various methods exist for modelling facies/rock types, but the following
criteria should be considered when designing the facies scheme. The
suggested criteria for identifying the valuable facies that can benefit the
subsurface model is based on the investigations of Michael Pyrcz (Pyrcz
and Deutsch, 2014). The criteria can be divided into four categories
(Pyrez, 2018b):
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1) Separation of rock properties

Facies must divide the properties of interest that impact subsurface

environmental and economic performance, for example, grade, porosity.

Scatterplot, circles should have distinctly different grouping as far as
porosity and absolute permeability. If they overlap entirely, the facies
behave precisely the same when it comes to fluid flow. The most
important for the flow simulation is why this relationship is chosen to

identify the rock types.
2) Identifiable in Data

Facies must be identifiable with the most common data available. For
instance, if the particular facies are identifiable only in cores, they would
be not helpful if most wells had only log data available. This is due to
the fact that core plugs generally cover approximately 5-10 % of the
length of the well that transects the reservoir unit, whereas log data is
provided over the whole length of interest. However, the facies can be

defined when both data sources can identify the same features.
3) “Map-able” away from Data

Facies must be easier to predict away from the data source, i.e. wells,
than directly the rock properties of interest. The facies improves/allows
prediction of rock properties away from the well. Well-logs must be able

to map.
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4) Sufficient sampling

In order to be able to assess the spatial distribution of petrophysical
properties, a sufficient number of samples is required. In other words,
there must be enough data to allow for reliable inference of reliable

statistics for rock properties for each facies(Journel and Alabert, 1990).

The parameters essential for fluid flow calculation, such as ¢-k
correlations (well-log and core data), the relative permeability and
capillary pressure, including the residual saturations. The theory of
these parameters related to rock types (RT) is further explained in the

next session.

3.3 Rock Type dependent reservoir properties

(model parameters)

This subchapter introduces and presents the characteristics of the
strongly rock-type dependent parameters. These parameters are
porosity, absolute permeability, relative permeability and capillary
pressure. The properties of discussion can be divided into two groups
based on their characteristics. The first group includes the static model
parameters implemented into the model through geostatistical
modelling. These are the porosity and absolute permeability data, which
mainly come from core plugs and well logs. The second group is the

saturation functions, which are the relative permeability and capillary
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pressure curves. These parameters are the function of fluid saturation.
In general, the porosity is more like a volumetric property, while the
other three, the absolute and relative permeability and the capillary
pressure function, are determinants for fluid flow. Moreover, the fluid
flow behaviour can be predicted from the saturation functions, and other
vital rock-fluid properties, such as essential fluid saturations (connate

water and residual oil saturations), can be interpreted.

3.3.1 Porosity-Permeability (@#-k) Diagram

This section describes the established correlation between the two main
model parameters. First, a brief introduction of porosity and absolute
permeability, in general, can be found. Then, the ¢-k diagram and its

characteristics are explained/introduced.

Porosity (@)

The porosity is deemed one of the essential static parameters, as it
defines the fluid volume capacity stored in the porous media. We can
differentiate several classifications of porosity. Depending on the
formation time, the porosity can be either primary or secondary. Based
on the location of the pores, it can also be either inter-granular or intra-
granular. Moreover lastly, subject to the pore connectivity, total and
effective porosity can also be distinguished. Generally, effective porosity
is applied in reservoir engineering calculations, including numerical

simulations. Effective porosity is applied because it accounts for only
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interconnected pore space in the system, which stores the reservoir fluids

and is accessible for fluid flow.

Porosity can be defined as the ratio of pore volume over bulk volume

and is written as follows:

, where:

¢ — porosity,

V, — pore volume,
Vp — Vo total or bulk volume of the rock,
V; — Solid volume of the rock.

In addition, micro and macroporosity in both homogenous and
heterogeneous rocks can also be differentiated. These two classifications
have a strong dependence on each other. Therefore, the representative
elementary volume (REV) has to be introduced. The REV represents a
small portion of the volume of the reservoir rock, which resembles the
actual behaviour of the reservoir. If the applied volume is not enough,

the accurate picture of the reservoir cannot be seen because the
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microscopic behaviour dominates. If the used volume is representative
enough for the reservoir, then the realistic behaviour of the reservoir in
field-scale can be represented. Therefore, the REV can be broadly
described as the minimum sample volume, representing and accurately

describing the reservoir parameters.

A
domain of domain of
MICroscopic <——» porous Vs
effects medium A
inhomogeneous
dy medium
>
ol /\ I, Z
V =4 » *
homogeneous e T
medium grain
0 >
0 \Z

Fig. 3.3: REV (Representative Elementary Volume) in terms of porosity
(Bear, 1988)

The porosity is measured through well-logs and core samples. The core
should be within the REV dimensions, or otherwise, the measurement
is not reliable for the part of the reservoir from where the core sample
has been taken. Therefore, after the core sampling and data selection,
the second step in the digital rock physics workflow is to obtain the
REV. Then, the RCAL and SCAL measurements can be concluded to

be representative.
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Absolute permeability (k)

The second important parameter is absolute permeability, which is the

resistance to the fluid flow in a single-phase system.

OV/é l?_l -
/ |

LL.AP

Fig. 3.4: Schematic figure of Darcy’s law (Jenei, 2017)

\

The widely used formula is called Darcy’s law, which is schematically
represented in Fig. 3.4. This hypothesis describes the flux along with an

L long tube with respect to the AP pressure difference.

Darcy’s law is

= AkV = AkAp
q u p 0L
FEq. 3.2
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the Darcy velocity can be written as

k
V= % = - ;Vp
Eq. 3.3
the formula of the real velocity is
Vrea = 0/ = 55 = —%w
Eq. 3.4

, where:

q — volumetric flow rate,

A — cross-sectional area,

k — absolute permeability of the rock,

U — dynamic viscosity of the fluid,

Vp — pressure gradient along the core,

v — Darcy velocity, v,.q — real velocity of the fluid,

¢ — porosity of the core.
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The corresponding units of Darcy s law in Darcy and the SI system can

be written as follows.

Darcy units:

[ _ [em?][D] [atm]
T ol [em]

ST units:

N

m®| _ [m?][m?] [Pa]
[ ]_ [Pa.s] [m]

After Henry Darcy, the unit of the permeability is 1 Darcy, which is
equal to 9.87x 10" m? The core plug has isotropic permeability if the
absolute permeability is the same in every direction. In this dissertation,
absolute permeability is understood in three dimensions. The two
horizontal (k) directions are ky, ky and in the vertical (k) direction as
k,.

Typically, absolute permeability is measured through RCAL
experiments, where it can be obtained in all three directions. As a rule
of thumb, the following simplification can be applied k,=k.=k, and
kv=k, =ki/10, where ky is generally ten times bigger than k.

The absolute permeability is assigned to the static models through co-

simulation. It is calculated after the assignment of porosity values. It is
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calculated based on the preliminarily established relationship between

porosity and absolute permeability, so-called ¢-k diagram/correlation.

Porosity (@) and absolute permeability (k)
correlation

A relationship can be established by combining the two main model
parameters, namely the porosity and absolute permeability. This
relationship is established from the results of the previously described
RCAL measurements of rock samples. The methodology is relatively
simple - collect all the rock samples with corresponding results and cross-
plot the corresponding values. This way, all rock samples have two
values: the porosity, and the absolute permeability, which is then
indicated on the x- and y-axis. There is a difference in the scale of these
two parameters. Therefore the absolute permeability is represented on

a logarithmic scale, while the porosity stays linear.

In order to use the ¢-k function as a part of the history matching
process, it needs to be quantified. There are several methods of deriving
a correlation between the core porosity and absolute permeability
values. In this dissertation, to stay generic, the linear correlation and
the corresponding ellipse is used. The ¢-k diagram then fits a straight
line through the “cloud” or cluster of points. This analysis can indicate
the different rock types when clearly different clouds can be separated

on the diagram.
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Fig. 3.5: Rock Type dependent parameters and their paramet

(Jenei et al., 2020)
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Most of the time, porosity and absolute permeability values from
different clouds represent different flow behaviour, described by the
individual relative permeability and capillary pressure curves. As it was
mentioned in the facies modelling section, this is not always the case,
but when the focus of the geological model is to perform flow
simulations, only those facies or rock types are helpful and need to be
identified/separated, where there is a difference in saturation functions;

therefore the flow behaviour is affected.

In this dissertation, the applied method is to identify different rock types
as the clouds of points, which is technically done by ellipse regions. Fig.
3.5 shows the rock type dependent parameters and their connections.
These identified rock types then have corresponding saturation
functions, which are, with their characteristics, described in detail

within the following section.

3.3.2 Saturation functions (relative permeability
and capillary pressure)

The saturation functions are one of the most important parameters with
regard to fluid flow. They are taking place in the constitutive equations

of extended Darcy’s law.

k - kra Apa
qa =— A . —
Ha AL

FEq. 3.5
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, where,

q, — flux of phase alpha

k — absolute permeability of the rock,

k, — relative permeability of the phase a,

Uq — dynamic viscosity of the phase a,

A - cross-sectional area of the flux,

Ap, — pressure difference of the phase a

AL — the travel length of the fluid

o — different fluid phases can be oil, gas, water.

The reservoir rock's relative permeability and capillary pressure
functions for each fluid phase can be measured in a core sample with
various special core analysis techniques (SCAL). These SCAL
techniques are steady-state, unsteady-state methods for relative
permeability values as a function of different saturation values and
mercury injection capillary pressure (MICP) and centrifuge methods for
capillary pressure measurements. Some of the most commonly used
laboratory methods for measuring relative permeability are not

described in detail below because this subchapter aims to introduce and
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explain the main parameters, characterising different rock types and

rock fluid interactions.

Relative permeability

A two-phase or multiphase system implies that two or more fluids co-
exist within the porous media. In a multiphase fluid flow system, the
flow parameters and the effective permeability of each present phase are
reduced due to the reduction of the effective cross-section compared to

a single-phase fluid system.

The factor of this reduction can be quantified as relative permeability.
It is a dimensionless factor, which describes the influence of the different
phases on each other under multiphase flow conditions. The term the
relative permeability is solely applicable when at least two fluid phases
are present in the system simultaneously. The relative permeability
describes the relative flow behaviour of the phases compared to the
absolute permeability. Therefore, it can be defined as a ratio between
effective permeability and the absolute permeability of the rock, as can

be seen in the following formula.

_ ka(Sq)
Tk

K

Eq. 3.6

84



Chapter 3 - Rock Typing

, where:

k., — the relative permeability of phase a,

ko (S,) — the effective permeability of phase a,
k — the absolute permeability of the rock.

By definition, the sum of the relative permeability cannot be more than
one, and the effective permeability should be less than the absolute
permeability. This is due to the capillary pressure and the fluids’ mutual
resistance to each other. However, regarding the latest hypothesis, the
relative permeability theoretically can be higher than one. This case
happens when the wetting fluid is at immobile saturation and plugs the
micro-pores, acting as a lubricant. The continuous and connected
wetting phase ultimately allows the other fluid to flow through the rock

easier than if just one phase was present(Bear, 1988).

Depending on the rock types, the relative permeability function has
significant differences in the characteristics, mostly the shape and form
and the immobile and mobile saturation ranges are affected. For
example, typically, a low permeability rock has higher immobile fluid
saturations, lower end-points and a flatter curve with a higher curvature
in comparison to a high permeability class (Felsenthal, 1979). Not only
the absolute permeability but many more rock and fluid properties and
reservoir conditions can affect the characteristics of relative

permeability, which are the following:
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e saturation states,
e rock properties, wettability, porosity

e reservoir  conditions  (overburden  pressure,  reservoir

temperature)
e interfacial tension, fluid density and viscosity,
e initial wetting phase saturation,
e immobile third phase.

Some of these have major, some of them have minor effects, and some
of their effects are not independent; the specific relationships are

described (Honarpour, Koederitz and Harvey, 1986).

There should be specific attention paid to the wettability of the rock.
“Wettability is defined as the tendency of one fluid to spread on or
adhere to a solid surface in the presence of another immiscible fluid”
(Tarek Ahmed, 2010). Therefore, wettability is an important parameter
when the saturation functions are discussed in a multiphase system. The
saturation functions can have significant characteristic differences based
on the wetting condition. There are different wettability conditions in
the case of a two-phase oil-water system, which are: water-wet, oil-wet,
intermediate and mixed-wet. Typical examples of relative permeability

curves of different wetting systems are illustrated in Fig. 3.6.
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Fig. 3.6: Typical relative permeability curves based on wettability after Craig

(Heinemann and Mittermeier, 2013)

In the scope of this research, the saturation function is not used or
investigated with regard to wettability. It is essential to raise attention
to the fact that the wetting conditions cannot be directly entered in the
numerical reservoir simulation. Creative solutions to mimic different
wetting conditions during the simulation may be developed in the
future. Like in the case of different wet regions within one rock type,
the different saturation functions can be considered accordingly.

However, this requires further research.

Capillary pressure

The capillary force originates from the pressure difference across the
curvature fluid interface and is influenced by the interfacial tension, the

wettability and the pore structures. In reservoir simulation, the capillary
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pressure is used as a function of water saturation. Fig 3.7 demonstrates
an example of a drainage capillary pressure curve as a function of water
saturation used in a numerical reservoir simulation. It is considered on
the macroscopic level; therefore, the contact angle and the pore
structure are included indirectly. This pressure difference is proportional
to the density difference. Fig. 3.8 shows the typical characteristic
capillary pressure curves for low (flatter) and high (steeper)

permeability rock.

20

4 \

0 0.2 0.4 0.6 0.8 1.0
S

Fig. 3.7: Typical drainage capillary pressure curve as a function of water

saturation (Heinemann and Mittermeier, 2013)

B = Pnw — Pw

, where:
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P. — capillary pressure,
DPnw — hydrostatic pressure of the non-wetting phase,
pw — hydrostatic pressure of the wetting phase.

If the equilibrium has been assumed on the two-phase interface, the
capillary pressure can be the function of the geometry on the micro-

scale, as seen in the Young Laplace equation.

_40y5cos0 20y, cosB
€ d h T

Eq. 3.7

, where:

P. — capillary pressure,

01, —interfacial tension between the wetting and the non-wetting phase,
6 — contact angle of the wetting phase,

d — The diameter of the pore.

89



Chapter 3 - Rock Typing

I\
N\

02 \&\\\

a EN

0 ax a+ 06 08 10
SH

Fig. 3.8: Typical capillary pressure curves for low (flatter) and high (steeper)
permeability rock (Bédi, 2006)
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Fig. 3.9: Capillary hysteresis (Christiansen, 2001)

In addition to the capillary behaviour, capillary hysteresis has to be
introduced. Because of the capillary hysteresis, two types of reservoir
processes have to be marked. One is when the non-wetting fluid
displaces the wetting fluid, which is called drainage; the other is when
the non-wetting fluid is displaced by the wetting fluid, which is called
imbibition. In imbibition and drainage processes, forced and
spontaneous parts can be distinguished. These processes can be attached
to the actual reservoir conditions; for example, when the reservoir rock
is water wet, and the oil is migrating into the reservoir - the process can
be called drainage. The other process is spontaneous imbibition when

the oil is displaced by water-flooding from a water-wet reservoir. The
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wettability of the reservoir rock is an essential parameter; therefore, this
property of the rock has to be clarified to know which process is the

drainage and which process is the imbibition (Bear, 1988).

The following schematics demonstrate the relationship between the

remarkable saturation points.

P_ ]

O

Fig. 8.10: Schematic figure of the capillary hysteresis in a water-wet system,
Curve: 1: drainage (water displaced by oil), Curve 2: imbibition (oil displaced

by water)
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When the reservoir is at the initial stage, the production starts from the
end of the first curve, which is the starting point of the second
imbibition curve, at the Sy. saturation value. The primary drainage
capillary curve is used to determine the initial phase distribution in the

reservoir, as shown in Fig. 3.11.
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Fig. 3.11: Equilibrium between gravity and capillary forces (Heinemann and
Mittermeier, 2013)

3.3.3 Parameterization of saturation functions
(relative permeability and capillary pressure)

Commonly, when the relative permeability and the capillary pressure
functions are used in any flow calculations in porous media, these
functions are parameterised. There are several different parametrisation
methods established. In ECLIPSE and tNavigator, these functions are
provided in the tabulated form of the forward simulation. These

parameterisations are essential for history matching when these
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functions are matching parameters. The supported parameterisations
are the Corey function, the Eq. 3.8 and Eq. 3.9 for relative permeability
accordingly. The capillary pressure function can be parameterized as
well with several different functions, for example, the widely used
Leverett J function, which helps determine different rock types.
Generally, these functions must be the last resort to change in history

matching.
Relative Permeability

Several relative permeability correlations are proposed, such as the
Burdin method (Burdine, 1953), LET correlation (Lomeland, Ebeltoft
and Thomas, 2005), Corey (Corey, 1994) and Brooks-Corey
parametrisation (Brooks and Corey, 1966). These correlations can
describe the shape of the relative permeability curves if we show them
as a function of saturation. In this thesis, the most commonly used

Corey correlation has been adapted.

The general Corey approach can be written for oil and water system in

the water-wet reservoir rock, as a form of the following equations:

Sw - ch >nw

nw
krw(Sw) = krwn * (Sweff) = Krwn - <1 —Sor — S,
or wc

Eq. 3.8
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1_Sw_Sor

7)nnw
1= Sor = Swe

kro(sw) = Kyon - (1 - Sweff)nnw = Kyon - (

Eq. 3.9
, where:
Sw — Given saturation of the water phase,
Swers — Effective saturation of the water phase,

k., (S,) — Relative permeability of the water phase at the given

saturation,

k,,(S,) — Relative permeability of the oil phase at the given saturation,
k,wn — The endpoint of the water phase relative permeability curve,
k,on — The endpoint of the oil phase relative permeability curve,

Swe — Connate water saturation,

Sor — Residual oil saturation,

n,, — Corey s exponent of the water phase,

n, — Corey ’s exponent of the oil phase.
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Fig. 3.12: Typical relative permeability curves of oil and water in a water-wet
system(Jenei, 2017)

Fig. 3.12Fig 5.12 shows typical relative permeability curves in a water-
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wet system when the oil and water phases are present. If the system is
water-wet, the cross-section point of the relative permeability curves is
above 50 % of water saturation. The other points on the relative
permeability curves that significantly affect the flow behaviour in the
reservoir are the Sy, Sor Kewn, kron, and the exponents ny, n,. These
parameters are enough to describe the relative permeability curves.
Theoretically, the Sy. refers to the unmovable water saturation; thus, it
can be attached to the k., the endpoint of the oil relative permeability

curve, where the oil relative permeability can reach the highest value.

On the other hand, this is the starting point of the water relative
permeability curve. Increasing the Sy continuously and gradually
decreases the oil relative permeability, whilst the water relative

permeability increases.

The cross-section point must be highlighted before the water relative
permeability curve reaches the highest point and the oil relative
permeability curve at the lowest point. The cross-section point is very
remarkable because, at different phase saturations, there can be the
same relative permeability of the phases. Furthermore, the system has

the lowest total mobility value at this point.
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Capillary pressure

Leverett J function (Leverett, 1941) is a sufficient dimensionless
representation of capillary pressure curve; it is widely used in industry

and research. It can be applied to identify different rock types as well.

The Leverett J function can be calculated with the following equation:

|k
JGSw) =— |+

012 €080 [P
Eq. 3.10

, where
J(S,,) — Dimensionless Leverett J value as a function of water saturation,
P. — capillary pressure,
01, — interfacial tension between fluid 1 and 2,
O — contact angle,
k — absolute permeability,

¢- porosity.

98



Chapter 3 - Rock Typing

The representation of the Leverett J function is shown in Fig. 3.13.
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Fig. 3.13: Leverctt J function after Leverett (Heinemann and Mittermeier,
2013)

As the above-described function shows clearly, the idea of identifying
different rock types should consider the porosity and absolute

- . k.
permeability values is not new. The 3 variable can also be used as rock

quality index (RQI) (Amaefule et al., 1993; Guo et al., 2007; Chandra
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et al., 2015). The rock types can be qualified based on the RQI and
sometimes based on the flow zone indicator (FZI). The flow zone
indicator is the ratio of the rock quality index and the normalised
porosity (Guo et al., 2007).

— ¢eff )
Pn (1—¢eff

FEq. 3.11

RQI
FZI = Q

n
Eq. 3.12

As an example for parameterization of capillary pressure, the Extended
Corey correlation for the capillary pressure curves can be seen in the

equation below.

Extended Corey correlation for Pc curves:

S _S cw
(AW<1—ﬁ> +Swdlri+bi
w wc

Pc = Sy 1+ b;

1-5,—Sor\”
A -(1—7W ‘”) +Soq T+ by
lo 1_Sod_Sor od " Ti i

Eq. 3.13
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Assumptions: Swe < Sw < Swa
Swd < Sw < Sod

Soq < Sy <1 —S,,

, where:
A, , A, — Height of curve pc area near water and oil zone
correspondingly,

r; — Slope of the linear part (plateau).

S Swe < Swa < Soq < 1= S,y

CW
- o

Fig. 8.14: Remarkable points of the Extended Corey function on the capillary

pressure curve
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3.3.4 Different Facies and Rock Typing in

numerical reservoir simulation

The parameter or so-called “keyword” used to identify the different rock

types in the simulation software is the SATNUM.

The SATNUM keyword has to be placed in the REGIONS section of
the keywords in the simulation deck, and it is connected to the
saturation functions. The keyword should be followed by one integer for
every grid block in the current input box, specifying the saturation
function region to which it belongs. The region number should not be
less than one or greater than NTSFUN (set in the TABDIMS keyword).
The saturation function region number specifies which set of saturation
functions (input using SGFN, SOF3 and related keywords in the
PROPS section) should be used to calculate relative permeability and

capillary pressures in each grid block.

The data of the TABDIMS keyword consists of some or all of the
following items, which describe the sizes of saturation and PVT tables
used in the run and the number of fluid-in-place regions. The data must

be terminated by a slash(/).

1. NTSFUN. The number of saturation tables entered using SGFN, for
example. (Different saturation tables may be used in different parts of
the reservoir - see SATNUM.)
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The SWOF keyword may be used in runs containing both oil and water
as active phases. It may also be used to input tables of water relative
permeability, oil-in-water relative permeability and water-oil capillary
pressure as functions of the water saturation. If gas is also an active
phase in the run, the gas/oil saturation functions must be input with
either keyword SGOF or SLGOF.

The data comprises NTSFUN (set in the TABDIMS keyword) tables of

water /oil saturation functions, each terminated by a slash (/).

Each table consists of three columns of data. The first column is the
water saturation, the second is the corresponding water relative
permeability, and the third is the corresponding oil relative
permeability. When only oil and water are present, the last column is

the corresponding water-oil capillary pressure.

Other parameters identified with the different rock types are porosity,

absolute permeability, and connate water and residual oil saturation.

When there are different rock types, different numbers under the
SATNUM keyword are used to identify each one of them. For each
different SATNUM value, there should be a corresponding SWOF table
defined under the PROPS section.

These keywords are valid for both ECLIPSE and tNavigator software
because the ECLIPSE keywords are fully supported in tNavigator.
(Schlumberger, 2020a; Rock Flow Dynamics, 2021).
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Chapter 4 Methodology and Rock
Typing Workflow

This Chapter contains a thorough description of the methodology
applied in this dissertation, followed by the developed workflow.

In order to achieve the objectives of this research and prove the validity
of the concept, two primary stages are performed. The first stage is to
apply the traditional history matching method with the available tools
on a semi-synthetic model. The second stage aims to perform a history
matching with the application of the novel, extended rock typing
workflow. Then, a comprehensive comparison of the rock typing
workflow results from the second stage and the so-called conventionally-

matched results achieved through the first stage can be made.

The details and the realisation procedure of the rock typing workflow
are described thoroughly, explaining the applied fundamentals,
including the rock type validation and correction steps with the applied
distance calculation. The applied distance calculation is described,
including the Mahalanobis distance, the utilised confidence interval and

their calculation.
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4.1 Methodology

As the “truth” model, a synthetic model with the spatial distribution of
the petrophysical properties of the reservoir is generated. Two different
rock types based on absolute permeability and porosity classes are
defined. Consequently, the rock types have a different porosity-
permeability relationship (¢-k function), relative permeability (k:), and
capillary pressure (P.) curves with different irreducible fluid saturations,
which are connate water (Sy.) and residual oil saturation (Se).
Simulation of the created “truth” model generates the observed data
set, i.e., observed history, which can then be extracted and further
utilised in the base case. In order to create a base case model for
simulation, the distributions of rock type, porosity and absolute
permeability from the “truth” model need to be used to obtain a

different realisation.

Construction of simple synthetic simulation cases

Construction and design of a synthetic model with its simulation run
deck of the “truth” model provides the observed data set for history
matching. This step is then followed by creating a base case with

modifying the truth model.

History matching is conducted conventionally as the first attempt, with
the original adjoint-based optimization, honouring constraints

independently, until a good match within an acceptable range is
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achieved. In contrast, the second attempt is conducted with the help of
the extended and rock type adjusting workflow, honouring the geological
constraints and maintaining the established petrophysical link between
the different geological information with respect to the different rock
types. The sequence of this proof of concept method is listed and

described below.

Proof of Concept

0. Initial rock type distribution, where the relevant petrophysical

information is assumed.

1. History matching the base case conventionally using base
workflow: changing the model parameters with adjoint driven

assisted history matching procedure.

2. History matching with integrated model validation on rock type
consistency using the extended workflow: adjusting the rock types

according to the model parameter changes.

a. Iterative parameter changes with rock type adjustments.

b.  When the history matching is satisfactory - finish the loop.

¢. Final history matched model: the model represents the
realistic reservoir behaviour with maximum achievable

geological consistency.
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3. Comparison of the two different history matching results, based

on several criteria.

The criteria of comparing the results of the two different history
matching workflows are extended. Typically, only the simulated results
and objective functions would be compared to analyse the quality of the
history matching. Here, the aim is to preserve the geological and
geophysical features. Therefore, the success lies within keeping the
global parameter distributions while the spatial distributions move

closer to the “truth” model, preserving the established connections.

Therefore, the divergence from the “truth” and base case is analysed in
additional parameters in both final results. These are the rock type
distribution in space, the histogram of rock type, the porosity and
absolute permeability distributions, and the correlation between

porosity and the permeability (¢-k diagram).

The above-described workflow was conducted on a 2D simple model to
prove the workflow's concept. Then, the used simple model was altered
for sensitivity analysis on the effect of different model parameters on
the performance of the extended workflow. The simple synthetic model
and its variations are described in Chapter 5, the results of the different

model variations are summarised in Chapter 6.
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External workflow development with extended

constraints

There are two workflows, sensitivity calculation with modification of the
parameters and the improved workflow. The geologically consistent
history matching is only possible if the changes of the parameters
indicate a corresponding change with the other parameters based on
their relationship. The changes mentioned above are performed for
different properties, such as rock type. The first modification of the
parameters is done based on the sensitivity calculation internally; the
second modification is done based on the relations externally. The first
modifications are conducted under the assisted history matching tool
control with the set conditions, while the second modifications are under
external control. The rock type adjusting workflow honours the link
between the different constraints and is compatible with the most widely
used commercial tools, ECLIPSE and tNavigator, as previously
described in Chapter 2. The parameters are not modified independently,
meaning that after a specific iteration, when the absolute permeability
is moved into a different rock type category, the rock type of the cell is
changed into the correct category. The rock types are defined before any
modifications and have different petrophysical parameters. With the
rock type change, the corresponding parameters are also changing
automatically, for instance, relative permeability and capillary pressure,
while the parameter distributions do not change significantly. In order
to evaluate the new tool's capabilities, a benchmark should be performed

between the history matching achieved with the available assisted
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history matching tool (standard workflow) and with the help of the

developed external workflow (rock typing workflow).

Optimization and workflow implementation

The external assisted history matching workflow script is written in a
generic way in Python language in order to integrate it into various
graphical interfaces according to its new functionalities. The prominent
Python script couples and uses the functionalities of SenEx. It executes
the individual steps of the history matching workflow. It does not only
work with them but several extensions are implemented independently
and inserted between the steps of the conventional workflow. The entire
workflow is wrapped up in a flexible way, not as one piece; it breaks
certain functionalities into steps in order to make them accessible for
alterations. In the rock type adjusting workflow, the sequence of the
SenEx loop is slightly modified without the interruption of the initial
approach. One of the significant extension steps is, for example, the
automated multiple setup combination, the identification of different
rock type regions and the export of a new set of the array for SATNUM.

The detailed overview is written under sub-chapter 4.2 and 4.3.
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4.2 The Rock Type Adjusting History Matching
Workflow

The rock-type driven extended history matching workflow has three
main parts. The first part is the available computer-assisted adjoint
driven history matching approach. The second part is the rock type
adjustment, which serves as the main contribution of this dissertation.
The third part and also the innovative detail is the automation of
multiple setup combinations. The idea of performing computer-assisted
history matching employing a post-processing tool is not new. The base
workflow with detailed insight into the adjoint-based approach is
described in Chapter 2. The main focus of this subchapter is to introduce
the extension of the adjoint-based history matching approach. The base
approach is shown in Fig. 4.1 as the black vertical part (Almuallim et
al., 2010) of the workflow representation utilized in the rock typing
workflow. The extended workflow has been developed using and
improving the adjoint-based tool in terms of geological consistency. In
Fig. 4.1, the left blue part (Jenei et al., 2020) represents the rock typing
extension, which is one of the vital parts of this work. The rock typing
workflow aims to improve the geological consistency of the assisted

history matching results.

On top of that, the invisible feature, the automated multiple setup
combination, allows the workflow to run through all the history
matching sequences without human interaction. This means that the

extended workflow can be executed multiple times with different
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optimization setups automatically. The Rock Type Adjusting History
Matching Workflow is as follows (Jenei et al., 2020):

I)  Model Preparation and Identification of Rock Type Regions

II) Extended optimization setup (model parameter limits and objective

function weights)

1) Sensitivity Explorer Loop (one optimization iteration)

—_

Initialize Sensitivity Explorer Case
2. Simulation
3. Mismatch calculation (Objective Function)

4. Sensitivity coefficients calculation (with respect to model

parameters)
5.  Model parameters modification
2)  Adjustment of Rock Type
1. Rock type number (SATNUM) identification
2. Rock type number (SATNUM) update

IIT) Multiple-setup combinations
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The first point (I) is emphasised because of automatically identifying
rock types from the base case with the extended workflow and the
confidence ellipse definition. The identification of rock type regions is

conducted before running any numerical calculations.

The second point (II) is the extended optimisation setup. This step is
conducted as a part of the conventional workflow, where the weights,
limits and the desired parameters for modification are set up. The
Sensitivity Explorer Loop lists and includes the functions and steps
conducted within one iteration. Several iterations can take place within
one optimization setup. In order to apply new weighting factors and
emphasise different parameters and set different limits, a new setup
needs to be prepared. Within the Optimisation Setup, one of the main
contributions of this research is the Adjustment of Rock Type. The first
step within the rock type adjustment is identifying rock type number
(SATNUM) driven by the new absolute permeability and porosity
values. The criteria are based on the pre-defined rock type regions in ¢-
k space, with the application of Mahalanobis distance to the centre of
the confidence ellipse or interval. The second step is updating the rock
type number (SATNUM) according to the previous step, which then
implies a change in the used corresponding rock physics functions (ki,
P.). Different SATNUM leads to the application of different saturation

function tables.

The third point (IIT) is multiple setup combinations, which can

automatically execute several optimization setups with different
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sequences. The applied and combined setup series are based on the
typical history matching phases. For example, first, focus on the global
values and match the overall energy in the reservoir through the static
reservoir pressure, then focus on the global fluid production rates.
Finally, focus on the more tedious part with the local rates(individual

well-rates), then fine-tune it for the breakthrough times.

4.2.1  Adjustment of Rock Type

The workflow for adjusting rock types is based on newly generated
porosity and absolute permeability values (¢, k). It consists of two main
steps. The first step is the validation, followed by the required correction
in the second step. Fig. 4.1 shows the rock-typing extension of the

workflow presented in Fig. 2.2.

First step/Validation: The purpose of the validation step is to
identify whether the porosity-permeability values of an individual cell
still honour the currently assigned rock type. The corresponding
feasibility region characterises each rock type in the ¢-k diagram. The
feasibility region is the space where a particular rock type is defined
based on petrophysical studies, core sample and log data, as well as
established correlations (Pyrcz and Deutsch, 2014). In the case where
¢-k values of a particular cell are inside the feasibility region, the rock
type does not change. However, if the ¢-k values of a cell fall out of the

current rock type region, the correction step is applied.
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Rock Type Adjusting History
Matching Workflow

Input
(BASE CASE)

Simulation

Mismatch (OF) estimation
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Adjustment of
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Sensitivity coefficients calculation

Model parameters modification

y

Export of the next case

Fig. 4.1: The Rock Type Adjusting History Matching Workflow (Jenei et al.,
2020)
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Second step/Correction: The correction step assigns the “correct”
rock type to the cells based on the statistical measure, called
Mahalanobis distance, defined in standard deviation units. The distance
is calculated between the given ¢-k value of the cell and every available
rock type region in the ¢-k diagram. This distance functions as a basis
for deciding which rock type should be assigned to the individual cells.
The closest rock type regarding the above distance measure is then
assigned to the given cell. This way, the ¢-k point is uniquely identified
in the ¢-k space between the feasible regions associated with the

corresponding rock types.

The identification of rock type is unique even when the rock type regions
overlap. In nature, or in realistic scenarios, that is fairly often the case.
In the presented approach, the uniqueness is ensured because as long as
the ¢-k value is inside the feasibility region, the rock type does not

change.

Nevertheless, the ¢-k point from the overlapping area can still take
different rock type values throughout the history matching process by
travelling from one feasibility region to another. This way, the history
matching process advances towards exploring the best fit within the
initially assigned rock type region. Only when the sensitivities suggest
that a better fit can be achieved outside of the original rock type, then
the algorithm move the ¢-k point out and continue the search for the

best fit consistently and uniquely.
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Porosity vs Permeability
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Fig. 4.2: A representation of Mahalanobis distance calculation for the
validation and the correction step

The two ways of rock type correction are possible the confidence interval
based method and the confidence ellipse region-based method. These are

described in further detail in the following section.
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4.2.2 Automation of multiple setup combinations

As previously explained in Chapter 2, the history matching procedure
has a typical and standard sequence, where the advantage can be taken
when the process needs to be automatized. The developed workflow
allows us to conduct this effortlessly. Nonetheless, it gives a great value
in terms of optimization of the history matching steps and saving time
for the reservoir engineer in charge. As it is well known, the final results
can be even more precise in cases where the visual judgement of the
engineer is not involved, but the precise numbers are considered. Indeed,
in the end, excellent engineering judgment is required. However, in a
well-constrained multiple set-up combination, a successful history match
can be conducted with good quality and within a reasonable amount of
iterations. The automation gives considerable value to the rock type
adjusting workflow and the original application of the adjoint approach
without rock type adjustments. The example can be a more
straightforward case when different rock types are either unavailable,
not necessary to use, or simply not present in a given case. Since the
rock type adjustment is not applicable in such reservoirs, one might note
that there is no use of the extended workflow. It is not precisely the case
because the automation part can generally be utilised in favour of the
history matching procedure. The setups can be varied based on the
modifying parameters and the targeted matching parameter, and,
therefore, several different multiple set-up combinations can be created.

A representative example is shown in the Workflow part of this chapter.
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4.3 AIDA: Rock typing workflow extension
(Python)

Python is chosen to extend and automate the adjoint-based
conventional history matching process. It provides a rich selection of
libraries for scientific purposes. Python is a widely accepted
programming language by most reservoir modelling software, such as
tNavigator, INTERSECT or CMG Software Suite. The core
functionality of Sensitivity Explorer, a so-called API (application
programming interface), is used to perform the main steps of the history
matching procedure, such as defining optimization and objective
function setup, performing sensitivity calculations, evaluating an
objective function, updating the simulation deck with new grid property

values. A thorough description of the workflow is listed below.

Identification of regions

The first important step in performing the history matching is setting
up the search space and feasibility region; hence the necessary model
parameter constraints must be defined. The pre-processing step is done
using the Python script, using the porosity and permeability data from
the base case. The parameters of respective confidence ellipses are
calculated by establishing the correlation between porosity and absolute

permeability of corresponding rock types.
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History matching setup files

Since the optimization goal is to minimize the objective function,
corresponding objective function weights must be well defined. In
addition, the optimization algorithm has its specific settings, such as the
maximum number of iterations to be performed and desired tolerance
of objective function to be reached. All these settings are defined in the
setup file, which Sensitivity Explorer uses. With Python script, the
history matching process is further extended and automated by
exploiting several setup files, each representing main optimization

settings for the specific history matching stage described above.

Simulation and sensitivity calculations

After identifying the regions, using the desired setup file, the typical
history matching steps are performed by calling the functionality of
Sensitivity Explorer through Python. That includes running the
simulation with current model parameters, calculating an objective
function mismatch and sensitivity coefficients, and finally exporting the

new model parameter arrays (porosity and absolute permeability).

Adjustment of rock types (new SATNUM array)

Once new parameter arrays are defined, rock type regions are validated
with Python script. If for some grid cells with new ¢-k values, currently
assigned rock type — SATNUM number with corresponding saturation

functions, no longer valid, the selection of correct rock type is performed

119



Chapter 4 - Methodology and Rock Typing Workflow

with the script, applying the Mahalanobis distance and confidence
ellipse definition, associated with corresponding rock types. After
adjusting the rock types, the simulation deck is updated with the new
SATNUM values using Python script. After that, the described loop
continues until one of the conditions is reached, either when the
maximum iteration to be performed for the corresponding setup file is

achieved, or the objective function is reached to the desired tolerance.
Automation of multistage history matching

If more history matching stages were assigned to be performed, then the
procedure repeats using a dedicated optimization setup file for each

stage till no more stages are scheduled.

The automated setup combinations are represented in Fig. 4.3 as an
extension of the history matching workflow, including all the

functionalities described above.

Overall, it is worth pointing out that the extended workflow allows to
include different optimization algorithms and different optimization

software due to general and flexible implementation.

Post-processing of results

The visualization is also done in Python to analyse further and compare
obtained results and corresponding statistics, exploiting the Bokeh

library (Bokeh Development Team, 2021).
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Rock Type Adjusting History
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Fig. 4.3: AIDA: Rock typing workflow cxtension
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4.4 The Mahalanobis-distance calculation

In order to understand the Mahalanobis distance calculation
(Mahalanobis, 1936) better, the fundamental equations of circle and
ellipse need to be introduced first. After introducing the used algebraic
equations, the Mahalanobis distance calculation with the definition and
calculation of a confidence interval is explained. A review of all
tessellation cases are listed, and in the end, the rock typing with the

detailed selection logic is described, illustrating an example.
4.4.1 Equation of Circle and Ellipse
First, for simplicity, the starting point is the equation of a circle:
X?+Y?%=R?

Eq. 4.1

X% y?
R

=1
Eq. 4.2

It describes the locus (set of points) of the points equidistance from the

origin (0,0) on the distance R :

R=+x2+y2

Eq. 4.5
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If one wants to use the above circle as the reference, then all the points

located on the distance [ = d - R from the origin (0,0), with d = é, can

be described by the following form of the equation of a circle:
X2+v2=1%

Eq. 4.4

X2+Y2=(d-R)?
Eq. 4.5

X% y?

— J2
F-i_ﬁ_d

Eq. 4.6

, where d = é is scaled distance of points located at the distance = d -

R from the origin (0,0). d is an analogue of the Mahalanobis distance
in this case. If d = 1, the points are located at the reference circle of
radius R; if d < 1, the points lie inside the reference circle; if d > 1, the
points lie outside the reference circle. Therefore, for any point p there is
a circle of radius R, centred at origin (0,0) that goes through this point
with the analogue of Mahalanobis distance d,, = %p.
Similarly, the canonical equation of an ellipse aligned with the

coordinate axes centred at the origin (0,0) can be written as follows:
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X% v

a2+ﬁ=1

Eq. 4.7

, where a is the semi-major axis, and b is the semi-minor axis, i.e. a =
b.

Taking the above ellipse as the reference, all the points located on the
scaled version of this ellipse with semi-major axis l=d-a, m=d-b
can be written using the following form of the equation of ellipse:

X2 y?
ERETa

Eq. 4.8

X2 Y?

@2 @ bE

Eq. 4.9

X% vy?

a2+b_2:d2

Eq. 4.10

where d = é =% is the scaled distance of the points located on the

bl
scaled version of the reference ellipse “d” is an analogue of the

Mahalanobis distance in this case. If d = 1, the points are located at the

124



Chapter 4 - Methodology and Rock Typing Workflow

reference ellipse; if d < 1, the points lie inside the reference ellipse; if

d > 1, the points lie outside the reference ellipse. Therefore, for any

point p there is an ellipse with a semi-major axis a,, and semi-minor

axis by, centred at the origin (0,0) that goes through this point with the
ap _ by

analogue of Mahalanobis distance d,, = — =

In the general form, the ellipse centred at (x¢,yc) and rotated
counterclockwise by the angle 8 from the positive direction of x axis

toward semi-major axis a takes the form:

((x=x¢) - cos® + (y —y¢) - sin 9)2
a2
(—(x—xc) -sin@ + (y — yc) - cos 8)?
+ = =1

Eq. 4.11

The equation is obtained by translation of the original coordinate system
(x,y) to the centre (x¢, yc) and by rotation with angle 8 in the counter-

clockwise direction:
() =G+ (Gng coes) ()
x=xc+X-cos@ —Y -sinf

Ve+X-sinf +Y-cos@

<
I
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Using reverse transformation, one gets the above equation of rotated

and shifted ellipse:
X=(x—xc) cosO+ (y—yc) sinb
Y=—(y—xc)- sinf+ (y—yc) cosb

The locus of points located at the Mahalanobis distance d can be written

then as:

((x—x¢) - cos® + (y —y¢) - sin 9)2
a2
(—(x —xc) -sin@ + (y — y¢) - cos 8)?
+ = =

dZ

Eq. {.12

, where (x¢,y¢) is the centre of the reference ellipse, a is the semi-major
axes, and b is the semi-minor axes, i.e. a = b; 6 is the angle of rotation
measured from the positive x axis direction to corresponding ellipse
semi-major axis. d is an analogue of the Mahalanobis distance.
Therefore, for any point p there is an ellipse with a semi-major axis ap,
and semi-minor axis by, centred at (x¢, ¥¢) and rotated counterclockwise
by angle 8, that goes through this point with the analogue of

. . a b
Mahalanobis distance d,, = 7” = ?p.

In the vector form, the equation of circle can be rewritten as follows:
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x
T, — . — .2 2 _p2
xx=(* Y (y) x“+y*=R

Eq. /.13

It represents the Fuclidean distance.

Similarly, the analogue of the Mahalanobis distance in the vector form

for the reference circle can be rewritten as:

x2 yZ
— 2
F-l_ﬁ_d

Eq. 4.1

¥oAx=E ) <1/0R2 1/0R2) ()=

Eq. 4.15

In the case of reference ellipse, the analogue of the Mahalanobis distance

in vector form can be written as:

Eq. 4.16

e (U ) )

Eq. 4.17
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Similarly, in the general case of the reference ellipse located at the centre
(xc,yc) and rotated counterclockwise by the 8 angle, the vector form

can be written as:

((x —x¢) - cosB + (y —yc) - sin 9)2

a2
(=(x —xc) -sinf + (y — y) - cos 8)? 5
+ = =d
xT - A-x=F—%X Y—Yc)
cos?6 sin?@ 1 1 )
/ Py +b—2 (ﬁ—ﬁ)cos&sme\
\1 1 ) sin?0 cos? 8 /
<;—ﬁ)-cose-sm9 7+T
. x_xC _ 2
(y_}’c)_d

xT-A-x=x"-R-D-RT-x
: 2
—(x—2x _ (cos@ —sinb '(1/a 0 )
( ¢ Y7Yo (sinQ cosQ) 0 1/b?

(o cose) G50 =

cosf —sinf

sin 6 cosH) is the rotation matrix and D =

, where R =(

(1/(12

0 1/b2) is a diagonal scaling matrix.

To get the canonical form of the equation of an ellipse, one needs to

multiply matrix A from left and right by R~ and R™7 correspondingly.
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Using the property of rotation matrix R™*=RT,RT=(RT)=
(RMT = R one gets:

A=R-D-RT=R*A-RT=@®R?* R -D-(RT-RT)=D
FEq. 4.18
D=RT-A-R

Eq. 4.19

4.4.2 Distance Calculation - Application of
Mahalanobis distance

The correlation between porosity and absolute permeability and
statistical data variance in principal directions for each rock type should
be considered. Therefore, instead of FEuclidean distance, the
Mahalanobis distance in ¢-k space is chosen for identifying the closest
rock type from the given point. It allows defining statistical distance
utilizing standard deviations in the principal direction of correlated
data. The Mahalanobis distance between point x(¢,k) and the mean

Hrr(9,k) of the rock type, can be written as follows:

Ay rr (X, Ugr) = \/(x - uRT)TZP_{% (x — Hgr)
Eq. 4.20

, where Zg} is the inverse covariance matrix of corresponding ¢-k data

of the rock type.
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After finding principal directions (x',¥") from eigenvalues and
eigenvectors, the inverse covariance matrix takes diagonal form, with

corresponding variances (aj/, 0;,) along with the principal directions:

2
.2,_1 _ 1/O'xl 0
KT 0 1/d}

Eq. §.21

In the new coordinate system, along with the principal directions, ellipse

equation Eq. 4.20 takes the canonical form:

1/0-3’ 0 X' x' 2 y/ 2
! AN . )= + — d2
oY) < 0 1/0;,) (y ) (O‘xl> (Jy,> M.RT

Eq. 4.22

Two feasibility region shapes are considered based on the underlying
data statistics associated with the rock type: interval and ellipse. In case
of the dominant variance only in one of the ¢ or k directions, the interval
is chosen as the representative region of the related rock type. The
ellipse region is used if there is notable variance in both ¢ and k values

associated with the rock type.
Confidence Interval

The common frequentists approach defines the confidence interval to
estimate the unknown population parameters derived from the sample

data (Pyrcz, 2018). Hence, the range of values is proposed instead of
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calculating one single value for the unknown population parameter.
Therefore, the estimation is presented in the form of the interval, known
as the confidence interval. In our case, the population mean is the
subject of the estimation. The key in calculating the confidence interval
is in defining the confidence level of the interest. Typically, the 95%
confidence level is used. It needs to be noted that the 95% level does
not imply that there is a 95% chance that the proposed interval contains
the true population parameter value (population mean in this case).
Instead, it states that in 95% cases, the calculated interval, in other
words, 95% of intervals, contain the actual population parameter value.
Thus, for each sample, there is a different confidence interval to be
calculated, and from all these intervals, only 95% contain the true
population estimate. Therefore, the confidence level provides the

confidence in the calculated interval, not in the estimated value.

The length of the confidence level depends on the sample size, and the

narrower it is, the more precise is the estimation, in a statistical sense.

The calculated population mean of the normally distributed population
is normally distributed under the assumption that the standard
deviation of the underlying population is known. It is the result of the
Central Limit Theorem (Gnedenko and Kolmogorov, 1954; James, G.,
Witten, D., Hastie, T., Tibshirani, 2013). In case if the standard
deviation of the population is unknown, the sample standard deviation

s is used instead. The calculated population mean gets then the
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Student’s t-distribution. Hence the estimation of the population mean

can be written as follows:

n(o:2)

Eq. ].23

1 n
s? =n_1-Z(xi—f)2
i=1

Bq. 4.24

U=xtz Xty

Bl

(o
a/2 ﬁ
Eq. 4.25

, where Zq /- z-score and tq, is the t-score. This tells us how many
standard deviations are required to capture a specified alpha level. In
the case of a two-tailed test, when the z is 5%, it means 2.5-2.5% on the

lower and upper tail.

For the confidence level of 95% the z4,, = 1.96. Student’s t-distribution
is the function of the sample size. The bigger the sample size, the closer
the Student’s t-distribution to the Normal distribution. It is generally
considered that if the sample size is more than or equal to 30 (n = 30),
it is acceptable to use Normal distribution instead of Student’s t-

distribution.
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The theory of confidence interval can be used for a broad range of
problems. This dissertation serves the purpose of creating a base for a

more geologically consistent history matching tool.

The parameters of the distribution need to be known. The confidence
interval theory is used in a reversed form to specify the acceptable range

for parameter changes on the porosity-permeability diagram.

4.4.3 Application of Confidence Ellipse Calculation

The boundaries of the feasibility region can be chosen in a way that it
includes all the data points associated with the rock type or by
specifying certain confidence levels, which result in confidence region or
confidence interval, correspondingly. Typically, a confidence level of
95% (P=0.95) is chosen to adequately present the boundaries of the
confidence region (James, G., Witten, D., Hastie, T., Tibshirani, 2013).

The confidence ellipse can be generated based on either the yZ chi-
squared statistic with k=2 degrees of freedom, in a case when sufficient
data samples are provided (n > 30), or with Hotelling’s T¢,_; t-squared
statistic with k=2 degrees of freedom for the case with a small amount
of n data samples (n <30) (James, G., Witten, D., Hastie, T.,
Tibshirani, 2013). Corresponding confidence regions can be written as

follows:
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P ((x — per)” - Zx} - (x — par) < CDFZ' (1 -« )) =1-a=095
Eq. 4.26
P((x = mer)" - b - (x = par) < CDFj (1-a ))=1-a=095

Eq. .27

, where o is the statistical significance for the one-tail test.

The confidence interval is used in the case of the dominant variance in

¢ or k direction. In the case of a sufficient amount of data samples (n >

30), the standard normal distribution is used N'(0,1), the so-called z-

statistic. Otherwise, if a small amount of n data samples (n < 30) is

given, then the Student’s t,_; t-statistic is applied (James, G., Witten,

D., Hastie, T., Tibshirani, 2013). Corresponding confidence intervals can

be written as follows:

a
P(MRT - tn_]-’% * OpT <x< URT + tn_]”% . URT) =1-2 E = 0.95
Eq. 4.28
a
P(ﬂRT—Zg‘O'RTSxS HRT+ZEO'RT)=1—25=095
2 2

Eq. 4.29
, where o/2 is the statistical significance for the two-tail test.

The representation of the 68-95-99 rule is shown in Fig 4.4.
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Fig. 4.4: Representation of the confidence interval based on probability

4.4.4 Rock Type Selection

The rock type adjustment process is done by exploiting Eq. 4.26 - Eq.
4.29 and Eq. 4.20. First, from Eq. 4.26 - Eq. 4.29, the standard deviation
score is calculated for every rock type to establish the boundaries of
feasibility regions. Then, Eq. 4.20. is applied to determine the
Mahalanobis distance to corresponding confidence ellipses/intervals at

any given point from the dataset. If the distance at the ¢-k point of
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interest is smaller than the standard score of the confidence region, the
given point belongs to the currently assigned rock type (validation). In
case if the distance is higher, the ¢-k point falls out from the particular
region, then the rock type with the smallest distance is assigned
(correction). The representation of confidence regions and Mahalanobis
distance from a ¢-k point to corresponding rock types is illustrated in

Fig. 4.5.

Porosity vs Permeability

103

Permeability

10%2

L oA R S R . 0 L SE 5 G L G AU B L G

0.2 0.22 0.24 0.26 0.28
Porosity

Fig. 4.5: Representation of Mahalanobis-distances and confidence intervals
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4.5 Application of the Mahalanobis distance -
Rock-type regions tessellation

Identification of a rock type employing Mahalanobis distance can
produce cases when rock type regions form non-contiguous sets
(unrealistic scenarios). The equidistant points between rock type regions
need to be identified to establish the separation of rock types in a

contiguous manner.

4.5.1 Rock-type regions tessellation produced by
Mahalanobis distance

In order to separate the rock type precisely using mathematical
approaches, the equidistant points between the different rock type
regions need to be identified. The different rock types and the used
distance calculation (Mahalanobis distance) are represented with the

ellipse equation.

Therefore the equidistant points can be determined by solving the
equation of Mahanlobis distance from one rock type being equal to

Mahanlobis distance from another rock type.
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The Mahalanobis distance from the rock type region i can be written as

follows:

((x —x;)-cosB; + (y —y;) - sin Gi)z

2
a;

(=(x —x;) -sinf; + (y —y;) - cos 6;)* 22
+ - = d’
13

Eq. 4.50

, where (x;,y;) is the centre of the ellipse i, a; is the semi-major axis
and b; is the semi-minor axis, when a; = b;, and the 6; is the angle of
rotation measured from the positive x axis direction to the

corresponding ellipse semi-major axis.

Therefore, the equation for equidistant points between rock type 1 and

2 can be written as d? = d2.

After rearranging the equation to the right side, the final equation is a

general equation of the quadratic form of the conic section:
A-x*+2-B-x-y+C-y*+2-D-x+2-E-y+F=0
Eq. .31

Using the properties of the second-degree polynomial and taking into
account the form of coefficients, which arose from d? = d?, in total,
seven different cases can occur. These cases can be split into two groups:

degenerate and non-degenerate cases. The three non-degenerate cases
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are the ellipse, the hyperbola, and the parabola. The other four
degenerate cases are point (degenerate ellipse), intersecting lines
(asymptotes of hyperbola), coinciding and parallel lines (degenerate
parabolas). All of these mentioned sets of equidistant points are the so-
called conic sections. In the general case, a few more degenerate conic
sections can be described by the above second-degree polynomial. These
cases are imaginary ellipse and imaginary parallel lines, but due to the
special form of coefficients, it is proven that such cases cannot occur

from the equation d? = d3 (Manasipov, 2021)
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Chapter 5 Proof of Concept —
Simple Quarter-Five-Spot Model

Before the full-field application of the developed workflow, the algorithm
needs to be tested, and the concept needs to be validated on a simple
synthetic model. After successfully completing history matching on a
simple synthetic case, the extended approach is tested and optimized
through several test cases. Chapter 5 reveals the input data and
introduces the proposed improvements of the approach. Results of the
simulation run in each iteration are analysed. The initialization of these
simulation runs may differ according to the rock type changes, which
considerably influence the simulation result. Therefore, the workflow
needs to be tested and optimized with a sufficient amount of test cases
covering the sensitivities of all the parameters used during the
development of the approach. In each test case, a thorough analysis has
been performed to compare the results gained from the existing assisted

history matching tool and the application of the new extended workflow.

This chapter contains the model description for the synthetic proof of
concept model. Both truth and base models are described with the
applied parameter distributions. On top of that, it lists the different

scenarios for the detailed sensitivity study of each parameter, namely
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porosity, absolute permeability, relative permeability and capillary
pressure functions. The different alterations of each model are discussed
and explained. This chapter is followed by the representation and

discussion of the results of each case.

5.1 Model description — “Truth” Model

The simple synthetic model is a 2D realization with one layer. The
model size is 200m*200m in the x-, y-direction and 10 m in the z-
direction. The mesh contains 400 identical cells. The “truth” model with
rock type distribution and wells is shown in Fig. 5.1. The fluid system
contains two phases, one aqueous and one oleic phase. The well
configuration follows a quarter of a five-spot, including one injector at
the bottom left corner (blue circle) and one producer (green circle) at

the top right corner of the mesh.

5.1 Parameterization

The static model also requires proper and consistent parameterization
in advance. Two different rock types (RT) are defined: Rock Type 1
(RT1-yellow) represents a high permeability class; Rock Type 2 (RT2-
grey) represents a low permeability class. The porosity distribution of

the two rock types is also within different ranges. The assigned
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parameters of each facies are realistic and consistent according to the

rock type categories.

RT_TRUTH
Facies

X-axis

200

— RT1

RTZ

100

Y-axis 100 —

0

1]

T
0 100 200

Fig. 5.1: The “truth” model rock type distribution RT1 — 60%, RT2 — 40%

Characteristic relative permeability and capillary pressure functions are
generated according to the different rock types. Porosity is normally
distributed (Eq. 5.1), while absolute permeability follows a log-normal
distribution (Eq. 5.2).

&~ (13, 53)

Eq. 5.1
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log k~2 (i, o)
Eq. 5.2

Tab. 1 contains the summary of the assigned parameters of both rock
types. It shows their porosity, absolute permeability ranges, minimum
(min), maximum (max), mean values (mean), and standard deviation

(SD).

Tab. 1: Overview — Summary of the characteristic rock type properties

(porosity, absolute permeability, saturations)

RT Porosity Absolute permeability

min = max mean SD min max mean SD

# [%] (%] (%] [%] [mD] [mD] [mD] [mD]
RT1 23 30 25 8 200 2000 1100 320
RT2 20 27 25 3 20 200 110 32

Tab. 2 demonstrates the proposed and followed characteristic
parameters of oil and water relative permeability (k:) curves with the
connate water (Sw), residual oil (S,) saturations and the Corey
exponents for oil (n,), water (ny). Accordingly, it contains the

characteristic entry pressure (pentry) values for both rock types.
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Tab. 2: Summary of the characteristics of relative permeability curves based
on rock type

RT Saturation Relative-Permeability Peow

Swe Sor Kroend Kewend n, Ny Dentry

# [fraction] [fraction] ] ] B - [bar]

RT1 0.25 0.20 0.80 0.40 2 2 0.02
RT2 0.35 0.30 0.70 0.30 4 4 0.1

The corresponding relative permeability curves are shown in Fig. 5.2.
The “truth” model’s porosity and absolute horizontal permeability
distribution are shown in Fig. 5.4 and Fig. 5.5, respectively. The used
capillary pressure curves for both low and high permeability rock types

can be seen below in Fig. 5.3.

RELATIVE PERMEABILITY
krwRT1 kroRT1
0.8

0.7

0.6
=
205

[S]

IS
=04
=

0.3
0.2
0.1
0.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
S,, [fraction]

Fig. 5.2: Relative permeability functions of RT1 (yellow) and RT2 (grey)
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CAPILLARY PRESSURE
PcowRT1 PcowRT2
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Fig. 5.3: Capillary pressure functions of RT1 (yellow) and RT2 (grey)
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Fig. 5.4: The “truth” model’s porosity distribution
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Fig. 5.5: The “truth” model absolute horizontal permeability distribution

The synthetic model variations are established with the above-described
parameter distributions and characteristics shown in Tab. 1 and Tab.
2. The synthetic model, which contains both absolute permeability and
porosity distributions, is used for the simulation with varying relative
permeability and capillary pressure functions identified by the rock
types. Before the history matching, the simulation is first conducted on
the “truth” model with the history setup as validation in all cases. The
validation is needed to avoid inconsistencies in the base case model due

to incorrect simulation control.
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5.2 Base Case Model

In order to generate the base model for the base case during history
matching, the initial rock type distribution of the “truth” model has
been slightly modified. Different realization of the predefined parameter
distribution was used as an initial guess. The base case model’s initial
rock type and parameter distribution in the case of different parameter
distributions for the different rock types and in the case of the same
parameter distribution for the different rock types are shown in Fig. 5.7,
Fig. 5.8, Fig. 5.9 and Fig. 5.10 accordingly.

RT_BASE X-axis
Facies

200

— RT1

Y-axis 100

0

—0

T
0 100

Fig. 5.6: The base model’s rock type distribution (RT1-55%, RT2-45%)

T
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VARIOUS_PORO_BASE
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Fig. 5.7: The base model’s porosity distribution (varying between the rock
types)
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Fig. 5.8: The base model’s absolute horizontal permeability distribution

(varying between the rock types)
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Fig. 5.9: The base model’s porosity distribution (identical in both rock types)
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Fig. 5.10: The base model’s absolute horizontal permeability distribution
(identical in both rock types)
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5.2.1 Initial and Boundary Conditions

The model is a closed system with no flow boundaries. The connate
water saturation is used to determine the initial fluid saturation
distribution, and the initial reservoir pressure is set at a reference depth
of the model. In order to generate the production history of the synthetic
model, the simulation controls in the “truth” case are constant water
injection rate (qwmj=constant) at the injector and constant liquid
production (qie=constant) with bottom-hole-flowing pressure limit
(Dwt proa=constant) at the producer. The base case simulation model is
controlled by a constant injection rate (qwij=constant), the production
control is the observed liquid rate (quq) generated and extracted from

the truth model simulation.

5.3 Summary of Models

In order to analyse the effect of individual model parameters on the
rock-type driven history matching workflow, three different realizations
of the model are created with a total number of nine simulation cases.
The primary model is established with the above-described parameter
distributions and properties shown in Tab. 1 and Tab. 2., which is
represented as the most complex case highlighted with blue in Fig. 5.11.
Then, two other models are introduced with the alteration of the

primary model.
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The first modified version kept the absolute permeability variation but
took only one single uniform porosity distribution, which is the mean of
the porosity distribution of the two rock types from the primary model.
The rock types share the same porosity distribution. The porosity values
vary for both rock types within the same ranges. The model was created
to capture the effect of rock type change based only on the absolute

permeability driven history matching.

The second alteration of the primary model kept the porosity variation
and used only one single uniform absolute permeability distribution,
which is the mean of the absolute permeability distribution of the two
rock types from the primary model. The reason for keeping the absolute
permeability distribution identical for both rock types and using only
the different porosity distribution is to investigate the effect or
significance of porosity driven history matching on the rock typing

workflow.

After investigating these two modified scenarios, a reliable conclusion
can be drawn on the complex simulation case conducted with the
primary model, which contains both variable absolute permeability and

porosity distributions.
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Fig. 5.11: The combination of different parameters in the representative

models for sensitivity analysis
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All the variations of models with the combination of simulations
conducted are listed in the following Fig. 5.11. Each model is simulated
for three different scenarios, which are described in Fig. 5.11. The first
simulation setup is conducted with varying relative permeability where
the capillary pressure is neglected. The second setup has different
capillary pressure and identical relative permeability values for both
rock types. The third case is the complex setup where both saturation

functions (k:, P.) vary from rock type to rock type.

Tab. 3: Summary of the cases for sensitivity analysis

Rock Type dependent

Model ‘ parameter ‘ Simulation D
Static Saturation Case
property function
k. Case 1.1 PERMKR
1 k P, Case 1.2 PERMPC
k., P. Case 1.3 PERMPCKR
k. Case 2.1  POROKR
2 4 P, Case 2.2 POROPC
k., P. Case 2.3  POROPCKR
k, Case 3.1  POROPERMKR
3 ¢,k P Case 3.2 POROPERMPC
k., P. Case 3.3  POROPERMPCKR

153



Chapter 5 - Proof of Concept — Simple Quarter-Five-Spot Model

The reason for running and analysing the first and second setup with
all three models is to investigate the individual significance of relative
permeability and capillary pressure in the rock type-driven history
matching workflow. Last but not least, coupling the variation of relative
permeability and capillary pressure functions can be analysed together
in a third advanced simulation setting. The summary of the cases for
sensitivity analysis is shown in Tab. 3 with their parameters and

identifiers.

5.4 Sensitivity study

In order to prepare the different models and simulation cases, the logical
order must be set. The available static properties are the variable and
uniform absolute permeability and porosity distributions. The
saturation functions also have two variations for both relative
permeability- and capillary pressure functions. There are variable
(different) and uniform (average) relative permeability curves and

variable and neglected (P.=0) capillary pressure functions available.

The number of combinations would be sixteen different simulation cases,
but some of the combinations would not make sense physically;
therefore, the practical conclusion could not be drawn. Therefore the
eliminated cases are when both the porosity and the absolute

permeability of different rock types are identical and when the relative
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permeability and the capillary pressure has no variety within the

different rock types.

Practically, if the rock types have the same porosity and absolute
permeability distribution, it will make no difference in the flow
calculations to distinguish between rock types. The rock type
adjustment workflow does not affect the history matching results if the
relative permeability and capillary pressure are the same for both rock
types. The facies modelling section describes the appropriate rock type
selection and modelling in more detail. Therefore, after eliminating the
inappropriate ones, the number of the examined simulation cases is
reduced to nine (Tab. 3), calculated with the following formula (Eq.
5.3).

(22=|{k.¢}| _ 1) X (22=|{kr.pc}| _ 1) =9
Eq. 5.3

, where
k, ¢ - parameters driving rock type change,
k,,p. — parameters influencing flow behaviour within each rock type.

The adjustments of these parameters have a different effect on model
behaviour. The porosity (¢) is responsible for present hydrocarbon
volume; the absolute permeability (k) influences flow path (pattern) and
rate. The relative permeability (k) has the same effect on flow dynamics

as absolute permeability, but it also has phase-specific dominance. The
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capillary pressure (P.) influences the initialisation, affecting the initial
fluid distribution. It has competition with gravity force in the case of a

3D model.

The following sub-chapters give a detailed overview of the nine

simulation cases chosen to test the rock type adjusting workflow.

5.5 Model 1: Uniform porosity, variable

absolute permeability distribution

The first model has uniform porosity and variable absolute permeability
distribution. The goal of performing history matching on the simulation
cases conducted through Model 1 is to test the sensitivity of the RT
adjusting workflow to absolute permeability driven history matching
setup. The porosity values are unified over the two different rock types
in order to avoid interference. Model 1 has three different simulation

setups, and these cases are listed below.

53.5.1 Case 1.1: PERMKR

The simulation case called PERMKR, has rock-type dependent absolute
permeability distribution, and the relative permeability is set to be rock
type dependent.The capillary pressure is neglected in this case to focus

only on the sensitivity for relative permeability.

156



Chapter 5 - Proof of Concept — Simple Quarter-Five-Spot Model

5.5.2 Case 1.2: PERMPC

The simulation case called PERMPC has the rock-type dependent
absolute permeability distribution, but the relative permeability is
simplified, and both rock types have the same relative permeability
functions. The capillary pressure is introduced as a rock type dependent
function, where both rock types have well-distinguished values. The goal
of the history matching of this model is to investigate the sensitivities
for only capillary pressure, neglecting the relative permeability
differences in a porosity and absolute permeability driven history

matching setup.

5.5.3 Case 1.3: PERMPCKR

The simulation case called PERMPCKR has not only rock-type
dependent absolute permeability distribution, but also rock-type
dependent saturation functions are applied. Both the relative
permeability and the capillary pressure are set to be rock type dependent
functions. The capillary pressure is not neglected in this case but varies

between different rock types with relative permeability functions.

5.6 Model 2: Variable porosity, uniform
absolute permeability

In the second model, the main target parameter is the porosity.

157



Chapter 5 - Proof of Concept — Simple Quarter-Five-Spot Model

The goal was to test the sensitivity of the RT adjusting workflow to
another main model parameter, which is the porosity. Therefore this
model variation is parameterized with the simplified uniform absolute
permeability distribution and different (variable) porosity distribution
based on different rock types. Model 2 also has three different simulation

setups, and these cases are listed below.

5.6.1 Case 2.1: POROKR

The first simulation case with a variable porosity model is the
POROKR, which focuses on the porosity-driven workflow's sensitivity
to the relative permeability. Therefore the effect of the capillary pressure

is neglected, so it is set to zero.

5.6.2 Case 2.2: POROPC

The simulation case called POROPC has the rock type-dependent
porosity distribution, and not only the absolute permeability but the
relative permeability is simplified, and both rock types have the same
relative permeability functions. The capillary pressure is introduced as
a rock type dependent function, where both rock types have well-
distinguished values. The goal of the history matching of this model is
to investigate the sensitivities for capillary pressure, neglecting the

relative permeability differences.
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5.6.3 Case 2.3: POROPCKR

The simulation case called POROPCKR has not only rock-type
dependent porosity distribution but also rock type-dependent saturation
functions are applied. Both the relative permeability and the capillary
pressure functions are set to be rock type dependent. The capillary
pressure is not neglected in this case but varies between different rock

types with relative permeability functions.

5.7 Model 3: Variable porosity and absolute
permeability distribution

After a detailed sensitivity analysis of the history matching workflow to
different parameters, the last combined model is examined. The last
model is Model 3, which has the most complex static features. This
model is parameterized for both static model properties (porosity and
absolute permeability) with their variable distributions based on the
rock types. It means that both model parameters are significantly rock
type dependent. Model 3 has as well three different simulation setups,

and these cases are listed below.

5.7.1  Case 3.1: POROPERMKR

The simulation case called POROPERMEKR has rock type-dependent

porosity and absolute permeability distributions, but also, the relative
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permeability is set to be rock type dependent. In this case, the capillary
pressure is eliminated to focus only on the sensitivity of the porosity
and absolute permeability driven history matching workflow for relative

permeability.

5.7.2 Case 3.2: POROPERMPC

The simulation case called POROPERMPC has the rock-type
dependent porosity and absolute permeability distributions, but the
relative permeability is simplified, and both rock types have the same
relative permeability functions. The capillary pressure is introduced as
a rock type dependent function, where both rock types have well-
distinguished values. The goal of the history matching of this model is
to investigate the porosity and absolute permeability driven history
matching workflow sensitivities for capillary pressure, eliminating the

effect of different relative permeability functions.

5.7.3 Case 3.3: POROPERMPCKR

This case, called POROPERMPCKR, is the most complex simulation
case within the simple synthetic models, where the porosity and absolute
permeability distribution varies, including variable saturation functions
within each rock type. This case is the most representative one for
reality, where all the variations of the parameters are coupled. This
simulation model gives a complex and comprehensive conclusion on all

the possible parameters driving the history match.
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Chapter 6 Results of the Simple
Quarter-Five-Spot Model

This chapter represents and discusses the results of the simple model's
different simulation cases and summarises the significant conclusions of
the sensitivity study. The model description can be found in Chapter 5,
with all the necessary details, such as parameter distribution and

alterations.

All nine cases have the same history matching setup during the
matching process so that a comprehensive comparison can be drawn
based on the same conditions. The results of two different multiple setup

combinations are shown and analysed. The shown setup combinations
are the BESTPARENT and the ITERNUM.

The detailed results and analysis of the history matching procedure are
shown through the case “PERMKR” conducted with the standard and
rock typing workflow through the BESTPRENT setup combination.

The results are represented and summarized comparatively; in this
sequence, each case compares the main parameters for the truth, the

base, the history matched case without, and with the rock type
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adjusting workflow. In order to compare the efficiency of the rock typing
workflow, the history matching results of the nine cases are compared

to the conventional workflow.

General History Matching Setup

The history match in all of the nine cases is conducted with the help of
the previously described assisted history-matching tool in two attempts
with two different approaches. The first attempt is where the model
parameters were modified within the defined minimum and maximum
constraints, applying only the conventional history matching workflow
driven by the adjoint approach. Then the second attempt is where the
adjoint-based history matching workflow is applied with the rock type
adjusting extension. The in-house created external workflow was used
to adjust the rock types according to the calculated sensitivities of the

model parameters (porosity and absolute permeability).

During the history matching procedure of all nine cases, the matching
parameters are the same, the field pressure (pgaiic), bottom-hole-flowing
pressure (pwi), 0il (qo) and water (qv) rate, as well as water-cut (WCUT).

The observed data is generated and extracted from the “truth” model.

The monitored parameters are the ¢-k relationship, histograms of rock
type, absolute permeability, porosity, the absolute and relative
difference in STOIIP and objective function changes. Different

weighting factors are assigned to each desired matching parameter
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during the minimisation of the objective function, depending on the

different history matching stages (setup) within the typical sequence.

BESTPARENT: Combines three matching stages with four conditions.
The stages are the overall match with big steps, emphasised rates,
overall match with small steps. The conditions are minimum and
maximum objective function values, a maximum number of iterations
and start from the best case. The best case is identified with the smallest

number of the total objective function.

ITERNUM: Combines three matching stages with one condition. The
stages are the overall match with big steps, emphasised rates, overall
match with small steps. The condition is only the maximum number of

iterations.

The conditions are applied between two different setup stages. A

detailed explanation can be found, coupled with the result analysis.

6.1 History Matching Results of PERMKR
(Case 1.1 with Model 1)

In the presented test case called PERMKR, porosity and absolute
permeability are the only directly modified parameters. In the case of
PERMKR, the rock types are only distinguished through absolute and
relative permeability. The different rock types share the same porosity

distribution, and the capillary pressure is neglected.
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6.1.1 Base Case Simulation

Fig. 6.1 illustrates the base case simulation results of the oil (green) and

the water (blue) rate, indicating an excellent initial guess.

Oil, Water [STB/DAY]
5 5 & 2 2

-
=]

0 ' 2,000 ' 4,000 5,000 ' 8,000
Time [Day]
Fig. 6.1: The “truth” model observed (dotted lines) production history (oil-

green, water-blue) compared to the base case simulation results (solid lines)

Pressure [PSI]

0 2,000 4,000 ' 5,000 ' 8,000
Time [Day]
Fig. 6.2: The “truth” model observed (dotted thick black line) bottom-hole
flowing pressure compared to the base case simulation results (solid thin black

line)
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Fig. 6.2 shows the historical and calculated bottom-hole flowing
pressure. According to the simulation results, improvement in the
pressure match and water breakthrough is still required. The simulated
cumulative oil and water production volume (solid lines) are already
close to the historical values (dotted lines). In order to find the optimal
solution utilizing the gradient approach, a good enough initial guess is
required. Therefore the presented base case is an appropriate starting

point for the history match.

6.1.2 History matching without the Adjustment of
Rock Type (the conventional way)

A conventional history matching is performed with the previously shown
test case PERMKR, (Case 1.1) as a first attempt. Fig. 6.3 illustrates the
history matching results of the oil (green) and the water (blue) rate,
indicating an acceptable match. Although the bottom-hole-flowing
pressure match is achieved relatively quickly and easily, cumulative

rates and water breakthrough improvement are still required.

The history matching results shown in Fig. 6.3 are achieved using the
same weights in the applied objective function as in the rock-type
adjusting workflow setup. The identical history matching setups assure
that the capabilities and results of the two workflows can be consistently
and comprehensively compared. However, the results of conventional

workflow can be further improved.
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Fig. 6.3: The “truth” model observed (dotted lines) production history (oil-
green, water-blue) compared to the final model simulation results (solid lines)
achieved without Adjustment of Rock Type
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A further improved match could be achieved by adjusting the objective
function weights in the different stages. Nevertheless, the history match
is satisfactory to a certain level and could not be further improved with
the used setup combination. One of the main reasons for not achieving
a better match is that the correct initial fluid saturations must be
assigned to the individual cells to get the right fluid volumes into the
wells at the right time. In order to achieve that, the common practice is
to scale the capillary pressure curves or the relative permeability curves
as a last resort. The residuals are determined from the corresponding
rock type’s saturation functions. Since the rock type is not adjusted in
this workflow, the rock type indicator does not change, so the initially
assigned saturation functions are used; therefore, it is impossible to
achieve the correct initial fluid distribution without violation of the
model. Arriving at a better match requires more radical parameter
changes, but it means some kind of sacrifice needs to be taken. Either
stop further matching the model with a higher OF value or violate the
geological model, where the minimum and maximum constraints are
maintained over the history matching procedure; however, the overall
geological consistency would be lost because the rock types are not
assigned correctly for the given ¢-k values, even in the presented case,

as shown in Fig. 6.11.

Fig. 6.4 and 6.5 represent the model's porosity and absolute horizontal
permeability distribution after the conduction of the history matching

with the standard workflow.
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Fig. 6.4: The final model’s porosity distribution using the adjoint approach
without rock-typing
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Fig. 6.5: The final model’s absolute horizontal permeability distribution using
the standard workflow without rock-typing
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The history matching is conducted by utilising the extended workflow
as a second attempt. The results of the rock-typing workflow are

presented in the next section.

6.1.3 History matching with the Adjustment of
Rock Type (extended workflow)

In this second history matching attempt, the parameters were not
modified independently. After a particular iteration, when the absolute
permeability (¢-k point) moved into a different rock type category
according to the Mahalanobis distance, the rock type of the cell has been
changed into the correct category. The rock types are defined as
preliminary and have different petrophysical parameters. Both rock
types are identified within ellipse regions in ¢-k space. With changing
rock types, the corresponding parameters are automatically changed as
well; for instance, the relative permeability, while the parameter
distributions have not changed significantly. Therefore, the simulation
achieved the observed production volumes, driven by the correction of
initial saturations due to the rock type adjustment. Fig. 6.6 illustrates
the history matching results of the oil (green) and the water (blue) rate,
indicating a perfect match. Improvements in the pressure and
cumulative rates, as well as water breakthrough, are not required. The
history match is satisfactory. Therefore the rock type adjusting history

matching workflow arrived at the final model.
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Fig. 6.6: The “truth” model observed (dotted lines) production history (oil-
green, water-blue) compared to the final model simulation results (solid lines)

achieved with rock type adjusting history matching workflow
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These results show the proof of concept on a synthetic two-dimensional
model, where essential conclusions can be drawn. The history match is
achieved by applying multiple optimization setups (three-stage) under
ten iterations without violating the model. Fig. 6.7, Fig. 6.8 and Fig. 6.9
show the final model’s porosity, absolute horizontal permeability and
rock type distribution accordingly. The minimum and maximum
geological constraints are maintained, preserving the petrophysical
consistency. The ¢-k relationship and the STOIIP have not changed
significantly. The rock type distribution of the final model is shown in

Fig. 6.9.
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Fig. 6.7: The final model’s porosity distribution using the Rock Typing (RT)
workflow
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Fig. 6.8: The final model’s absolute horizontal permeability distribution, using
the RT workflow
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Fig. 6.9: The final model’s rock type distribution utilising the Rock Type
Adjusting History Matching Workflow
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In terms of preserving the original rock type distribution, the geological
consistency could not be reached to the greatest extent; which means
that the rock type distribution (RT1-RT2) in the “truth” model is 60%-
40%, in the base case model, it is 55%-45%, and in the final model it is
65%-35% accordingly. Fig. 6.10 compares the porosity, the absolute
horizontal permeability and rock type distribution of each model. The
comparison between the “truth”, base and final model’s rock type
distribution is illustrated from top to bottom. The first column is the
spatial porosity distribution the second and the third columns are the
average absolute horizontal permeability and rock type spatial
distribution accordingly. The first row shows the “TRUTH” model, the
second row represents the base, and the last two rows show the history-
matched final models. Fig. 6.10 demonstrates the alteration of the rock
type into the “truth” direction around the producer well in the upper
right corner of the final model. The overall conclusion is that the
adjoint-based algorithm finds the “correct” direction of the parameter

changes in the producer area, which is already a significant achievement.

Fig. 6.11 shows a comparative comparison of the ¢-k correlation,
porosity, absolute permeability and rock type distribution in the
TRUTH, BASE and FINAL models without and with rock type

adjustments, respectively.
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Fig. 6.10: Comparison of porosity, absolute horizontal permeability and rock
type distribution in the “truth”, base and final history matched models without
(Niterarion=111) and with rock type adjustments (Nieraion=9), respectively
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Fig. 6.11: The comparison of ¢-k correlation, porosity, absolute permeability
and rock type distribution in the “TRUTH”, BASE and FINAL models

without (Nierarion=111) and with rock type adjustments (Nierwion=9), respectively

The integrated extension of rock-type adjustments into the workflow

helps keep the model physically consistent, resulting in a faster history
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matching process requiring fewer iterations and model parameter
changes in the case of porosity and absolute permeability driven history
match with only varying relative-permeability functions within rock

types.

6.2 Further cases

The following cases have been studied, and their results are summarised

and compared in sub-chapter 6.3.

History Matching Results of PERMPC (Case 1.2)

In the presented test case, porosity and absolute permeability were the
only modified parameters. In the case of PERMPC, the rock types are

only distinguished through absolute permeability and capillary pressure.

History Matching Results of PERMPCKR (Case 1.3)

In the presented test case, porosity and absolute permeability were the
only modified parameters. In the case of PERMPCKR, the rock types
are only distinguished through absolute and relative permeability and

capillary pressure.
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History Matching Results of POROKR (Case2.1)

In the presented test case, porosity and absolute permeability were the
only modified parameters. In the case of POROKR, the rock types are

only distinguished through porosity and relative permeability.

History Matching Results of POROPC (Case2.2)

In the presented test case, porosity and absolute permeability were the
only modified parameters. In the case of POROPC, the rock types are

only distinguished through porosity and capillary pressure.

History Matching Results of POROPCKR (Case2.3)

In the presented test case, porosity and absolute permeability were the
only modified parameters. In the case of POROPCKR, the rock types
are only distinguished through porosity and relative permeability and

capillary pressure.

History Matching Results of POROPERMKR
(Case3.1)

In the presented test case, porosity and absolute permeability were the
only modified parameters. In the case of POROPERMKR, the rock
types are distinguished through all possible static model parameters

(porosity, absolute permeability) and relative permeability.
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History Matching Results of POROPERMPC
(Case3.2)

Porosity and permeability were the only directly modified parameters
in the presented test case. In the case of POROPERMPC, the rock types
are distinguished through all possible static model parameters (porosity,

absolute permeability) and capillary pressure.

History Matching Results of POROPERMPCKR
(Case3.3)

Based on the calculated sensitivities in both history matching attempts
of the presented test case, the porosity and absolute horizontal
permeabilities (kx, ky,) were the only directly modified parameters. In
the second attempt, the rock types are also adjusted; therefore, the
corresponding parameters are changing: relative permeability and
capillary pressure. The relative permeability and capillary pressure are
not scaled or matched, meaning no changes to the defined curves. In the
case of POROPERMPCKR, the rock types are distinguished through
all possible parameters, namely porosity, absolute and relative
permeability and capillary pressure. This case couples all the rock-type
related features; therefore, this is the simple model's most complex,

realistic and most comprehensive simulation scenario.
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6.3 Results of the sensitivity analysis of the
different parameters in rock type adjusting

history matching workflow

History matching aims to improve the reservoir simulation model under
given assumptions, constraints, and constitutive laws within
predetermined feasibility regions, defined by relevant measurements. In
general, while history matching a newly created model matches the
observations, but violating the constraints and the established link
between model parameters. The new model moves away from
assumptions and initially gains knowledge from history matching. In
order to measure if the changes are acceptable, there are geological

consistency indicators introduced.

6.3.1 Geological consistency indicators

The used objective function (OF) described in the literature review is a
suitable measure of how successful and satisfying the match is. The OF
is calculated in the used adjoint-based optimisation application, which
minimises the objective function, where it only contains the dynamic
variables, such as pressures and fluid rates. Since this dissertation
focuses on and improves geological consistency, some kind of indicator
needs to be introduced to measure the deviation in static parameters.
In order to not only rely on a visual judgment about the changes of the

static properties, the geological consistency needs to be quantified. The
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chosen parameter is the fraction of variance unexplained (FVU), which
can be written through the definition of generalised R? for measured

(calculated) variable f and observed variable y:

R2=1-— %
SStot
Eq. 6.1
SS.
FVU=1-R?="12=
SStot
Eq. 6.2

FVU[%] = 100 - FVU

Eq. 6.5
SSpes = ) 01 = f)?
i
Eq. 6.4
SStot = Z()’i - y)?
i

Eq. 6.5

, where §S,.¢ is the sum of squares of residuals, and the S5, is the
total sum of squares of measured difference with its mean. The FVU is

used in this dissertation in the form of a percentage.
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The FVU applied for porosity and absolute permeability grid properties

can be written as:

T — ¢)?
Yi(pirue — ptrue)?
Eq. 6.6

FVUg[%)] = 100 -

i(kf™e — k;)?

Bkfre = ke’
2
Eq. 6.7

FVU,[%] = 100 -

Yi(logiok frue_ logyo k i)?

Zi(lOglo k frue_ logyo k true)z
Eq. 6.8

FVUiog,, k[%] = 100 -

, where ¢;, k; are the grid block porosity and absolute permeability
correspondingly, from a given model (final model), while ¢p{™¢, k™ are
the properties from the “TRUTH” model. There is a luxury of
comparing the final model to the “TRUTH” model in the case of the
simple synthetic cases. Unfortunately, this is not an option in the usual
practice, as the “TRUTH” model is unknown, and we can only refer to

the base case.

The extended version of FVU for two sets of variables ¢, k can be written

as follows:

Yi(pie — d)? + Ti(k{™ — ky)?

Ti(ptrue — prrue)z 4 Zi(kitrue _ Etrue)z
Eq. 6.9

FVUg,[%] = 100 -
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FV U, 10g,, k[%] = 100
Yi(pie — p)? + Xi(logy k ™ —logy k )?

B9 = Gy + 3 (logyq k{7~ Togag k)’
Eq. 6.10

The results approved that the used adjoint workflow to be geologically
consistent with and without the rock typing part on a global scale. The
calculated FVU of the static model parameters independently and in
their correlation in all of the nine tested cases were below 1% or equal
to it. That means the R? is 99% or higher. These results are more proving

a concept than being practical.

On the one hand, the FVU values are average globally, so this indicator
cannot detect the details and local deviations. On the other hand, in the
case of an actual field, the geological model is available only; it tries to
mimic the underlying reservoir as much as possible; in the case of the
simple model, it is the “TRUTH?”. Therefore in practice, validation of
the final history matched model can only be through the base case.
Therefore other factors need to be monitored for crosschecking the
validity of the final matched model. It is vital to mention that, in history
matching, the only available model which contains all the known
(measured) information of the reservoir is the product of the
geostatistical modelling. Therefore, maintaining the geological
consistency in the final model means honouring the established relations

between different model parameters in the static model, so the base case.
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During the history matching process, the static model is adjusted to the
dynamic data through the reservoir engineering part of the reservoir
characterisation process while maintaining the information gathered and
interpreted in the geostatistical modelling process. The chosen
parameters are the geological consistency measures compared to the
BASE case. Two new variables are introduced as geological consistency
indexes: the rock type's validity and the Mahalanobis distance's

validity.
Valid Rock Type (VRT)

The VRT shows the percentage of all the grid blocks which are located
within the initial confidence interval. This number counts what
percentage of grid blocks with rock types are inside the initially

established confidence interval.

n
VRT [%] = —24L . 100
NpASE
Eq. 6.11

, where

Npvar — the number of cells (phi-k values) inside of the original ellipse

in the final model,

Npasg — the number of cells phi-k values inside the original ellipse in the

base model.
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Valid Mahalanobis Distance (VMD)

The second parameter for rock type validation is the VMD. It shows
what percentage of all the grid-block belong to the correct rock type
employing Mahalanobis distance. This indicator's estimation uses the
validation step from the rock-typing workflow and counts the correct
rock types. Theoretically, it should be 100% valid, but the results show
on average between 90-100 % in most cases. This is possible and correct
because of two reasons. This deviation is because the rock types can
have overlapping areas during the history matching and because of an
extra condition applied between the validation and correction step. As
described in the rock typing workflow section, the additional condition
is used to not just jump from rock types back and forth without control.
The correction step is only applied in case of overlapping rock-types if
the phi-k point already moved out from the ellipse of one rock type;
until it does not happen, the phi-k point will not be assigned to the
other rock type even if the calculated Mahalanobis distance would
suggest that. This additional condition assures that the optimization is
the least disturbed and that the changes are more consistent with the
original model. Without the extra condition, the phi-k points could just
shuffle back and forth without some sort of a path or logic. In this way,

it is controlled and smooth.

This crosscheck is not applied for the calculation below because it would
bias the results. Depending on the magnitude of the error, the overlap

of the rock types can be interpreted. The bigger the deviation is, the
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more significant the overlap or, in other words, the more valid the model
based on the VMD indicator, the smaller the overlap is, so they smash

into each other less.

_ Nyalid

VMD [%] = 100

Ntotal
Eq. 6.12
, where

Nyqiiq — number of grid blocks (phi-k points) with valid rock type,

Nyorqr —the total number of grid blocks (phi-k points).

6.3.2 Summary of the nine test cases

The conventional or so-called standard (STD) and the rock-typing
workflow (RT) were tested and compared during this research. The
testing was carried out on synthetic test cases (in total 9) described in

Chapter 5 through different history matching setups.

The two most significant and representative setup combinations are
included in this dissertation. The first presented setup combination is
the “BESTPARENT”, and this is an automated combination of

different setups, where three stages are applied. The first and the last
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stage focuses on the overall match. The second stage emphasises the

individual fluid rates.

The difference between the first and last stage is the scale of the
maximum allowed parameter modifications within one iteration. The
first stage starts with more flexible steps (more extensive range), and
the last stage is intended for fine-tuning with the small range of

maximum allowed changes.

The important detail of this automated setup combination is that four
conditions are applied to change from one history matching setup to
another one. The first condition is the sufficient minimum of the
objective function (lower bound); the second condition is the maximum
number of iterations; the third condition is the maximum of the
objective function (upper bound). Then the fourth condition is a
practical requirement, which ensures that every new setup stage starts
from the best case within the previous iterations. This condition is
intended to achieve better convergence rates and avoid overshooting, or
in simple words, to prevent divergence (stepping out) from a good
optimization track (path). The resemblance can be found in
optimization procedures known as line search, when instead of applying
the full optimization step suggested by the gradient, the algorithm
estimates the objective function based on smaller steps in the same
direction (stepping backwards) and chooses a step based on the best

objective function value.
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In an idealistic case, within the iterations, the objective function is
minimized, and according to the first setup, when it reaches the desired
sufficient minimum value, the next setup would be applied. This is not
always the case, and during the iterations, if the starting case is not
good enough or if the history matching setup is not adequately set, the
OF might not reach the desired value or can be wrecked. Therefore, it
is necessary to introduce secondary conditions. If the OF minimum is
not reached, then a maximum number of iterations is applied as a second
condition. Then in case of a failed match, when the history matching is
entirely off, a maximum value for OF is applied in case not to waste
time on false iterations. Once it goes in the wrong direction, it will never
find back the way to the correct path. The third condition is to stop the

iterations when the OF is invalid and move to the next setup.

There is also an important addition which is the search of the best
parent case; since there can be inconsistencies introduced during the
automated setup combination, it is not sufficient to start the new setup
purely from the last iteration because it is not guaranteed that it started
new setup because the desired minimum OF is reached. Therefore the
automation needs to be controlled. The condition is always to start the

new setup from the best case.
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Best parent case history matching multiple setup

combination

Tab. 5 summarizes the result of the applied BESTPARENT setup

combination through standard and rock typing workflow accordingly.

BESTPARENT STD: Best parent case selection setup with the

standard history matching workflow.

Tab. 4: Summary of the OF values in the FINAL models of the sensitivity
analysis, history matched with the BESTPARENT setup combination through
the standard (STD) workflow

Objective Function

ID Iteration Total r(z:e VZ:: sr _—
PERMKR 111 0.1964  0.0859 0.0859 0.0246
PERMPC 120 0.7612  0.3800 0.3800 0.0012
PERMPCKR 127 0.6971  0.3441 0.3441 0.0090
POROKR 34 0.7581  0.3622 0.3622 0.0337
POROPC 82 0.6993  0.3434 0.3434 0.0124
POROPCKR 128 0.7709  0.3366 0.3366 0.0977
POROPERMKR 33 0.4581  0.2287 0.2287 0.0006
POROPERMPC 20 0.7819  0.3891 0.3891 0.0037
POROPERMPCKR 126 0.6997  0.3490 0.3490 0.0018
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Tab. 4 shows the number of iterations and the objective function (OF)

values in each case achieved through the standard workflow.

Tab. 5 shows the results of the geological consistency (GC) values for

each case matched with the standard workflow.

Tab. 5: Summary of the GC values in the FINAL models achicved through the
standard workflow

Geological
D Tteration Consistency

VRT VMD
PERMKR 111 75.50 92.25
PERMPC 120 24.75 72.25
PERMPCKR 127 68.75 83.50
POROKR 34 93.75 100.00
POROPC 82 87.50 97.25
POROPCKR 128 88.50 100.00
POROPERMKR 33 54.25 79.75
POROPERMPC 20 62.75 87.75
POROPERMPCKR 126 44,25 81.75

189



Chapter 6 - Results of the Simple Quarter-Five-Spot Model

BESTPARENT RT: Best parent case selection setup with the rock

typing history matching workflow.

Tab. 6 and 7 show the number of iterations and the objective function
(OF) values, and the results of the geological consistency (GC) values

for each case achieved with the rock typing (RT) workflow.

Tab. 6: Summary of the OF values in the FINAL models of the sensitivity
analysis, history matched with the BESTPARENT setup combination through
the rock typing workflow

Objective Function

ID Iteration 0il Water
Total rate rate BHP
PERMKR 9.00 0.1311 0.0407 0.0407 0.0497
PERMPC 13.00 0.2352 0.1152 0.1152 0.0048
PERMPCKR 12 0.0918 0.0456 0.0456 0.0005
POROKR 33 0.7572 0.3618 0.3618 0.0337
POROPC 25 0.5326 0.2635 0.2635 0.0057
POROPCKR 128 0.7709 0.3366 0.3366 0.0977
POROPERMKR 9 0.8284 0.4016 0.4016 0.0252
POROPERMPC 22 0.1708 0.0851 0.0851 0.0006
POROPERMPCKR 15 0.0489 0.0244 0.0244 0.0001
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Tab. 7: Summary of the GC values in the FINAL models achieved through the
rock typing workflow

Geological
ID Iteration Consistency

VRT VMD
PERMKR 9.00 84.00 96.25
PERMPC 13.00 94.50 98.75
PERMPCKR 12 96.00 99.00
POROKR 33 93.75 100.00
POROPC 25 91.75 99.50
POROPCKR 128 88.50 100.00
POROPERMKR Y 63.75 90.00
POROPERMPC 22 74.25 93.50
POROPERMPCKR 15 37.25 90.25
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Multiple history matching setup combination with

the maximum number of iterations

The simplest multiple setup combination results are presented in this
section for standard and rock-typing workflow as well. Here, the applied
conditions were only the number of maximum iterations at each setup
stage, and the stages were the same as in the BESTPARENT setup

combination

These results serve as the basis for the optimised setup combination
presented above. The results show an obvious need for smarter
conditions for each stage, such as monitoring lower and upper bound

objective function values and selecting the best parent case.

In this case, the results are not as good as in the BESTPARENT history
matching setup, but already show improvements with the rock typing
workflow compared to the standard workflow. In most cases, the
iteration number and objective function are improved; the porosity

dependent cases were neither successful with this setup combination.

Tab. 8, 9, 10 and 11 summarise the history matching result achieved
using the ITERNUM multiple setup combination. The summary shows
the number of iterations and the objective function (OF) values and as
well as the results of the geological consistency (GC) values for each
case achieved with the standard (STD) and the rock typing (RT)

workflow accordingly.
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ITERNUM STD: Maximum iteration number setup with the standard

history matching workflow.

Tab. 8: Summary of the OF values in the FINAL models of the sensitivity
analysis, history matched with the ITERNUM setup combination through the

ID

PERMKR
PERMPC
PERMPCKR
POROKR
POROPC
POROPCKR
POROPERMKR
POROPERMPC
POROPERMPCKR

standard workflow

Iteration

67

62

33

30

21

62

63

12

Total

0.6088
0.5569
0.7530
0.2143
0.6341
0.7158
0.4683
0.3963

0.7628
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QOil
rate

0.3043

0.2531

0.3593

0.1043

0.3160

0.3564

0.2125

0.1814

0.3569

Objective Function

Water
rate

0.3043

0.2531

0.3593

0.1043

0.3160

0.3564

0.2125

0.1814

0.3570

BHP

0.0001

0.0508

0.0344

0.0057

0.0021

0.0030

0.0432

0.0335

0.0489



Chapter 6 - Results of the Simple Quarter-Five-Spot Model

Tab. 9: Summary of the GC values in the FINAL models achicved through the
standard workflow

Geological
ID Tteration Consistency

VRT VMD
PERMKR 15 75.25 47.50
PERMPC 67 79.25 38.50
PERMPCKR 62 93.75 88.25
POROKR 33 89.75 64.00
POROPC 30 99.25 90.75
POROPCKR 21 94.25 73.75
POROPERMKR 62 72.00 25.00
POROPERMPC 63 74.50 48.50
POROPERMPCKR 12 87.25 78.25

194



Chapter 6 - Results of the Simple Quarter-Five-Spot Model

ITERNUM RT: Maximum iteration number setup with the rock typing

history matching workflow.
Tab. 10: Summary of the OF values in the FINAL models of the sensitivity

analysis, history matched with the ITERNUM setup combination through the
rock typing workflow

Objective Function

ID Iteration Total :Zile ‘Y::Zr BHP
PERMKR 19 0.1196  0.0589 0.0589 0.0019
PERMPC 12 0.0972  0.0377 0.0377 0.0219
PERMPCKR 10 0.2766 = 0.1321 0.1321 0.0124
POROKR 1 1.0469  0.4543 0.4543 0.1383
POROPC 28 0.6484  0.3203 0.3203 0.0079
POROPCKR 17 04744  0.2337 0.2337 0.0071
POROPERMKR 69 0.1465  0.0548 0.0548 0.0368
POROPERMPC 52 0.0152  0.0075 0.0075 0.0001
POROPERMPCKR 35 0.0260  0.0130 0.0130 0.0000
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Tab. 11: Summary of the GC values in the FINAL models achicved through
the rock typing workflow

Geological
ID Tteration Consistency

VRT VMD
PERMKR 19 93.75 4775
PERMPC 12 99.50 88.75
PERMPCKR 10 99.25 95.75
POROKR 1 100.00 93.50
POROPC 28 100.00 91.00
POROPCKR 17 99.00 86.25
POROPERMKR 69 85.50 45.50
POROPERMPC 52 89.75 4750
POROPERMPCKR 35 92.50 47.00
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6.3.3 Summary of the analysis of the different
parameters in rock type adjusting history
matching workflow

The geological inconsistencies can be easily missed out after getting a
good match because a complex model with rich parameter space can
mimic the behaviour of the reservoir with original assumptions but with
an unphysical combination of parameter values. That is fundamentally

incorrect and will lead to the wrong prediction of future flow behaviour.

The sensitivity analysis on the presented nine cases shows that each of
the properties can have its own severity effect on the quality and

consistency of the matched final model.

On the side of the physical meaning, the properties have mathematical
characteristics and representation as scalar value (magnitude),
direction, linear /non-linear function. Depending on the position in each
equation, those properties can have an effect of simple shift or scale too.
In other words, the parameters which take a more significant place in
the conservation equations (equation term, e.g. Darcy velocity, storage
term) can introduce more flexibility to match the observations, but with
the risk of violating the feasibility of the model itself. Porosity appears
in the storage term, influencing the fluid content in the grid cell, while
absolute permeability, relative permeability and capillary pressure are
part of the Darcy velocity term, which affects the magnitude and

direction of the flow. Absolute permeability and relative permeability
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are responsible for the advective part of total and phase flow
correspondingly, while capillary pressure is associated with the diffusive

part of the flow.

Therefore, it can be seen that porosity being present only in storage and
having less freedom of mimicking other characteristics of flow cannot by
itself solve the issue of an insufficient history match. Hence the rock
type adjustment workflow is absolutely vital for achieving better history

matching results and reproducing correct dynamic reservoir behaviour.

On the other hand, absolute and relative permeabilities have a more
superior position in the model structure, the darcy velocity, controlling
the path and speed of flow (advective part of the flow). Absolute and
relative permeability appear in darcy velocity together as a product,
which is called effective permeability k.rr = k - k,.. A change in absolute
permeability affects all phases, and a change in relative permeability
affects only the selected phase. Effective permeability can mimic a wider
variety of reservoir fluid flow behaviour but at the same time have more
significant risks of violating the original assumptions and introducing
more geologically apparent inconsistencies. That can give a wrong
impression on the model nature and change the view on the reservoir
without the knowledge-proven basis; in other words, it can present a

reservoir engineer with an unfeasible predictive scenario.

Capillary pressure has a significant effect on the initial — “static”

saturation distribution (local fluid volumes), and being also a part of
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darcy velocity affects the flow path (the diffusive part of the flow).
Therefore, it can also mimic a wide variety of flow patterns. In addition,
in the case of wrongly assigned rock type, the volumetric part of the cell
can be compensated by unfeasible porosity values, which achieves the
goal of the matching (primarily for pressure), but introduces the wrong
model with incorrect fluid volumes spatially, which is not supported by

relevant measurements.

It is important to mention that the analysed models consist of only one
layer in this work. Therefore the influence of capillary and gravity forces
is not present to the fullest extent. In addition, it is of general knowledge
that when the history period does not have an injection phase, capillary
pressure has a larger effect on history matching. However, if the
prediction phase is dominated by injection, then capillary pressure plays
a minor role, and the viscous forces prevail. Therefore, in the viscous
dominated regime, the fluxes are proportional to a pressure gradient
(pressure difference) between production and injection wells, and the

flow direction is given from injection to production well.
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Chapter 7 Summary

This chapter summarises the main findings and outcomes, including the
proposed workflow's benefits, completed objectives and lack of features,

and the suggested possible improvements.

7.1 Conclusion

This dissertation focuses on improving the conventional gradient-based
assisted history matching procedure by developing an external workflow.
This novel approach is meant to adjust the rock types to reach a better
geological consistency level and automate the history matching setup
sequence. The latter implies that the emphasis would be automatically
switched from one dynamic variable to another, e.g. when the fluid rates
match within an acceptable level, the emphasis will switch to pressure

match.
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7.1.1 Concluding remarks

Geological consistency:

One of the primary objectives was to improve the geological consistency
to a higher level than it can currently be achieved. The geological
consistency is proven to be maintained through rock type definition. In
this new workflow, including the correlations, the rock type binds all of
the geological properties together, where every parameter iteratively
changes consistently. The porosity and absolute permeability cannot
define the rock type by themselves independently. Treating each grid
block's porosity and absolute permeability values as one data point
through their correlation in the ¢-k space proves success in solving this

issue.

The Mahalanobis distance calculation and confidence interval integrate
all properties with their probability ranges; the porosity and absolute
permeability values are not examined separately. Integrating the
Mahalanobis distance calculation for the rock type validation and
correction has successfully proved to keep the model away from physical
and geological inconsistencies without sacrificing the matching of

dynamic properties.
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Automated-extended workflow:

The designed general workflow is robust and can be applied to any
simulation software to perform automated history matching. It is easily

adaptable to other assisted history matching tools.

o Proof of Concept Model: The developed synthetic two-phase

2D model serves the fundamental purpose of proving the
concept within realistic data ranges and distributions. The
built simple model is a quarter of a five-spot model, with one
oil producer and water injector. The model includes two rock
types, representing a relatively good and a poorer quality rock
with their characteristic petrophysical parameter distributions.
The test cases prove the concept and highlight the necessity of
improved history matching in terms of linked petrophysical
properties through the rock type definition. The suggested
changes in porosity and absolute permeability drive the rock
type change in the workflow. The used method allows for
independent porosity and absolute permeability changes in
each grid block. The proposed algorithm results show
significant improvements while keeping the model geologically

consistent.

o Sensitivity Analysis: The performance of the extended

workflow concerning the parameters which characterise

different rock types, namely porosity, absolute permeability,
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relative permeability, and capillary pressure functions, is
analysed. The advantages of the created workflow over the
standard adjoint approach are demonstrated through the
different history matching cases with different scenarios. The
sensitivity analysis provides a comprehensive comparison of
the significance of each model parameter on the rock type
adjusting history matching workflow. The results subsequently
conclude the necessity of rock type validation and correction.
On top of that, it can also be concluded that a “smart” well-
constrained automation is beneficial for achieving maximum

efficiency and quality.

7.1.2  Summary

In conclusion, the rock typing workflow shows more favourable results
than the conventional method by itself. The history match with the
same quality could not be achieved with only the absolute permeability
and porosity change (the standard conventional way). The success of
the rock type validation and correction lies in the details because the
rock typing workflow can indirectly adjust the relative permeability and
capillary pressure. Compared to absolute permeability, relative
permeability has a more dynamic nature since it is a fluid phase and
saturation dependent. From the initialization point of view, in order to
have the right amount of fluid in place, the rock type properties should
be honoured. On the one hand, the connate water saturations are taken

from the corresponding saturation functions. On the other hand, the
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capillary pressure function significantly impacts the correct spatial
distribution of the fluid saturations and, therefore, the correct fluid

volumes.

Overall, the novel approach improves the geological consistency of the
models during the history matching process, thereby improving the
quality and reliability of the reverse simulation. Moreover, this
extension includes workflow automation, which is a great standalone
achievement that can potentially reduce the work hours previously

required for the iterations to find the right set of data.

7.2 Future work

The following future investigations are suggested to be done in order to
develop the tool for further improved history match: (i) Application of
constrained optimization with provided feasibility regions for rock types
on the porosity-permeability diagram and (ii) extending the objective
function with multiobjective optimization to preserve the rock type
distribution. (iii) Execution of the rock typing workflow on a full-field
model and comparison to the standard workflow. (iv) Testing the rock
typing workflow in the case of different wetting regions within one rock
type, where the different saturation functions can be considered

accordingly.
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