
IOR NORWAY 2019
All for IOR, IOR for all





Content
THE SPEAKERS
Kristin Færøvik (Lundin) 4
Maria Moræus Hanssen (DEA) 4
Karl Johnny Hersvik (Aker BP) 5
Kjetil Hove (Equinor) 5

Reidar B. Bratvold (UiS/The National IOR Centre of Norway)  6
Santiago Drexler (EOR Lab, Federal University of Rio de Janeiro (UFRJ)) 6
Roger Flage (UiS/The National IOR Centre of Norway)  7
Sarah Gasda (NORCE) 7
Remus Hanea (UiS/Equinor) 8
Alex Hansen (NTNU) 8
Ingunn W. Jolma (NORCE) 9
Gunnar Hjelmtveit Lille (OG21) 9
Rolf J. Lorentzen (NORCE) 10
Colin MacBeth (Heriot-Watt University) 10
Mohan Sharma (UiS/The National IOR Centre of Norway) 11
Mario Silva (IFE/The National IOR Centre of Norway) 11
Jon Sætrom (Resoptima) 12
Yu-Shu Wu (Colorado School of Mines) 12
Knut Åm (Envision) 13 

THE ABSTRACTS
Ali Al-Ali (Heriot-Watt University) 14
Dhruvit Satishchandra Berawala (UiS/The National IOR Centre of Norway) 15
Tine Bredal (UiS/The National IOR Centre of Norway) 15
Bjarte Hetland (UiS/The National IOR Centre of Norway) 16
Emanuela Iedidia Kallesten (UiS/The National IOR Centre of Norway) 16
Birane Kane (NORCE/The National IOR Centre of Norway) 17
Anna Kvashchuk (NORCE/The National IOR Centre of Norway) 17
Mahmoud Ould Metidji (IFE/The National IOR Centre of Norway) 18
Trine Mykkeltvedt (NORCE/The National IOR Centre of Norway) 19
Jan Inge Nygård (UiS) 19
Micheal Babatunde Oguntola (NORCE/The National IOR Centre of Norway) 20
Karen Synnøve Ohm (UiS/The National IOR Centre of Norway) 21
Eystein Opsahl (UiS/The National IOR Centre of Norway) 22
Michal Porzer (VSB-Technical University of Ostrava) 22
Miguel Angel Roncoroni (Universidad Politécnica de Madrid/CEPSA Research Center) 23
Jaspreet Singh Sachdeva (UiS/The National IOR Centre of Norway) 24
Juan Michael Sargado (NORCE/The National IOR Centre of Norway) 24
Arun Kumar Panneer Selvam (IFE/The National IOR Centre of Norway) 25
Dmitry Shogin (UiS/The National IOR Centre of Norway) 26
Ricardo Vasconcellos Soares (NORCE) 27
Ivan Torrijos (UiS/The National IOR Centre of Norway) 27
Lingya Wang (NORCE) 28
Siv Marie Åsen (UiS/The National IOR Centre of Norway) 29

MASTER’S CORNER
Sameer Ahmed (UiS) 30
Rasho Gharbi Alo (UiS) 30
Awais Ashraf (UiS) 31
Aida Bayati (UiS) 31
Temidayo Olayinka Boboye (UiS) 32
Yosra Cherif (UiS) 32
Luis José Abaúnza Durán (UiS) 33 
Nonso Ihebuzor (UiS) 33
A B M Hedayatul Islam (UiS)  34
Carlos Izurieta (UiS)  35
Luis Alejandro Rocha Vargas (UiS)  35
Isaac Klewiah (UiS) 36
Hans Christian Walker (UiS) 36
Natalie Linev’yuk (UiS)  37
Eirik Kjos Nesvik (UiS) 37
Mohammad Nezhadali (UiS) 38
Hoang Nguyen (UiS)  38
Jan Inge Nygård (UiS) 39
Baber Rafique (UiS) 39
Magnus Kongestøl Raaholt (UiS) 40
Ramesh Subedi (UiS)   40
Laura Vaiciulyte (UiS)  41
Agnes Kahlbom Wathne (UiS) 41



The Speakers

Kristin Færøvik, managing director 
Lundin Norway AS

Kristin Færøvik has extensive experience from the oil and 
gas industry, both in Norway and internationally. Færøvik 
is a Petroleum Engineering graduate from the Norwegian 
University of Science and Technology (NTNU). She started 
her professional career at BP where she remained for 18 
years in various technical and commercial roles. During this 
period she was based in Aberdeen, London and Melbourne 
(Australia), in addition to Stavanger.
From 2003 to 2010 Kristin Færøvik held different manage-
ment positions at Marathon Petroleum in Norway, the last 
two years as managing director.
From 2010 to 2015, Kristin Færøvik served as managing 
director for engineering and construction company Rosen-
berg in Stavanger, which was acquired by WorleyParsons 
during her tenure. 
Færøvik was appointed managing director for Lundin Nor-
way in 2015. 
In 2015 she became a director of the Norwegian Oil and 
Gas Association (NOROG), and since 2016 she has served 
as the Chair of the Board of Directors of NOROG. Board 
experience also includes directorship in Lundin Petroleum 
(2011-2013) and GC Rieber Shipping (2012 – 2017).

IOR from day one – Edvard Grieg as a case

Maria Moræus Hanssen, CEO
DEA Deutsche Erdoel AG

Since January 2018 Maria Moræus Hanssen has been CEO 
of the Hamburg based oil and gas company DEA Deutsche 
Erdoel AG, and is on of very few Norwegians with such a 
prominent international position. She is established with a 
clear voice in the public debate on topics like oil and gas, 
digitalisation, the energy transition and leadership.
Moræus Hanssen is also the Deputy Chairman, and the lea-
der of the Audit Committee, of the Supervisory Board of 
Yara International.   
Before joining DEA, she held the role as Chief Executive 
Officer of the French utility group ENGIE’s exploration and 
production business.  In addition, she has extensive oil and 
gas industry experience from companies such as Hydro 
ASA, Statoil ASA and Aker ASA, both onshore and offsho-
re. She is educated as a reservoir engineer from NTNU in 
Trondheim and a petroleum economist from Ecole Natio-
nale Supérieure du Pétrole et des Moteurs in Paris.

Follow on Twitter: 
@MariaMoraeusH 
@DEA_Global

The role of IOR in a changing energy world
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Karl Johnny Hersvik, CEO
Aker BP AS

Karl Johnny Hersvik (born 1972) has been CEO of Aker BP since 
May 2014. Prior to joining Aker BP, he served as head of research 
for Statoil. 

Mr Hersvik has held a number of specialist and executive positi-
ons with Norsk Hydro and StatoilHydro. 
He holds a number of directorships whose objective is to pro-
mote cooperation between industry and academia. 

Mr Hersvik holds a Cand. Scient. (second cycle) degree in Indus-
trial Mathematics from the University of Bergen.

Field of the Future

Kjetil Hove, SVP Operations Technology NCS
Equinor

2016 - 2018  Senior Vice President Operations Technology -  
  NCS
        Equinor
2013 - 2015 Senior Vice President Operation West - NCS,  
  Statoil
2009 - 2012         Country President Statoil Brazil, Statoil
2007 - 2009         Vice President  DB - Commercial & Technical,
  StatoilHydro        
2006 - 2007         Project Director Peregrino, Norsk Hydro        
2000 - 2005         Vice President BD - Technical, Norsk Hydro
1990 - 2000         Petroleum Technology - Exploration, R&D,   
  Field Development and Operations,   
  Norsk Hydro          

IOR on the NCS – experiences and future opportunities
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Production Forecasts: Optimistic and Overconfident – 
Over and Over Again

While biases in time and cost estimates in the exploration & 
production (E&P) industry are well documented, probabilistic 
production forecasts have yet to be the focus of a major study. 
The main reason for this is that production forecasts for E&P 
development projects are not publicly available. Without access 
to such estimates, the quality of the forecasts cannot be eva-
luated. 
Drawing on the extensive database at the Norwegian Petroleum 
Directorate, annual production forecasts, given at time of pro-
ject sanction (FID), for 56 fields in the 1995-2017 period, have 
been compared to actual annual production from the same 
fields. NPD’s guidelines specify that the operators should report 
the annual mean and P10/90-percentiles for the projected life 
of the field at the time of the FID; that is, the forecasts should 
be probabilistic. The actual annual production from the fields 

was statistically compared with the forecasts for the purpose of 
investigating whether the forecasts were biased and to assess 
the financial impact of such biases.
In this talk we present and discuss the results from the first pu-
blic study of the quality of probabilistic production forecasts. 
The following questions will be addressed:
• Has the oil & gas industry in Norway delivered on its pro-

duction forecasts? 
• Has the increased use of uncertainty modeling and quan-

tification improved the industry’s ability to forecast produ-
ction?

• Do poor production forecasts lead to bad decisions and 
economic value erosion?

• What can be done to improve production forecasts?

Reidar B. Bratvold is Professor of Investment and Decision Analysis. He works at the University of Stavanger and 
at the Norwegian Institute of Technology where he is teaching and supervising graduate students doing resear-
ch in decision analysis, project valuation, portfolio analysis, real-option valuation and behavioural challenges in 
decision-making. Prior to academia, he spent 15 years in the industry in various technical and management roles 
including as Vice President in Landmark Graphics Corporation in Houston, Managing Director of Smedvig Technology 
Software Solutions (now Roxar), Senior Scientist with IBM, and Reservoir Engineer with Statoil.

Challenge in IOR from heterogeneous carbonate 
reservoirs of deep offshore Pre-Salt fields in Brazil

The importance of supergiant Pre-Salt carbonate fields for the 
Oil and Gas Industry has grown in the last years. With the dep-
letion of mature Post-Salt fields, the Pre-Salt fields are expected 
to account for the required increase in production, and they 
currently represent over 50% of Brazil’s production being key 
for the future of Economy of this country. However, these re-
servoirs consist in a unique environment which represent gre-
at challenges. First, they are located under water depths up to 
2,400 m and a salt layer of up to 2 km. In addition, the hetero-
geneous rocks make the identification of the Representative 

Elementary Volume (REV) critical, resulting in complex reservoir 
models. Also, the fluid properties, such as high brine salinity 
and hardness and elevated dissolved CO₂ concentration have 
impact on the displacement of fluids in the porous medium. In 
this context, this talk presents different approaches to improve 
the characterization of Pre-Salt reservoirs. The tools presented 
and briefly described include the combination of wettability 
measurements, core flooding and digital rock physics to obtain 
assess rock-fluid and fluid-fluid interactions. These results are 
input data to improve the description of these particular fields.     

Santiago Drexler got his BS in Chemical Engineering at the University of Buenos Aires (Argentina) and pursued a 
MS in Chemical Engineering at the University  of Oklahoma (USA) working on chemical EOR involving surfactant, 
polymer and nanoparticle flooding. He did his PhD at the Federal University of Rio de Janeiro (Brazil) working on 
the impact of CO2 on fluid-fluid and rock-fluid interactions for Brazilian Pre-Salt carbonate reservoirs. He has been 
working with EOR for ten years and was a Research Consultant with Petrobras supporting EOR projects in Brazil, USA 
and Europe. Santiago is currently a Sr. Researcher at the Enhanced Oil Recovery Laboratory (LRAP) at the Federal 
University of Rio de Janeiro leading the Rock-fluid and fluid-fluid research line.
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Risk Analysis: Fundamental principles and 
IOR applications

Facing real-life problems, such as problems related to techno-
logy, business and the environment, risk is nearly always an is-
sue. To solve risk problems, risk analysis concepts, frameworks, 
approaches, principles and methods are called upon, together 
with knowledge from other disciplines and fields, such as en-
gineering, statistics, psychology and social sciences. The effort 
becomes a multidisciplinary and interdisciplinary one. Focus is 
on the real-life problem – the technology, the business or the 
environment – with risk analysis supporting the work. This is 
the applied part of risk analysis and risk knowledge generation. 
The risk analysis concepts, frameworks, approaches, principles 
and methods used in applied risk analysis are based on research 
on these concepts, frameworks, etc. as such. Questions addres-
sed include, how to best conceptualize and describe risk, and 
how to understand and use the precautionary principle. This is 

the generic part of risk analysis and risk knowledge generation. 
Risk analysis is thus a science supporting the knowledge genera-
tion of risk related to real-life activities, such as the operation of 
engineering systems, but it is also a science producing knowled-
ge related to concepts, frameworks, approaches, principles and 
methods for how to understand, assess, characterise, commu-
nicate, manage and govern risk. This talk will highlight the two 
different types of risk knowledge generation, introduce and dis-
cuss some fundamental risk analysis principles as articulated by 
the Society for Risk Analysis, and relate these to IOR applicati-
ons. The fundamental principles covered will include criteria for 
what constitutes a high quality scientific risk assessment, and 
the IOR applications focus on environmental risk characterisa-
tion.

Roger Flage is an associate professor of risk analysis at UiS since 2013. He has a PhD in risk management and 
societal safety as well as a Master’s degree in offshore technology with specialisation in offshore safety. He also has 
industry experience from working three years as a consultant. He is currently serving as the General Secretary of the 
European Safety and Reliability Association, ESRA, as chair of the Society for Risk Analysis specialty group on founda-
tional issues in risk analysis, and as co-chair of the ESRA technical committee on uncertainty analysis.

Permanent carbon storage in EOR reservoirs: Towards 
carbon-neutral hydrocarbon production on the NCS

Storage of carbon dioxide (CO2) in geological formations is a 
means to reduce atmospheric emissions of this greenhouse 
gas. CO2 storage combined with enhanced oil recovery (EOR) 
is perceived as the most cost-effective method of disposing the 
captured CO2 emissions. CO2-EOR has been performed profi-
tably for many decades, with the most activity occurring in N. 
America. Natural sources of CO2 have been historically used, ho-
wever captured CO2 emissions from power generation are being 
increasingly utilized, for example the Weyburn field in western 
Canada. Introduction of CO2-EOR on the NCS could have a trans-
formative impact, enabling a green shift in hydrocarbon produ-
ction that would produce a valuable energy source in future 
green energy markets. At the same time, CO2-EOR could con-
tribute substantially to reductions in Norway’s domestic emissi-
ons if CO2 could be captured at facilities located on the platform 
on nearby onshore. Offshore emissions currently account for 
25% of Norway’s domestic emissions. 

An important factor in offshore EOR is higher cost which could 
lead to reduced well density and thus impact flow regimes in 
the reservoir. This has important implications for reservoir swe-
ep, increasing CO2 breakthrough and lowering recovery. Mo-
dified approaches to EOR can be designed take advantage of 
emergent phenomena such as convective mixing of CO2 in oil 
and wettability alteration. This implies that interaction between 
CO2 and hydrocarbons at the fine scale will play an increasingly 
important role. Therefore, detailed understanding is required 
for effectively managing CO2 migration and storage efficiency in 
CO2-EOR reservoirs, or any storage reservoirs with existing hy-
drocarbons. At the same time, more sophisticated simulation 
technology is needed to study and upscale these phenomena. 
Recent studies have shown compelling results that may have a 
significant, yet still largely unknown, impact on field-scale reco-
very and CO2 storage potential of EOR reservoirs.

Dr. Sarah Gasda is Chief Scientist and Research Director for Computational Geosciences and Modeling in NORCE 
Energy. Dr. Gasda has 18 years of experience in fluid flow modeling for geological CO2 storage. Her expertise is in 
the development of simulation tools to predict the long-term integrity and safety of injected CO2, for which she is an 
internationally known expert. Her main contribution has been development of in-house vertically equilibrium simula-
tor (VESA), a type of multiscale model particularly suited for large-scale storage assessment, capacity estimation 
and evaluation of CO2 flow and trapping in heterogeneous storage reservoirs over long time scales.  
Dr. Gasda has extensive experience as principal or co-principal investigator in many research projects related to CO2 
storage at both the national and international level. These projects are primarily financed by the CLIMIT program 
of the Norwegian Research Council include: PROTECT project on large-scale caprock integrity (http://protect.w.uib.
no); LCSANS project on basin-scale CO2 migration, trapping and pressurization, CHI project on emergent mechanisms 
for CO2 storage in EOR reservoirs, and the FRISK project on quantifying potential for fault mechanics. She was also a 
scientific leader in the recent SUCCESS CO2 Storage center for environment friendly research (www.fme-success.no).
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Robust Multi-Objective Field Development 
Optimization for the Mariner Asset 

The scale-up problem: A search for the missing link 
between the pore scale and continuum scale

Alex Hansen received his PhD from Cornell University in 1986. He is professor of physics at the Norwegian University 
of Science and Technology in Trondheim, Norway since 1994 where he nowheads a center of excellence: Porous Me-
dia Laboratory. Hansen is member of the Norwegian Academy of Science and Letters, the Royal Norwegian Society 
of Science and Letters and the Norwegian Academy of Technical Sciences. He was vice president for the International 
Union of Pure and Applied Physics 2011-2017.

In this work we present our results, challenges and learnings, 
over a two-year period wherein robust multi-objective optimi-
zation was applied at the Mariner asset which is being currently 
developed. Many different problems were solved with diffe-
rent objectives. These problems were formulated based on the 
phases of planning and development at the asset. The optimi-
zation problems include drilling order and well trajectory opti-
mization as the main objectives with reduction in water cut and 
reduction of gas production to minimize flaring as secondary 
objectives. We use the efficient stochastic gradient technique, 
StoSAG, to achieve optimization incorporating geological and 
petrophysical uncertainty. For some problems computational li-

mitations introduced challenges while for other problems ope-
rational constraints introduced challenges for the optimization. 
Depending on the problems significant increases between 5% 
and 20% in the expected value of the objective function were 
achieved. For the multi-objective optimization cases we show 
that non-trivial optimal strategies are obtained which significa-
ntly reduce (40% decrease) gas production with minimal loss 
(less than 1%) in the economic objective. Our results illustrate 
the importance of flexible optimizations workflows to achieve 
results of significant practical value at different stages of the 
planning and development cycle at an operational asset. 

Remus Hanea is the lead scientist for the Technology Development of Reservoir Management and Production 
Optimization under geological uncertainties, in the Research, Development and Innovation group, Next Generation 
Reservoir Management & Modeling department. He also has a part time professorship position in the Department 
of Petroleum Engineering, in the group of Petroleum Geoscience Engineering. This position is funded through the 
Akademia agreement between University of Stavanger and Equinor. Remus’s main research topics are: Assisted 
History matching and Robust Optimization for Reservoir Management, Value of Information, Decision and risk 
analysis, and Geostatistics. Remus teaches a specialized course for PhD and MSc students on Inverse Modeling, Data 
Assimilation and Optimization with applications in Reservoir Management, is supervising MSc and PhD students, 
and is constantly securing funding for new projects.

There is one world, but there are many different descriptions 
of it, each being appropriate at some length scale.  Think of the 
solar system.  The motion of the planets occurs on a scale me-
asured best in terms of hundreds of millions of kilometers. On 
the other hand, we have the description of the planet surfaces.  
This is the scale of human life, and meters to thousands of kilo-
meters is the appropriate scale. Planetary motion affects what 
happens on the planetary surfaces: We have seasons.  However, 
there is no coupling from the smaller scale to the larger scale.  
The planets really do not care about what is happening on the 
surface of ours.  When the coupling between different descrip-
tions at well separated scales is weak, life becomes easy.  One 
does not need to know one to have a complete understanding 
of the other. 
There are also different descriptions of porous media linked to 
different scales. We have the pore scale and we have the much 
larger scale where the porous medium may be seen as a con-
tinuum.  Here, however, the coupling between the scales is 

strong:  The physics at the pore scale is most definitely laying 
the premises for the continuum description.
We are at present in a situation where our understanding of 
porous media at the pore scale is rapidly advancing due to both 
experimental and computational techniques developing at a 
large rate. However, this is not benefitting our understanding 
of porous media at the continuum scale, where we seem stuck 
with relative permeability thinking. 
In some physical systems, such as magnets at the temperature 
at which they demagetize, there is a continuum of scales from 
the atomic to the macroscopic rather than a gap between them.  
In the seventies it was understood how to handle this case - for 
those with a background in physics, the renormalization group 
is the key word here. In the case of porous media, there is a gap 
rendering this technique useless.  What is rather needed is a 
new description filling the gap between the pore and the conti-
nuum scale, thus bridging them.  I will in this talk describe our 
search and our ideas on such a missing-link description.  
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Technology adoption is too slow – 
why we need to speed it up, and how

OG21 has in a recent study investigated how risk manage-
ment tools and practices influence technology decisions. 
The objective was to identify measures that could facilitate 
earlier adoption of technologies. The work was conducted by a 
cross-disciplinary OG21-team with input from Rystad Energy, a 
consultancy firm. The Norwegian petroleum industry has over 
the last few years demonstrated remarkable efficiency impro-
vements, and break-even costs are currently highly competi-
tive with other oil producing regions, including US shale oil. 
Still there is uncertainty about the long-term competitiveness 
of offshore petroleum projects, mainly due to two factors: 
Renewable energy becomes cheaper and gain energy market 
shares, and shale oil projects offer shorter development times 
and earlier cashflow. The competitiveness of the Norwegian 
continental shelf (NCS) going forward is hence dependent 
on maintaining low break-even prices and reducing project 
development times. This influences technology decisions: The 
industry needs to develop, qualify and implement technolo-
gies faster than before. The study confirms that the enterpri-
ses invest considerable effort in reducing technology risks, 
whereas value adding opportunities related to the application 
of new technologies receive less attention. OG21 believes that 
the tendency of over-emphasizing risks over opportunities is 
exacerbated by risk-averse decision makers in oil compani-
es and production licenses that add their perceived risks to 

technology investment decisions. In addition, the final decision 
makers in a production license tend to have a narrow objective 
of optimizing the value for the license, rather than for a port-
folio of production licenses at company or national level. OG21 
believes the combination of risk management tools that fail to 
consider value creation opportunities, technology risk aversion 
among decision makers and a lack of portfolio thinking, lead to 
over-cautious technology decisions unless enterprise culture, 
leadership, objectives and incentives drive a different be-
haviour. OG21 recommends six measures to reduce technology 
risk aversion and accelerate technology adoption: 
1. The ownership for technology should be at the executive 

level.
2. Production licenses should actively search for value-ad-

ding technology.
3. Regulators should use established mechanisms to drive 

technology adoption:
4. Oil companies should use common technology qualificati-

on procedures.
5. Industry enterprises should collabo-

rate on developing procedures and 
standards that enable data interope-
rability and efficient data sharing.

6. The industry should develop and app-
ly full life-cycle contracting models.

Gunnar Hjelmtveit Lille is Director for the Division for Energy, Resources and the Environment in Department for Petrole-
um Research in The Research Council of Norway. He is also director for OG21, the Norwegian oil and gas strategi. 

Can a petroleum engineer fix a broken heart? Technology 
transfer between the petroleum industry and medicine

The petroleum industry has a very high technical competence, 
and a multidisciplinary research focus. But how can knowledge 
and technology that originated in one field, become available 
and accessible for other industries and professions? Knowled-
ge and technology transfer can go both ways. Within imaging, 
for example, where in the early 1970s, X-ray computed tomo-
graphy (CT) was developed as a medical imaging technique. The 
possibility of its usage in the geosciences was soon recognized, 
and today CT imaging has emerged as an important tool within 
petroleum research and engineering.  Can a petroleum research 
engineer save a patient’s life by using knowledge and techno-
logy from the oil and gas sector? One such example is the de-
velopment of the Greenfield filter. The filter is inserted into the 
vena cava to prevent blood clots from entering the lungs. A gre-
at example where technology from the O&G industry now helps 
to save numerous lives every daily. The idea came from a filter 
that was originally developed to deal with sludge build-up in pi-
pelines. There are many similarities between the oil and gas in-
dustry and the treatment of cardiovascular disease. Both indus-
tries image, navigate hollow tubes into targets, create conduits 
for delivery of blood or oil, monitor and maintain those condu-
its, intervene when they fail and seek less expensive, less trau-
matic methods for achieving their goals. These are the words of 
the founding father of Pumps & Pipes, an American association 
of medical, energy, aerospace, academic and community pro-

fessionals and leaders, initiated in Houston. The main Pumps & 
Pipes mission is to provide a platform to bring together profes-
sional groups who may not otherwise interact for the transfer 
of knowledge and technology know-how. By improving ways for 
people to meet outside their industry, multidisciplinary collabo-
ration is encouraged, speeding problem-solving and innovation.
There is a positive relationship between cross-disciplinary 
knowledge and the development of new inventions, highlighted 
in literature on innovation strategy. We have started to explore 
the opportunities that lie within the Pumps & Pipes concept, 
and in 2016, a Norwegian version of Pumps & Pipes was esta-
blished. How can Computational fluid dynamics be of interest to 
cardiologists? What are the differences in using machine lear-
ning to understand medical images and seismic data? Why are 
polymers interesting not only for IOR-researchers, but also for 
medical applications? How to avoid biofilm formation in your 
pipelines, and can the same methods be 
used to avoid biofilm formation on your 
pacemaker? These are just a few of the 
many questions that may have different 
answers dependent upon whom you ask, 
and where the solution might be available 
if you investigate the toolbox of a different 
industry than your own.

Dr. Ingunn W. Jolma is Research Director for MedTech in NORCE Technology, and has been involved in Pumps & Pipes since 2015. She has research 
experience from both the medical and the energy sector and has the last 4 years focused on the application of technology in medicine and health.
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Infusing 4D seismic data into the third wave of automation
From its early beginnings on the Norwegian Continental Shelf, 
the 4D seismic technique has evolved to become wildly success-
ful tool for monitoring and surveillance of the reservoir under 
production and improved oil recovery. Spin-off benefits inclu-
de enhancing well and reservoir management performance 
and boosting recovery factors. But it has, to some extent, also 
been a victim of its own success. In particular, it is somewhat 
disconcerting to observe over the past thirty years the dramatic 
increase in the seismic data volumes and the survey acquisition 
frequency per field. Permanent reservoir monitoring systems 
for example deliver enormous amounts of high quality data 
that demand rapid turnaround in interpretation to reach timely 
decisions for well planning.  Have we reached a point where 
quantitative 4D interpretation is becoming hard to handle with 
our current workflows and methodologies? The drivers for to-
morrow’s field will be even more demanding: imaging smaller 
signals, in thinner targets, within more complex and deeper set-
tings, all in a ‘more for less’ environment. Luckily, we live in the 
world where the technological landscape is improving at pace, 
with colossal rises in computational speed, data storage, and 
mass connectivity heralding a new wave of automation that is 

impacting all society and across business 
sectors. In O&G this has seeded new hot to-

pics in machine learning, artificial intelligence and data science. 
Apart from the obvious incremental gains in a range of tasks 
previously undertaken by singular algorithms for pressure or sa-
turation estimation, modelling, simulation or history matching, 
we might also utilise these new ideas to conceive larger-scale 
field-scale challenges such as defining field connectivity ana-
lysis or forecast predictions. At a higher level, the ambitious 
amongst us are pondering how to reduce cycle time in the re-
servoir management cycle, trimming time from the acquisition, 
processing, and interpretation steps with perhaps reliable de-
cision making in weeks rather than months/years. Assimilation 
of large data volumes will be quick and effective, removing the 
deterrent of frequent seismic surveying and take 4D seismic 
monitoring to a new level. However attention should be paid 
to the human resources component, one should consider the 
type of individuals required for this brave new future, what are 
their skills sets and what are their training needs, and how will 
they be educated?  
Within this context, we show that the field of dynamic reservoir 
monitoring is ideally suited to be shaped by the present-day 
technologies, and consider possibilities of where, and how, 
machine learning or data science may provide benefit to 4D 
seismic interpretation and future decision making.

Colin MacBeth is a Professor at the Institute of Petroleum Engineering, Heriot-Watt University. He holds a B.A. and M.A. 
in Physics from the University of Oxford (1980) and a Ph.D. in Geophysics from University of Edinburgh in 1983. After 
postdoctoral research in Utrecht and Trieste, he transferred to Edinburgh University to work on industry research with the 
British Geological Survey. He moved to Heriot-Watt, IPE in 1999 where he established the Reservoir Geophysics Group in 
1999. The main activity of this group is in the Edinburgh Time-Lapse Project (ETLP), which focusses on the development of 
techniques for quantitative interpretation of 4D seismic data, and the integration of seismic and engineering.

History matching production and 4D seismic data and 
application to the Norne Field

Assisted history matching of reservoir models addresses auto-
matic calibration of uncertain reservoir parameters based on 
information from measurements. Through tuning of perme-
ability, porosity, clay volumes, fault properties, etc., the goals 
are reduced uncertainty for the subsurface representation and 
models that have improved accuracy when simulating multip-
hase flow. This is crucial for making better IOR decisions on the 
Norwegian Continental Shelf. Traditionally, production data 
are most commonly used for this task, but aligned with the 
emerging focus on big-data and digitalization, assimilation of 
seismic datasets is now at the forefront of research. 
Seismic offshore data are collected from emitted soundwaves 
that reflects at subsurface formations and are then recorded at 
hydrophones. The size of the recorded dataset is usually large - 
terabytes or even petabytes in magnitude. Proper handling of 
datasets with this size is a major challenge for traditional his-
tory matching methods. It is also a challenge to quantify the un-
certainty of the data, and to select the best level of processing 

before using the data. Through processing 
of raw seismic waves, several attributes can 
be derived, such as amplitudes, impedan-
ce, rock density, saturations, pressure, etc. 
Ensemble-based history matching methods 

was first applied for petroleum problems at IRIS (now NORCE) 
in 2001. Since then, rapid developments and extensive research 
have been conducted, and the approach is now considered state-
of-the-art. These type of methods are characterized by extensi-
ve use of sample covariance estimates, combined with Bayesian 
inference. This is enabled using an ensemble of reservoir mo-
dels, each equipped with a unique set of reservoir properties. 
In this talk we present a new approach and workflow for assi-
milating both production and seismic data. The workflow inclu-
des generation of an initial ensemble of reservoir models, data 
compression based on image denoising, uncertainty quantifica-
tion of seismic attributes, adaptive selection of influential mea-
surements and use of an iterative ensemble-based method. The 
workflow is applied to the Norne field located in the Norwegian 
Sea. Production data between 1997 and 2006, and seismic data 
from four surveys, are released by Equinor and used in this study. 
The results show that we are able to improve the match for 
both production and seismic data, and the updated petrophy-
sical fields are geologically credible. In addition to production 
forecasts, the updated models can be used to simulate flow in 
unswept parts of the reservoir, and hence provide useful infor-
mation when planning infill wells or EOR strategies.

Rolf J. Lorentzen is a senior research scientist at NORCE. His main research interests are parameter estimation, optimization 
and multiphase flow in pipelines and reservoirs. He holds a PhD degree in applied mathematics from the University of Bergen. 
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In-depth CO2 Mobility Control with Foam: 
Demonstration using Field Pilot

Norway has more than 25 large fields, both sandstone and chalk, 
which will contain 2000 million Sm3 residual oil after water in-
jection as EOR target. The recovery with gas injection, including 
both CO2 and hydrocarbon gases, exceeds that for Low salinity/
polymer flooding, which is ranked highest in terms of EOR po-
tential for the Norwegian Continental Shelf. Foam for mobility 
control has the potential to overcome the challenge of unsta-
ble displacement during gas injection. A collaboration between 
universities and industry has been setup to conduct CO2-Foam 
EOR field trials in two onshore fields in Texas. The project aims 

to understand large-scale CO2 mobility control using foam with 
the primary objective of developing the technology for EOR and 
aquifer storage on the Norwegian Continental Shelf. As a secon-
dary objective, improved modelling of CO2 foam processes will 
be established by upscaling the results from laboratory scale to 
reservoir scale based on the pilot results. The pilot for one of 
the selected fields with carbonate reservoir will be presented, 
which is planned to start in Q2 this year. 

Revealing the hidden: Phase partitioning tracers can 
lead to pure SORcery

Oil/water partitioning tracers are compounds which form a real 
solution in both non-aqueous phase and aqueous phase liqu-
ids. When both phases contact each other, and the partitioning 
tracers are present, an equilibrium concentration distribution 
is established between the phases. Such equilibrium primari-
ly depends on the temperature, salinity of the aqueous pha-
se, and composition (more aliphatic or more aromatic) of the 
non-aqueous phase in the system, and is completely reversible, 
independent of the initial concentration and of the initial phase 
where the compounds are present. The equilibrium concentra-
tion distribution of the tracers is denominated as partition coef-
ficient (K) and can be defined as a number:

     (1)
For a given system (reservoir) K is therefore constant. So, why 
are compounds with these characteristics important for tracer 
technology and the oil industry? They are the backbone of the 
partitioning inter-well tracer test (PITT), a dynamic tool to me-
asure the residual (or even remaining) oil saturation (SOR) in the 
swept volumes between injector-producer pairs in mature wa-
ter-flooded reservoirs. This test is based on the use of one or 

more ideal passive water tracer (s) and oil/water partitioning 
tracer (s). While traveling from an injector to a producing well, 
the partitioning tracers will be delayed relatively to the passive 
ones. This happens due to their reversible equilibrium distribu-
tion between the stagnant (or near stagnant) hydrocarbon pha-
se and the circulating water. The time delay is directly relatable 
to the SOR and can be used to determine it when K is known. 
SOR is an important parameter for the design and evaluation of 
EOR operations, increasingly common to counteract the natural 
decline in production that comes with the maturing of oilfields. 
Countless molecules exhibit the partitioning behaviour requ-
ired for PITT tracers, however, few are possible to use in the 
field. To ensure the feasibility and accuracy of a PITT, the tra-
cers used must obey several strict criteria. These criteria range 
from the ability to survive the harsh reservoir conditions while 
behaving as the application requires them to, to the limits on 
the K value which can compromise the execution of the test. A 
long road filled with obstacles waits a phase-partitioning tracer 
before its use in field. In this presentation, we describe the path 
that produces phase partitioning tracers able to unveil one of 
the most precious secrets in the reservoir: SOR.   

Mario Silva is a researcher at the Tracer department of the Institute for Energy Technology (IFE) and a Ph.D. candi-
date at the University of Stavanger, affiliated with the National IOR Centre of Norway. He is working on the develop-
ment of tracer technology, with focus on phase-partitioning tracers for determination of residual oil saturation in 
the inter-well region of oil reservoirs. 
Before starting his Ph.D. project, Mario Silva worked with analytical, environmental and process chemistry, and 
catalysis, both in other research institutions and in services and consultancy companies. 
Mario Silva earned a bachelor’s and a master’s degree in Chemical Engineering from the Polytechnic University of 
Porto in Portugal. 

Mario Silva1,2, Helge Stray2, Sissel Opsahl Viig1,2, Mahmoud Ould Metidji1,2, Tor Bjørnstad1,2 
1The National IOR Centre of Norway, University of Stavanger, 4036 Stavanger, Norway

2Institute for Energy Technology (IFE), Department of Tracer Technology, Instituttveien 18, 2007 Kjeller, Norway

Mohan Sharma is a PhD candidate at the National IOR Centre of Norway. His research interests include reservoir 
characterization and fluid transport through porous media. Mohan holds a BTech degree in Petroleum Engineering 
from Indian School of Mines and an MSc degree in Petroleum Engineering from Texas A&M University. Currently, 
Mohan is working as a Reservoir Engineer with Resoptima.
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Oil/water partitioning tracers are compounds which form a real solution in both non-aqueous 
phase and aqueous phase liquids. When both phases contact each other, and the partitioning 
tracers are present, an equilibrium concentration distribution is established between the phases. 
Such equilibrium primarily depends on the temperature, salinity of the aqueous phase, and 
composition (more aliphatic or more aromatic) of the non-aqueous phase in the system, and is 
completely reversible, independent of the initial concentration and of the initial phase where the 
compounds are present. The equilibrium concentration distribution of the tracers is denominated 

as partition coefficient (K) and can be defined as a number:  𝐾𝐾𝐾𝐾 = 𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)

𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
 (1) 

For a given system (reservoir) K is therefore constant. So, why are compounds with these 
characteristics important for tracer technology and the oil industry? They are the backbone of 
the partitioning inter-well tracer test (PITT), a dynamic tool to measure the residual (or even 
remaining) oil saturation (SOR) in the swept volumes between injector-producer pairs in mature 
water-flooded reservoirs. This test is based on the use of one or more ideal passive water tracer 
(s) and oil/water partitioning tracer (s). While traveling from an injector to a producing well, the 
partitioning tracers will be delayed relatively to the passive ones. This happens due to their 
reversible equilibrium distribution between the stagnant (or near stagnant) hydrocarbon phase 
and the circulating water. The time delay is directly relatable to the SOR and can be used to 
determine it when K is known. SOR is an important parameter for the design and evaluation of 
EOR operations, increasingly common to counteract the natural decline in production that 
comes with the maturing of oilfields.  

Countless molecules exhibit the partitioning behaviour required for PITT tracers, however, few 
are possible to use in the field. To ensure the feasibility and accuracy of a PITT, the tracers 
used must obey several strict criteria. These criteria range from the ability to survive the harsh 
reservoir conditions while behaving as the application requires them to, to the limits on the K 
value which can compromise the execution of the test. A long road filled with obstacles waits a 
phase-partitioning tracer before its use in field. In this presentation, we describe the path that 
produces phase partitioning tracers able to unveil one of the most precious secrets in the 
reservoir: SOR.    
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Multiphysical Numerical Simulation of CO2-EOR Processes
CO2-EOR has surpassed thermal recovery methods now and 
becomes #1 approach in EOR operations in the US currently. 
Typical incremental oil recovery by CO2 IOR/EOR is 5~25 %  and 
about 93% of the CO2-EOR projects in the world have been car-
ried out in the U.S., which contribute to 5% total US oil produ-
ction. CO2-EOR in the US has steadily increased (~134 projects), 
but its growth in application has slowed down in the past few 
years, and this slowdown is primarily due to accessible and af-
fordable CO2 sources. CO2 flooding has been receiving greater 
attentions due to its effectiveness and capability to increase 
oil recovery rate from tight oil or low-permeability reservoirs. 
The US experiences in developing tight oil reservoirs in the past 
decade has shown that gas injection, such as CO2 or natural 
gas flooding or huff-n-puff, is the only approach that works for 
enhancing oil recovery from low-permeability unconventional 
tight-oil reservoirs. Considering the large reserves in uncon-
ventional reservoirs as well as 60-70% remaining oil in place in 
conventional petroleum reservoirs in the world, CO2-EOR will 
have even greater potential for world-wide application. Howe-
ver, CO2 flow and displacement behavior in reservoirs, in par-
ticular, in low-permeability reservoirs, is not still well studied 

or understood. The recent field observations and laboratory 
experiments indicate that effects of rock deformation and th-
ermal condition have non-negligible impacts on the production 
performance of CO2-EOR. On the other hand, there are many 
approximations or limitations to model CO2-EOR processes un-
der effects of rock compaction as well as under non-isothermal 
condition with current reservoir simulation techniques. There 
is no commercial simulator can handle such complicated flow 
behavior in CO2-EOR processes.
In this talk, we will present a multiphysical compositional CO2-
EOR model, coupled with geomechanics and heat flow, which 
is a work-in-progress with capabilities to describe complex 
compositional flow behavior in multiphase multi-component, 
nonisothermal reservoirs. In this model, the fully coupled fluid 
and heat flow-geomechanics model is developed from the line-
ar elastic theory for the poro-elastic system. The rock compacti-
on is then correlated with stress-and temperature dependent 
rock properties through the flow-stress coupling process. We 
will present several simulation examples for insight of CO2-EOR 
processes.

Uncertainty centric reservoir management to 
continuously improve our subsurface understanding

There is little doubt that an increase subsurface understanding 
is the key to unlocking the estimated one trillion barrels of ad-
ditional resources on currently producing assets (Maximenko, 
et al., 2017). Reservoir models can be valuable in the process 
of understanding the subsurface provided that they: a) are built 
using all available data in a consistent manner; b) incorporate 
the technical expertise of the subsurface team and the reservoir 
physics; c) truly capture the uncertainty in the data conditio-
ning and reservoir modelling process; and d) are easy to update 
once you get new data – both static (well logs, etc.) and dyna-
mic (production, 4D, et cetera). Unfortunately, using traditional 
– case centric – approaches to reservoir modelling makes these 
criteria hard or impossible to meet, which explains the misera-
ble performance of reservoir model predictions over the past 
20 years (Mohus, 2018). Ensemble-based reservoir modelling 
and management is one solution to this challenge. 
Ensemble based modelling represents a paradigm change in 
the reservoir modelling process. Here the case centric traditio-
nal approach, is replaced with an uncertainty centric approach 
that helps avoid the common pitfalls that traditional reservoir 

modelling suffers from including cognitive bias effects, underes-
timation of uncertainty, and inefficient silo-based work proces-
ses. Central to this approach are automated workflows that 
capture and propagate uncertainty throughout the reservoir 
modelling process, using a hierarchical probabilistic framework, 
rather than discrete sets of cases or scenarios. Furthermore, 
fit-for-purpose algorithms ensures that the data conditioning 
is done while accounting for uncertainty in both the unknown 
reservoir properties – including the structural framework, fa-
cies model, petrophysical properties, et cetera – and data mea-
surements. This ensures that a full ensemble of models, which 
all explain the currently measured data in the reservoir under 
uncertainty, is always available as input to business-critical deci-
sions. In this talk, we describe some of the key characteristics of 
the ensemble-based reservoir modelling approach. What ma-
kes this truly different from the case centric approaches? How 
does it work and how does it affect the way we work? Examples 
from studies done on the Johan Sverdrup (Sætrom, et al., 2016) 
and Gjøa field (Sætrom, et al., 2017) will be used to support the 
discussion. 

Jon Sætrom is the Chief Science Officer in Resoptima, where his main responsibility is bridging the gap between academic 
research efforts and high-value reservoir management software and services that help oil and gas companies improve their 
subsurface understanding. Jon has more than 10 years of experience working with ensemble-based reservoir modelling and 
data conditioning, both in academia and within the oil and gas industry. He holds a Ph.D. in Statistics and an M.Sc. in Indus-
trial Mathematics from the Norwegian University of Science and Technology.

References
Mohus, E., 2018. Over Budget, Over Time, and Reduced Revenue, Over and Over Again – An Analysis of the 
Norwegian Petroleum Industry’s Inability to Forecast Production. https://brage.bibsys.no/xmlui/bitstream/
handle/11250/2566243/Mohus_Erlend.pdf?sequence=1&isAllowed=y
Maximenko, A., van der Molen, O. & Verre, F., 2017. An analytical approach to maximizing reservoir produ-

ction. https://www.mckinsey.com/industries/oil-and-gas/our-insights/an-analytical-approach-to-maximi-
zing-reservoir-production.
Sætrom, J. et al., 2017. Fast Integrated Reservoir Modelling on the Gjøa Field Offshore Norway. s.l., s.n.
Sætrom, J. et al., 2016. Consistent Integration of Drill-Stem Test Data into Reservoir Models on a Giant Field 
Offshore Norway. Dubai, SPE.
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How do we get beyond R&D?
Continuous R&D is an important and essential basis for achi-
eving maximum benefits from our petroleum resources, and 
Norway has a long tradition of being in the forefront. Earlier 
studies, tests and pilots have documented a large EOR potential 
in existing fields, but there seems to be a lack of urgency in the 

industry as well as the authorities in exploiting this potential. 
Much of this potential is time critical and may be lost without 
decisive action. Possible reasons for this apparent lack of action 
are discussed, and suggestions for action by both authorities 
and licensees are given.

Knut Åm is a retired oil company executive with more than 45 years of petroleum industry experience presently working as an independent techn-
ology and business development consultant in Stavanger, Norway.
He holds a degree in Geological and Geophysical Engineering from the Norwegian Institute of Technology in Trondheim, 
Norway (1967). 
Mr. Åm has held positions at the Geological Survey of Norway, the Norwegian Petroleum Directorate and Statoil, and 
several positions with Phillips Petroleum Company (now ConocoPhillips) both in Norway and in the United States, where 
he was senior vice president and head of worldwide exploration and production and E&P Technology at the time of retire-
ment. Mr. Åm has also been an adjunct Professor of Geophysics at the University of Bergen, held positions on the boards 
of companies like Statoil and Hitec (now part of National Oilwell Varco), and is presently a member of the board of Win-
tershall Norway.  He was chairman of the MPE’s IOR/EOR Committee (“Åm-komiteen”) who delivered its report in 2010.

Yu-Shu Wu is a professor in petroleum reservoir engineering, Energi Simulation (Formerly, Foundation CMG) Reservoir Modeling Chair, and dire-
ctor of Energy Modeling Group (EMG) research center in the Petroleum Engineering Department at the Colorado School of Mines (CSM), USA. He 
is a fellow of the Geological Society of America (GSA). He held MS and PhD degrees from University of California at Berkeley, and B.S. (Eqv.)/MS 
degrees from China University. He has been a Guest Scientist at the Lawrence Berkeley National Laboratory (LBNL), Berkeley, CA, since 2008, par-
ticipating in collaborated research projects on development on unconventional natural gas resources, nuclear waste disposal, CO2 sequestration, 
enhanced geothermal systems (EGS), and cryogenic fracturing technology. In addition, he is currently holding a jointed appointment as a Scientist 
IV at the National Center for Mechanical and Thermal Science and Engineering of the National Renewable Research Laboratory (NREL), CO.

At CSM, he teaches and carries out research in reservoir engineering, multiphase fluid and heat flow, geomechanics, uncon-
ventional oil and gas reservoir dynamics, CO2 EOR and geosequestration, geothermal engineering, and numerical reservoir 
simulation. He leads the EMG in its research effort in (1) flow and simulation in conventional and unconventional oil and 
gas reservoirs; (2) coupled processes of multiphase fluid and heat flow, geomechanics, and chemical reaction in porous 
and fractured media; (3) CO2 EOR and sequestration application; (4) improved formation stimulation/cryogenic fracturing 
technologies; and (5) hydraulic fracturing modeling. Previously, he was a staff scientist with the Earth Sciences Division of 
Lawrence Berkeley National Laboratory for 14 years (1995–2008). During his career, he has authored or coauthored 130 
peer-reviewed journal papers, 2 books, and 18 peer-reviewed chapters as well as 68 SPE papers.
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The Young talents
Improved Carbonate Reservoir Characterization: 

A Case Study from a Supergiant Field 
in Southern of Iraq

The objective of this work is to characterize the porosity distri-
bution and the types of carbonate facies in the Mishrif reservoir 
in the West Qurna Oil Field using seismic inversion results, well 
log data, rock physics model and core data analysis. Identifica-
tion of the pore system and the spatial distribution of lithology 
are keys for constructing Mishrif reservoir model, which have a 
great impact on the development of the most prolific reservoir 
in the field Mishrif reservoir.
Seismic inversion process is transforming of seismic response 
into a quantitative elastic properties of the reservoir rocks. It 
enables the modeling of porosity and lithology distribution in 
3D space away from well control. In order to achieve the aim 
of the work, a step wise approach will be taken. First of all, 
the vertical distribution of porosity based on well log data and 
its relationship with elastic properties was undertaken. A mo-
del-based seismic inversion guided by rock physic analysis mo-
deling was applied across the high resolution 3-D seismic data, 

and integrated with core data for validating at Mishrif intervals. 
The porosity volume was then generated over the entire West 
Qurna field based on the linear-regression analysis.     
The interpretation of seismically derived characterization in 
the Mishrif reservoir observed a different lateral distribution of 
acoustic impedance. The results were correlated with compu-
ted acoustic impedance log and core analysis data to classify 
lithofacies of the Mishrif interval. The resulting porosity volume 
was validated with well log data where good consistency was 
indicated. By slicing through the porosity volume, it shows a 
high porosity in many carbonate features with low acoustic im-
pedance which reflect a good reservoir quality (grainstone tidal 
channel or the accumulation of corals and mounds facies). This 
observation implied that Mishrif zones displayed a wide range 
of porosity and lithology fluctuations due to the impact of de-
positional environment. 
The workflow provided insight into the porosity distribution 
and quantification of its influence on dynamic reservoir be-
havior. The estimation of the porosity based on seismic data, 
can increase the reliability of reservoir characteristics through 
providing a more detailed of porosity distribution in inter-well 
regions. Overall, this study will ultimately lead to improve the 
development plan of wells in terms of production performance, 
and economic value of the West Qurna oil field and similar he-
terogeneous carbonate reservoirs.

Figure 1. The final porosity model of the Mishrif carbonate tidal channels (high porosity) and 
the spatial distribution of the channels.   

Ali Jameel Hanoon Al-Ali
Supervisors: Karl Stephen & Asghar Shams

Ali Al-Ali is a PhD researcher at Heriot-Watt 
University- Edinburgh Campus. He also 
worked for the Iraqi Ministry of Oil—Basra 
Oil Company for more than 10 years. Al-Ali’s 
current research interests include seismic 
reservoir characterization, and petroleum 
geoscience. He holds a BSc degree in Geology 
from Basra University and an MSc degree in 
Applied Marine Geoscience from University 
of Wales, Bangor. Al-Ali is a member of SPE, 
EAGE, SEG. 
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Core-Scale Modelling of CO2 Injection in Tight Shale 
Formations for Enhanced Gas Recovery

Dhruvit S. Berawala1,3, Pål Ø. Andersen2,3
1. Dep. of Energy and Petroleum Engineering, University of Stavanger

2. Dep. of Energy Resources, University of Stavanger
3. The National IOR Centre of Norway

With the current technology, only 3-10 % of gas from tight shale 
is recovered economically through natural depletion, demon-
strating that there is a significant potential for enhanced shale 
gas recovery (ESGR). Experimental studies have demonstrated 
that shale kerogen/organic matter has higher affinity for CO₂ 
than methane, CH4. CO₂ is preferentially adsorbed over CH4 
with a ratio up to 5:1. This poster examines CO₂-ESGR to better 
understand the parameters controlling its feasibility and effecti-
veness. We present a mathematical model where the CO₂-CH4 
substitution mechanism is implemented in an injection-produ-
ction setting representative of field implementation.
Experimental data are interpreted to quantify the substituti-
on-production interplay. The parameters are then implemented 
on a core scale. The geometry we consider is a 1D shale core 
matrix where only left boundary is kept open for injection of 
CO₂ and production of CH4. The remaining radial and opposite 
axial boundaries are assumed closed. During primary depletion, 
gas is produced from the shale matrix by pressure driven flow 
and gas desorption from the shale. This process tends to give 
low recovery results. Stopping production and then injecting 
CO₂ into the shale leads to increase in pressure where CO₂ gets 
preferentially adsorbed over CH4. The shale matrix then rele-

ases more CH4 because pockets of the gas chemically trapped 
within the shale matrix will be released in favour of the more 
chemically sorptive CO₂. Restarting production then allows the 
released CH4 gas to be produced.
We present a systematic investigation of the impact of control-
ling parameters such as CO₂ injection volume, injection pressu-
res, injection time and substitution kinetic parameters, and gas 
slippage effects. Injecting CO₂ at the selected input parameters 
resulted in enhanced recovery by ~ 10%, over the case where 
CO₂ in not injected. Through a series of simulations, the most 
amenable characteristics of the system are identified with emp-
hasis on the critical parameters that control the success of CO₂ 
injection as an ESGR process.
This work thus provides a model for intuitive interpretation of 
complex shale gas production and CO₂ injection systems. It ena-
bles the industry to identify ideal candidates for enhanced gas 
recovery by CO₂ injection and screen available gas reservoirs 
for CO₂ storage. Such technology would 
create symbiotic economic drivers for 
carbon capture, leading towards carbon 
neutral energy production with strate-
gic environmental benefits.

Dhruvit Satishchandra Berawala (28) is a PhD Candidate at the National IOR Centre of Norway and the University of 
Stavanger, Norway, from which he holds MSc in Petroleum Engineering. His research interests include numerical and 
analytical modelling of complex fluid flow mechanisms, geomechanical effects and CO2 injection for enhanced gas 
recovery and storage in fractured reservoirs. Berawala is an active member of SPE, EAGE and NPF with participation 
in volunteering and e-mentoring program.

Mineralogical understanding of rock composition and
mineralogical changes before and after EOR experiments

Tine Vigdel Bredal1,2, Merete V. Madland1,2, Mona Wetrhus Minde2,3, Udo Zimmermann1,2
1Institute for Energy Resources, 2The National IOR Centre of Norway, 3Institute of Mechanical and Structural Engineering and Materials Science, University of Stavanger, Ullandhaug, 4036 Stavanger, Norway

The geological (mineralogical) understanding of rock composi-
tion and its changes has been, is and will be one of the main 
pillars in the comprehension of EOR, as these processes directly 
affect rock mechanical parameters and hence, modelling exerci-
ses. State-of-the-art research at the National IOR Centre of Nor-
way uses fluid and polymer injection for EOR research. 
This project will therefore concentrate on the application of 
micron- and nano-scale analytical techniques on different rock 
types to identify and quantify new grown minerals and to map 
injected substances while testing rocks for EOR purposes. The 
methodologies will include Field Emission Gun Electron Mi-
croscopy (FEG-SEM), Mineral Liberation Analysis (MLA), Helium 
Ion Microscopy (HIM), Transmission Electron Microscopy (TEM) 
analytic and isotope studies as well as geochemical methods 
and optical microscopy. The major strength of the approach is, 
however, to link the geological-mineralogical results to rock me-
chanical parameters. Evolution of stress, porosity and permea-
bility are affected by mineralogical changes based on chemical 
reactivity. 
The project will study the precipitation of minerals in naturally 
fractured samples in detail. The major question will not be if 
fractures heal or are used as ‘fluid transport highways’ throug-
hout the rock, but which minerals do precipitate and why. 

Further, we like to investigate the fluid propagation in general 
throughout fractured rocks.
Dolomite is often observed in chalks of the North Sea, most pro-
bably as a result of diagenetic processes, differing from on-sho-
re exposures; hence we will flood artificial dolomite under re-
servoir conditions with the standard EOR fluids and compare 
the results with our tests on artificial calcite (Minde, 2018).
As reservoir chalks are composed of several non-carbonate mi-
nerals and especially clays, the project will emphasize also the 
role of these reactive minerals during EOR experiments. Clays 
will be quantified before and after flooding and then studied in 
terms of their chemical composition. And, within tests in clay-
rich on-shore chalk the role of clays in those experiments will be 
studied. To monitor mineralogical changes in these experiments 
we rely on a recently developed tool-box (Minde, 2018), which 
proposes the most appropriate instrumentation for identificati-
ons of micron- and nano-scaled minerals.
These approaches are paramount to develop more conclusive 
flooding models, then based on real mineralogical reactions in 
interactions with affected rock mechanical parameters.

Minde, M.W. 2018. Carbonate Mineral Replacement Reactions in EOR Experiments, PhD dissertation at the 
University of Stavanger, p 1-100.
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Why care about pore scale simulations? What can we possibly 
hope to learn? Darcy’s law has been known for over 150 years, 
and it tells us that the flow rate through a porous rock is pro-
portional to the pressure drop.  Even if Darcy’s law is only valid 
for low Reynolds number and single-phase flow, it can quite su-
ccessfully be extended to more than one phase if we assume 
that the proportionality factor is saturation dependent (I.e. re-
lative permeabilities). However, in some cases, the proportio-
nality factor is pressure dependent. A well-known example is 
during low salinity flooding where there is a wettability chan-
ge, a wettability change is accompanied by a pressure change.  
Another case, which is the focus in this work, is during polymer 
flooding. Non-Newtonian effects inside the pore space are rate 
(or shear) dependent leading to a highly non-linear relations-
hip between flow rate and pressure drop. Darcy’s law can be 
used to interpret these experiments, but if it is not accompa-
nied with a pore scale understanding it is almost hopeless to 
upscale. Then our interpretation will only be valid on the scale it 
was made, which is insufficient for field applications. From our 
pore scale investigations, we hope to understand how residual 
oil saturation is affected by various polymer types, and which 
properties they need to have in order to affect the residual sa-
turation. 
The Navier-Stokes equations cannot be used to predict the 
flow of polymeric fluids inside a porous rock. For such fluids, 
the more general Cauchy momentum equations must be sol-

ved, in which the stress tensor appears explicitly. Assuming we 
have an expression for the stress tensor, this could be solved by 
modifying one of the traditional numerical schemes. However, 
such modifications are quite cumbersome and non-flexible with 
respect to experimentations with different physical models. In 
this work we take a different, and increasingly popular appro-
ach, the Lattice Boltzmann method (LBM). In this approach 
the macroscopic quantities are solved indirectly by first solving 
for the motion of statistical particle distributions. This method 
brings us closer to the molecular behaviour of the fluid and is 
much more flexible than traditional methods when it comes to 
altering the code for experimentation with different physical 
models.
The non-Newtonian behavior of polymer fluids is due to the 
extreme lengths of the molecules, and how their orientation 
depends on the flow pattern. The standard LBM scheme solves 
the equation of evolution for a statistical distribution of particle 
velocities related to the fluid flow. To include the presence of 
polymer molecules in our scheme, we add a statistical distribu-
tion related to the orientation of the polymer molecules. This 
approach leads to a set of two coupled partial differential equ-
ations, one for the orientation and elongation of the polymers, 
and one for the fluid pressure and velocity. Here we will present 
the first steps in the development of a lattice Boltzmann appro-
ach to solve these equations in a porous medium.

Permeability evolution of shear failing chalk cores 
under thermochemical influence

Micro scale simulation of polymer fluids
Bjarte Hetland1,2

1Institute for Energy Resources, 2The National IOR Centre of Norway

Kallesten, E. I.1, 2, Zimmermann, U. 1,2, Andersen, P.Ø. 1, 2, Omdal, E. 3, Korsnes, R.I. 1, 2,
Madland, M.V. 1, 2

1). University of Stavanger, 2). The National IOR Centre of Norway, 3). ConocoPhillips

Development of petroleum reservoirs, including primary dep-
letion of the pore pressure and repressurization during water 
injection naturally leads to changes in effective stresses of the
formations. These changes impose mechanical deformation 
of the rock mass with subsequent altering of its petrophysical 
properties. Besides mechanical compaction, chalk reservoirs 
on the Norwegian Continental Shelf also seem susceptible to 
mineralogical and textural changes as an effect of the injecting 
fluid’s chemical composition and temperature. Understanding 
such chemical and thermal effects and how they interplay with 
the mechanical response to changes in effective stresses could 
contribute to an improved prediction of permeability develop-
ment during field life.
This article presents results from mechanical testing of chalk co-
res in triaxial cells allowing systematic combinations of pressu-
re, temperature and injecting fluid, intended to replicate in-situ 
processes. The sample set consists of water-saturated cores of 
medium-porosity (32%) outcrop chalk (Niobrara Fm, Kansas). 
The preliminary results highlight the effect of three different 
injecting brines (calcite-equilibrated sodium chloride CE-NaCl, 
calcite-equilibrated sodium sulphate CE-Na2SO4 and synthetic 
seawater SSW) at 130°C and low confining pressure (1.2MPa) 
on the cores’ permeability evolution.
Deviatoric loading above yield resulted in a shear failure with a 
steeply dipping fracture of the core and a simultaneous increa-
se in permeability. This occurred regardless of the brine compo-
sition or temperature. However, yield and failure stresses were 

clearly lower in CENa2SO4 and SSW test series in comparison to 
CE-NaCl tests. In addition, the shear failure caused more axial 
deformation and a higher increase in permeability in these two 
test series (Figure 1). During creep and unloading, the perme-
ability changes were negligible, such that the end permeability 
remained higher than the initial values.
Further investigations regarding the combined effects of con-
fining pressure, water chemistry, and temperature on the rock 
permeability are still ongoing. The results will, together with 
experimental data from actual reservoir rocks, not only enhan-
ce the understanding of the impact of typical water-related IOR 
techniques, but also improve the accuracy of reservoir predicti-
ons, and contribute to finding smarter solutions for future IOR.
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Adaptive Higher Order Methods for the Solution of 
Complex Flow Problems

Birane Kane *
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We present adaptive discretizations for the solution of complex 
flow problems. We implement and evaluate numerically conti-
nuous and discontinuous Galerkin methods for problems ran-
ging from porous media multi-phase flow to viscoelastic and 
Non-Newtonian flow. The adaptive approaches implemented 
allow for refinement/coarsening in both the element size, the 
polynomial degree and the time step size. To our knowledge, 
this is the first time the concept of local hp-adaptivity is incor-
porated in the study of such topics. The implementation is ba-
sed on the Open-Source PDE software framework DUNE. This 

project required a combination of our expertise in state-of-the-
art implicit and adaptive, higher order discretization schemes 
for unsteady problems with our knowledge in porous media 
flow and transport simulation. As a part of Task 6 of The Na-
tional IOR Centre of Norway, this work falls completely in line 
with the aim to develop new and reliable methodologies that 
will support the evaluation and decision making with regards to 
IOR/EOR pilots at the Norwegian Continental Shelf (NCS).

Figure 1: 3d-Problem: Left, saturation distribution after injection of a wetting phase in a reservoir (unstructured grid). Right, saturation distribution after injection of a non-wetting phase in 
a reservoir.

Comparison of Higher Order Schemes on 
Complicated Meshes and Reservoirs

Anna Kvashchuk12 & Robert Klöfkorn32 & Tor Harald Sandve3
1 University of Stavanger, 2The National IOR Centre of Norway, 3NORCE Norwegian Research Centre

Ensuring the highest possible oil recovery rate is both cost eci-
ent and environmentally benecial. That is why, improved and 
enhanced oil recovery methods (IOR and EOR) gained a close 
attention from government agencies and companies lately. In-
jection of gas (carbon dioxide, methane etc.) into the reservoir 
is one of the common ways to increase the oil recovery during 
secondary and later stages of oil production. For optimization 
of injection scenarios it is crucial to have reservoir simulation 
software that adequately resolves the processes of interaction 
of reservoir and injected fluids. Specic to IOR and EOR simula-
tion it is important to use the advanced numerical methods to 
mitigate the eects of numerical diusion. This effect is common 
for traditionally used rst order methods. We advocate the use 
of higher order methods in IOR and EOR modeling in order to 
improve the simulation accuracy by reducing the numerical di-
usion. There are several ways to build a second order nite vo-
lume method. Here we choose an optimization-based strategy 
to compute the steepest possible linear reconstruction. At the 
same time, a steepness-limiting procedure is included in the op-
timization as constraint. This ensures that the steepest possible 
reconstruction that does not lead to oscillations is computed. 
As a result, sharper fronts compared to standard schemes are 
obtained. This method is compared with the second order met-
hod, where the linear reconstruction is computed using the le-

ast-squares method. We demonstrate the described methods 
on several benchmark cases, including Norne eld open data set, 
see Figure 1. First, in order to verify the convergence behavior 
and to isolate the errors, we test the methods on the transport 
case, where an analytical solution is known. Furthermore, the 
performance of rst- and second-order methods is compared on 
multiphase  flow problems typical
for improved oil recovery: solvent and CO2 injection. The se-
cond order method shows superior performance in terms of 
accuracy. 
The work is part of task 6 ”Reservoir Simulation Tools” of the 
National IOR Centre of Norway. All the described implementa-
tions are available in an open source reservoir simulator Open 
Porous Media (OPM). As a result, these methods are accessi-
ble for reservoir engineers and can be used with industry stan-
dard modeling setups. The work will be 
published in SPE reservoir Simulation 
Conference proceedings, paper number 
SPE-193839-MS.

Anna Kvashchuk is a PhD student at The 
National IOR Centre of Norway. She holds a 
specialist degree from Saratov State Univer-
sity and a master degree from University of 
Bergen, both in applied mathematics. 
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Contribution to the study on nanoparticles 
as oil-reservoir tracers
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Nanotechnology has attracted interest in the oil & gas industry, 
addressing efficient methods for various IOR challenges (Fakoya 
et al., 2017). However, the rapid expansion of the field of nano-
particles has been catalysed by progresses in biomedicine (Khan 
et al., 2017). The numerous publications from biomedical rese-
arch and applications have increased significantly the compre-
hension on nanoparticles as such and established an impressive 
know-how in their various preparation routes (physical, chemi-
cal, electrochemical, etc.). Nanoparticles have recently found 
applications within the oil & gas industry such as: water shut-
off (Huang et al., 2017), proppants (microparticles) (Fink, 2013), 
CO2-foam stabilizer (Rognmo et al., 2018), dilling and hydraulic 
fracturing fluids (Fakoya et al., 2017) and others. The require-
ments and expected behaviour of particles for such applicati-
ons, where highly concentrated nanofluids (ppm to %wt) are 
used, differ from those of tracer formulations where concentra-
tions are much lower (typically ppt to ppb) except from during 
the pre-injection period where concentrations are higher . 
A screening of different studies reported by other R&D groups, 
evidenced a particular interest for silica and carbon-based nan-
ostructures (Agenet et al., 2012; Murugesan et al.; 2016, Yu et 
al., 2010). The use of silica NPs as tracer is already patented for 
several specific applications and most of the studies oriented 
on tracers refer to such particles as sensors for obtaining in-situ 
data to increase the level of reservoir understanding: pH/tem-

perature sensors (Agenet et al.., 2012; Murugesan et al., 2017; 
Pedersen, 2018; Perriat et al., 2014). Very few studies have re-
ported on nanoparticle behaviour in petroleum reservoirs and, 
to the authors’ knowledge, only carbon based NPs have been 
tested in a real oil-formation (Kanj, et al., 2011; Kosynkin and 
Alaskar, 2016). However, there is still a need for understanding 
the results and outputs resulting from these two field tracer 
tests carried-out in a carbonate reservoir in Saudi Arabia (sin-
gle- and inter-well testing) (Alqahtani et al., 2018). Especially, 
the purification process after producing the nanoparticles and 
the formation of a stable dispersion are crucial steps before in-
jection into the reservoir (Alaskar and Kosynkin, 2017). In addi-
tion, there is also a need to consider critically the handling of 
the produced fluid samples and how the contents of nanopar-
ticles can be correctly analyzed. Thus, despite of the great in-
dustrial enthusiasm raised by nanoparticles, several challenges 
and questions remain on their stability and flooding behaviour 
in heterogeneous porous media.  
This presentation will be focused on the limitations encounte-
red by nanoparticles as reservoir tracers with an emphasis on 
silica and C-dot nanoparticles for tracer reservoir applications. 
It will be oriented towards a constructive discussion on how to 
improve their: (i) colloidal stability and (ii) detectability (parti-
cularly fluorescent NPs).
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Water-alternating-gas injection for IOR – Interplays of 
heterogeneity, gravity and multiphase flow 

Mixing of CO2 and oil in a CO2-EOR reservoir
Trine S. Mykkeltvedtl (1, 2), Sarah E. Gasda (2), Tor Harald Sandve (2), and Ivar Aavatsmark ( 2)

 (1)The National IOR Centre of Norway, (2) NORCE

Carbon-neutral oil production can be achieved by capturing the 
platform based emissions and injecting it in a nearby reservoir, 
for storage or improved oil recovery. This would enhance the 
economic viability of CO2 sequestration and reduce the over-
all CO2 footprint from the oil production.  The injected CO2 will 
interact with the oil and cause it to flow more freely within the 
reservoir. Consequently, the overall recovery of oil from the re-
servoir will increase. This enhanced oil recovery (EOR) techni-
que is perceived as the most cost-effective method for dispo-
sing captured CO2 emissions and has been performed for many 
decades with the focus on oil recovery.
The interaction between existing oil and injected CO2 needs to 
be fully understood to effectively manage CO2 migration and 
storage efficiency. When CO2 and oil mix in a fully miscible set-
ting, the density can change non-linearly and cause density 
instabilities. These instabilities involve complex convective-dif-
fusive processes, which are hard to model and simulate. The 
interactions occur at the sub-centimeter scale, and it is impor-
tant to understand its implications for the field scale migration 
of CO2 and oil.
In this work, we study and implement mixing of CO2 and oil 
in the simulator developed as part of the Open Porous Media 

(OPM) initiative. The results give important insight into the im-
pact of non-linear density differences in CO2-EOR reservoirs in 
zones where the gravity dominates the flow regime. Further-
more, we explore the impact of CO2 gravity fingers in oil at the 
field-scale and its impact on CO2 storage and oil recovery.

Authors: Jan Inge Nygård1, Pål Østebø Andersen1,2
1 Department of Energy Resources, University of Stavanger, Norway

2 The National IOR Centre of Norway, University of Stavanger, Norway

Water-Alternating-Gas (WAG) is an Enhanced Oil Recovery 
(EOR) process initially intended for conformance control during 
gas flooding. However, it has also been demonstrated superior 
to waterflooding. Alternately injecting water and gas capitali-
zes on the improved microscopic displacement efficiency by 
gas and the improved mobility control and volumetric sweep 
efficiency by water. One way this occurs is by formation of a 
three-phase mixing zone that sweeps a larger portion of the 
reservoir compared to continuous gas injection. This also incre-
ases the potential for gas entrapment and consequent reducti-
ons in gas relative permeability, thus making the gas less mobile 
and less prone to bypassing of the oil phase by viscous finge-
ring. The improved gas-to-oil mobility ratio therefore increases 
the potential for upstream production of oil. 
A simulation study has been performed to study the abovemen-
tioned gas trapping mechanism in the context of immiscible 
WAG injection into a layered reservoir. We employ a black-oil 
model which is solved using ECLIPSE 100, where we take into 
account reservoir heterogeneity parameters and multiphase 
flow properties such as fluid mobilities, densities and hystere-
sis. A set of model reservoirs is presented, illustrating key featu-
res controlling WAG displacement efficiency under influence of 
gravity and hysteresis. 

We seek to answer questions such as
• Under which sets of parametric variables can WAG be re-

commended over single-phase injection?
• What controls the degree of gas entrapment during WAG 

injection, and

• How does the related hysteretic response change with re-
servoir heterogeneity?

The importance of understanding hysteretic features during im-
miscible WAG flooding is illustrated in Figure 1, which shows ca-
ses that are subject to gravity segregation. When hysteretic fe-
atures are not present the recovery is highest with single-phase 
injection (where rw=0.0 indicate a zero fraction of water in the 
injected mixture, i.e. continuous gas injection whereas rw=1.0 
indicates waterflooding). When hysteresis is present we can see 
that WAG performs better than single-phase injection of either 
phases (water or gas), even when both phases individually ex-
hibit poor mobility control features (compare RF at rw=0.0 and 
rw=1.0 to rw=0.50 for instance). 

Fig. 1: Recovery after 1.5 PV injection vs fraction water in the injected mixture. Illustration of effe-
ct of hysteresis, comparing when the case when both injected fluids have low and high mobility.
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Previously, the effect of structural viscoelasticity in the mecha-
nical response of deformable porous media with incompressi-
ble constituents under sudden changes in the external applied 
quasi-static loads using mathematical analysis has been inves-
tigated. Here, the applied load is characterized by a step pulse 
(discontinuous load in time) or a trapezoidal pulse (continuous 
load in time). Mathematical models of non-divergence free de-
formable porous media are often used to characterize the be-
haviour of the soil and biological tissues which are viscoelastic 
and incompressible in nature, and viscoelasticity may change 
with age, disease or by design. The problem is formulated as 
a mixed boundary value problem of the theory of poro-visco-
elasticity [1], in which an explicit solution is obtained using 
separation of variables technique coupled with Fourier series 
analysis in one-dimension. Further, dimensional analysis is utili-
zed to identify dimensionless parameters that can aid the de-
sign of structural properties so as to ensure that the fluid velo-
city past the porous medium remains bounded below a given 
threshold to prevent potential damage. The study shows that 
the fluid mechanics within the porous medium can abruptly be 
altered if the applied load encounters a sudden change in time 
and structural viscoelasticity is too small (for example see Figu-
res (1)). The result is used to explain the confined compression 
experiment clarifying the cause of structural damages in porous 
media associated with loss of viscoelastic property and possible
control measures to prevent damages are investigated.

Now focus will be on the field scale modeling and simulation 
of EOR methods (e.g. polymer and smart water) and quantify-
ing the value of such techniques on relevant North-sea cases. 
Special focus will be on developing optimal strategies for po-
lymer or smart water injection using synthetic models and the 
Open Porous Media (OPM) framework. Another important task 
is evaluating the impact on decision making when using higher 
order numerical methods for simulating the subsurface flow, 
and potential improvements for uncertainty qualification when 
combining higher order numerical methods and ensemble-ba-
sed optimization techniques. Many studies have shown that 
less accurate low order numerical methods, which are typically 
used in commercial but also other research simulators provide 
inaccurate result in the representation of fronts and mixing zo-
nes. This problem is further amplified by chemical reactions of 
the EOR processes. The research result will significantly enhan-
ce prediction of EOR effects and thus improve decision making 
for Norwegian continental shelf. Integration of improved discre-
tization into the simulation framework will be investigated and 
a detailed study on impact of discretization methods for evalua-
tion of EOR methods for oil fields will be carried out.

Figure 1. Dimensionless discharge velocity ^v^ as a function of ^x; and ^t: Left diagram: ^  = 0 (absence of viscoelasticity in the deformable porous medium under a step-pulse load). 
Right diagram: ^  = 1 (presence of viscoelasticity in the deformable porous medium under a step-pulse load)
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It is becoming increasingly important with well-resolved and 
accurate estimates of the subsurface parameters from seismic 
data as exploration moves towards increasingly dicult geology 
where traps are becoming harder to nd. At the same time, good 
estimates of the subsurface parameters are also becoming 
more important with regards to increased recovery of oil and 
gas reserves, as the ability to detect small changes in elastic pa-
rameters due to fluid substitution will be useful.
Full waveform inversion (FWI) has in the last decade become a 
popular inversion method in the seismic community because it 
has the ability to produce higher resolution model and give a 
better estimation of the physical parameters. This is due to the 
fact that the FWI utilizes the full waveform, more specically it 
uses the diving waves in the inversion to get the model.
There are several dierent optimization methods when inverting 
the data using FWI, and this project has used the limited me-
mory BFGS method, due to its low computational cost when 
calculating the Hessian of the mist function (Xiao et al., 2008). 
The gradient is calculated by a method known as the adjoint 
state (Plessix, 2006).
Most research within FWI aim at improving the optimization 
method to get more ecient and accurate models. Fewer focu-
ses on the uncertainty within the FWI, which is important when 
interpreting FWI models, especially on a small scale where one 
does not have sucient information to constrain the model pa-
rameters.
The investigations of the uncertainty in the FWI use a wide va-
riety of methods for calculating the uncertainty. Therefore, this 
project will try to compare three of the methods; the Hessian 
based method, the ensemble based method and the Bayesian 
method.
The Hessian method utilizes the fact that close to the optimum 
the Hessian, H, acts like the covariance (Kalmikov and Heim-
bach, 2014). The misfit function, x, close to the global optimum 
is described as

where m is the earth model and ~m is the earth model near the 
global minimum, i.e. close to the true value. By using Gaussian 
statistics the probability density function can be described as

From this it is clear that the Hessian is the inverse posterior co-
variance and holds information regarding resolution and trade 
os given that the solution is close to the global optimum (Fich-
tner and Trampert, 2011). The Hessian is an natural product of 
the limited memory BFGS method and is therefore low cost.
The ensemble Kalman smoother is an extension of the ensem-
ble Kalman lters, and is a optimization method for predicting 
the waveeld for a future time step given some prior knowledge. 
It works by first forecasting an ensemble of initial parameters,
            given the dynamic model operator, A,

where     is the parameter error. The ensemble Kalman smoot-
her uses the all the available observations in a given time 
window and minimizes cost function produced by the Bayesian 
likelihood approach in order to produce the smoothed solution 
(Fairbairn, 2009). The smoothed solution is then weighted by
the Kalman gain in the analysis step, according to the ratio bet-
ween the forecast and observational error covariances, where 
also the covariance matrix is calculated (Carrassi et al., 2018). 
This method has a higher cost relative to the other non-ensem-
ble methods as one needs to preform as many forward models
as the number of ensembles.
The Bayesian method describes the parameters and the mo-
del by the Bayesian probability density function based on the 
FWI cost function. An advantage of the Bayesian method is that 
one can easily introduce the prior information to the inversion 
(Penz et al., 2018). Given Bayes rule an expression for the joint 
posterior distribution is found from which one can calculate the 
covariance (Fraysse and Rodet, 2012).

Figure 1: Figure shows plus, 
minus the standard variance 
of the wave velocity, vp. The 
variance is the diagonal of 
the covariance matrix, and 
the Hessian is the inverse 
covariance matrix close to 
the global optimum from the 
limited memory BFGS method 
for a seismic trace convolution 
model. The seismic trace 
convolution model is used as 
an initial test of the method, 
before moving on to FWI.
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It is becoming increasingly important with well-resolved and accurate estimates of the subsurface
parameters from seismic data as exploration moves towards increasingly difficult geology where traps
are becoming harder to find. At the same time, good estimates of the subsurface parameters are also
becoming more important with regards to increased recovery of oil and gas reserves, as the ability to
detect small changes in elastic parameters due to fluid substitution will be useful.

Full waveform inversion (FWI) has in the last decade become a popular inversion method in the seismic
community because it has the ability to produce higher resolution model and give a better estimation of
the physical parameters. This is due to the fact that the FWI utilizes the full waveform, more specifically
it uses the diving waves in the inversion to get the model.

There are several different optimization methods when inverting the data using FWI, and this project has
used the limited memory BFGS method, due to its low computational cost when calculating the Hessian
of the misfit function (Xiao et al., 2008). The gradient is calculated by a method known as the adjoint
state (Plessix, 2006).

Most research within FWI aim at improving the optimization method to get more efficient and ac-
curate models. Fewer focuses on the uncertainty within the FWI, which is important when interpreting
FWI models, especially on a small scale where one does not have sufficient information to constrain the
model parameters.

The investigations of the uncertainty in the FWI use a wide variety of methods for calculating the
uncertainty. Therefore, this project will try to compare three of the methods; the Hessian based method,
the ensemble based method and the Bayesian method.

The Hessian method utilizes the fact that close to the optimum the Hessian, H, acts like the covari-
ance (Kalmikov and Heimbach, 2014). The misfit function, χ, close to the global optimum is described
as

χ(m) ≈ χ(m̃) +
1

2
(m− m̃)TH(m̃)(m− m̃), (1)

where m is the earth model and m̃ is the earth model near the global minimum, i.e. close to the true
value. By using Gaussian statistics the probability density function can be described as

pdf(m) = const exp(−χ(m)) = const exp(−1

2
(m− m̃)TH(m̃)(m− m̃)). (2)

From this it is clear that the Hessian is the inverse posterior covariance and holds information regarding
resolution and trade offs given that the solution is close to the global optimum (Fichtner and Trampert,
2011). The Hessian is an natural product of the limited memory BFGS method and is therefore low cost.

The ensemble Kalman smoother is an extension of the ensemble Kalman filters, and is a optimization
method for predicting the wavefield for a future time step given some prior knowledge. It works by first
forecasting an ensemble of initial parameters,

∑
xi, given the dynamic model operator, A,

xi = Axi−1 + η, (3)

where η is the parameter error. The ensemble Kalman smoother uses the all the available observations
in a given time window and minimizes cost function produced by the Bayesian likelihood approach in
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The marine fate and effects of EOR polymers – 
summarizing four years of testing

Evolution of mechanical behavior of clastic reservoir 
rocks during experimental simulation of cyclic 

underground gas storage operation

PhD student, Opsahl, Eystein
University of Stavanger, The National IOR Centre of Norway, Stavanger, Norway

The marine fate and effects of EOR-polymers have been inves-
tigated by the aid of multi angle light scattering size exclusion 
chromatography in combination with OECD guidelines for the 
testing of chemicals.
Quantitative structure activity relationships (QSAR) and multidi-
mensional depolymerization models has been developed which 
allows prediction of toxic effects, biodegradation and rate of 
depolymerization in a marine environment based on inputs like 
polymer molecular weight, structure, concentration, and loca-
tion.
Conclusions:
• Light scattering size exclusion chromatography is a valuable 

tool for monitoring and characterizing polymers in seawa-
ter or effluent and can be used reliably down to 1 mg/L 
with proper sample preparation.

• EOR-polymers are only mildly cytotoxic, however, toxi-

city depends heavily on polymer structure and molecular 
weight and the presence of other solutes. EC50 values are 
not below 100 mg/L in any case. However, the LOEC and 
EC10 varies more, industrial effluent should therefore not 
contain more 1-10 mg/L polymer to rule out chronic effects 
based on these findings. No specific mechanism of action 
was identified.

• Degrades at appreciable rates when exposed in the marine 
environment. Depolymerization rates depends heavily on 
molecular structure, somewhat on concentration and not 
at all on molecular weight.

• Depolymerization through biodegradation is several orders 
of magnitude slower than in weathering processes. Ho-
wever, microorganisms are able to respond and facilitate 
exchange of functional groups which does change suscepti-
bility towards weathering processes.

Authors: Michal Porzer1, Anders Nermoen2
1VŠB - TU Ostrava, Czech Republic. email: michal.porzer@vsb.cz  

2NORCE Norwegian Research Centre AS, Norway. email: aner@norceresearch.no

Presented research is focused on cyclic loading of the reservoir 
sandstone. Depleted oil and gas reservoir of interest is being 
used for underground natural gas storage (UNGS) in the Czech 
Republic. This practice helps to meet cyclic seasonal demands 
for natural gas, balances the flow in pipeline systems and shares 
important engineering aspects with geological sequestration of 
CO2. The operation of UNGS introduces the reservoir rock to 
the cyclic changes in pore pressure by repeated injection and 
withdrawal of pore fluid. This effect might be present to some 
extent for example during WAG EOR, in CO2 buffer reservoir in 
CCS networks or in near well regions during various IOR and 
flooding scenarios. This can be a topic of interest not only in 
Czech Republic, which has capacity of UNGS that covers more 
than 40 % of its annual gas consumption. 
Repeated injection and production of the fluid into the formati-
on brings important issues of reservoir integrity, such as:
• mechanical effects on the reservoir rock itself,
• changes in residual fluid saturation,
• cap rock integrity and its sealing properties.
We aim to investigate mechanical behavior of the reservoir 
sandstones as they are repeatedly loaded by hydrostatic pres-
sure. Cylindrical core plugs were prepared from three cores that 
come from two reservoir formation beds. The applied effective 
stress range was chosen so the stress amplitude is as large as 
the apparatus allows for, while estimated lithostatic pressure 
in the reservoir is not exceeded. Low frequency cyclic loading 
was then applied in stepwise manner with pore volume and gas 
permeability of the rock evaluated at each pressure step. 
Performed experimental procedure allowed us to see the evo-
lution of volumetric strain of pore space and gas permeability 
with applied hydrostatic stress during number of loading cycles. 
Additional quantities, that we derived from the measurement 

were, plastic pore volume strain component, pore volume 
compressibility, energy dissipation, permeability stress sensiti-
vity and Biot coefficient. 
Observed joint evolution of estimated quantities suggest, that 
the sample builds damage by adapting to the load, much like 
reported studies on Kaiser effect imply. Each sample however 
adapts to the applied load differently, as one sample suffered 
brittle fracturing while other samples were still compact after 
the experimental procedure. Petrophysical characterization 
of samples was carried out to find the important parameters 
among mineralogy, texture and other microstructural features. 
As this part of the research programme is still ongoing at the 
moment, we aim to report the evolution of the bulk rock para-
meters under the repeated hydrostatic stress signal. Analysis of 
these experimental results brings us to the interpretation and 
subsequently to quantification of the slow build-up of damage 
in reservoir sandstone. 

Fig. 1: Evolution of the measured pore volume and gas permeability during time of the experiment on sample F.
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Foam has been used for controlling gas mobility during inje-
ction processes in order to mitigate the adverse effects of low 
gas viscosity and density and reservoir heterogeneity. The main 
targets of foam in EOR projects are to overcome poor sweep 
efficiency, unfavorable injectivity profiles, gravity override, high 
ratios of gas to oil produced, early breakthrough and viscous 
fingering. The selection and optimization of a surfactant for-
mulation able to generate a stable and long-lasting foam in the 
presence of oil, for particular reservoir conditions, is mandatory 
for a successful field-scale implementation. Parameters such 
as the reservoir temperature, brine salinity, reservoir rock type 
(surfactant adsorption phenomena), and oil type and saturation 
play a key role in this selection.  
The present case reservoir conditions are specially challenging 
for foaming surfactants (high salinity, high temperature and 
presence of light hydrocarbons). These conditions severely li-
mit the number of surfactant candidates. Following a stepwi-
se experimental workflow strategy, our purpose has been to 
design a robust formulation with a good performance in the-
se harsh working conditions. In the first surfactant screening 
steps of this methodology, solubility and bulk foamability tests 
performed in static conditions led us to develop a prelimina-
ry surfactant formulation composed of an AOS C14-C16 as the 
main surfactant and cocamidopropyl-hydroxysultaine (CAPHS) 
as a promising booster with the ability to enhance the solubility 
and foamability at high salinity and in the presence of oil. The 

ratio for best performance was found to be 40:60. In this stu-
dy we present the experimental work done to further optimize 
this formulation using dynamic conditions. A series of flooding 
experiments have been run to evaluate the foam performance 
of three AOS-CAPHS formulations: the one with the previously 
defined ratio (40:60) and two more with nearby ratios (30:70 
and 50:50). The formulation with AOS alone was also compa-
red to evaluate the magnitude of the enhancing effect of the 
booster. In the flooding experiments, both in Buff Berea and 
sand pack, we measured the pressure drops generated by the 
foam during a co-injection of methane and surfactant solution 
to determine the gas mobility reduction. The behavior of the 
foam apparent viscosity was monitored as a function of (i) foam 
quality and (ii) salinity in a concentration range from injection 
water to a mix of 40% injection water – 60% formation water. 
The shear thinning effect of the foam was also determined by 
modifying the injection velocity at fixed foam quality and sa-
linity values. The sensitivity to the presence of oil was evaluated 
in a sand pack (Figure 1). 
As a result of this study, the refined formulation with the best 
performance in the dynamic tests was found to match the one 
selected in the static assays, with a relative proportion of AOS 
C14-C16:CAPHS 40:60. Moreover, this formulation was proved 
to be robust to foam quality variations in the salinity range of 
interest and to the presence of oil.

Figure 1. Oil sensitivity of AOS C14-16 and AOS C14-16/CAPHS 40:60 formulations. The 
experiments were done in brine (67.77g TDS, 9.36g divalent ions), foam quality 80% and 
injection velocity 20 ft/day. 
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Phase-field Modeling of Brittle Crack Propagation in 
Saturated Porous Media

Impact of Initial Wettability and Injection Brine 
Chemistry on Mechanical Behaviour of Chalk
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Research carried out on water wet chalk has shown how sea-
water and other simplified brines alter stiffness, strength and 
time-dependent mechanical parameters. This study deals with 
the mechanical effects due to changes in the pore fluid compo-
sition when oil is also present in the pores. The extent to which 
flow rate of reactive fluids (such as sodium chloride and mag-
nesium chloride brines) play a role on volumetric deformation 
with time is also studied. Kansas outcrop chalk was used in this 
study. The samples were wettability altered and aged for three 
weeks at 90°C. The wettability index was estimated by injecting 
a modified seawater brine containing sulphate and thiocyana-
te (tracer) ions through samples and analysing the effluents for 
their composition to measure the chromatographic separation 
between these two ions. Afterwards, all samples were hydro-
statically loaded to a stress level 1.5 times the onset of yield at 
130°C and left to creep over time.

It was found that the onset of yield is the controlling parame-
ter to predict creep rate with time, while wettability controls 
the elastic stiffness and yield strength. Injecting reactive brines 
into chalk have shown to induce chemical reactions leading to 
additional creep rates. During creep, the volumetric deformati-
on with time for all samples overlapped irrespectively of their 
wettability and water saturation (Figure 1). It was also shown 
how chemical reactions drove deformation by reducing the so-
lid volume via a reduction in the overall mass and increase of 
the mineral density. These chemical reactions, as monitored by 
the ion chromatography, were found to be insensitive to the in-
itial wettability and hence the saturation of oil and water in the 
core. The observations of oil production showed that compacti-
on and non-equilibrium flow does not necessarily lead to addi-
tional oil recovery if the remaining oil is immobile.

Figure 1. Volumetric creep strain with time for cores K1 to K4 (K1 and K2 were wa-
ter wet cores: blue arrows, and K3 and K4 were mixed wet cores: green arrows). 
The temperature was set to 130°C and the stress levels were set to 1.5 times the 
yield strength. Creep stresses for core (a) K1: 17.9 MPa, (b) K2: 17.9 MPa, (c) 
K3: 26.1 MPa, and (d) K4: 20.8 MPa. The stagnant creep period with NaCl brine 
is shown by black dotted line, the MgCl2 flooding creep periods at a flow rate of 
0.010 ml/min by red dashed lines, the MgCl2 flooding creep period at a flow rate 
of 0.040 ml/min by dark gray dash-dotted line and the DW flooding creep period 
by orange solid line.
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Brittle fracture is an important failure mechanism exploited in 
many subsurface applications related to energy production. A 
well known example is the hydraulic stimulation of reservoirs 
for oil and gas extraction, in which fluid is pumped into a re-
servoir at high pressure to create or propagate fractures with 
the aim of improving overall flow properties. In reservoirs with 
pre-existing cracks or considerable material heterogeneity, the 
fracture network can evolve in a very complex manner that 
includes initiation, branching and merging of cracks. In recent 
years, phase-field approaches to fracture modeling have been 
gaining massive popularity as they are naturally suited to hand-
le such phenomena and are easily integrated into multiphysics 
applications. In the phase-field method, cracks are represented 
as diffuse entities via an auxiliary scalar field that smoothly in-
terpolates between fully intact and broken states. The amount 
of diffusion in the crack representation is controlled by a regu-
larization parameter that is related to the intrinsic length scale 

of the material. In this study, we couple the linear Biot poro-
elasticity equations to a phase-field model for brittle fracture 
propagation. Our formulation is aimed at allowing the use of 
discretizations in which the characteristic size of elements are 
larger than fracture apertures, which is necessary to avoid the 
computational cost arising from overly strict requirements on 
mesh refinement. Flow within an open fracture segment is 
assumed to be of Poiseuille type, the effect of which is incor-
porated into the permeability of its surrounding element. The 
coupled hydro-mechanical-fracture problem is discretized using 
a combined finite element/finite volume framework and solved 
via a nonlinear alternate minimization scheme that iterates bet-
ween the monolithic poroelasticity problem and the phase-field 
subsystem. To further loosen mesh requirements with respect 
to the regularization parameter, we make use of parametric de-
gradation functions that minimize the non-physical reduction of 
stiffness in mechanical response prior to fracture.
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Nanoparticle tracers for petroleum reservoir studies
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Nanotechnology has become an important “new” area of study 
within different scientific and technical disciplins, so also within 
the oil and gas sector. In this forthcoming project we will limit 
the activity to the possibility of using nanoparticles as tracers 
and/or tracer carriers for: 
1. Detection of high-permeability streaks in regions betwe-

en injection and production wells which act as thief-zones 
for injection water, and which are targets for conformance 
control 

2. Detection of residual (or remaining) oil saturation, as target 
for EOR method implementation, in single-well huff-and-
puff studies where a new concept of using functionalized 
partly lipophilic nanoparticles, not as tracers themselves, 
but as load carriers for passive and phase partitioning tra-
cers. 

On technology for interwell application
We have at present an on-going study of carbon quantum dots, 
so-called C- dots (or M-dots), with Cornell University (Prof. Larry 
Chatles). The intension is to characterize their constitution, sta-
bility, detectability and behaviour in detailed laboratory expe-
riments involving core flooding tests and static stability experi-
ments.  Two types of experiments are anticipated:
• Field experiment at a test site in Colorado together with 

Cornell University and Colorado State University (Prof. 
William Sanford). This is a fractured reservoir with no oil, 
and small well distance which provides for relatively fast 
responses. The intention is first and foremost to study the 
propagation of the C-dots relative to passive water tracers 
and other large-size molecular compounds, and thereafter 

to analyze the shape of the respective production curves 
to back out information regarding the fracture conductivity 
and structure.

• Yard test experiments at an experimental setup at present 
being built up at Halliburton’s premises in Tananger. 

On technology for single-well operation
An interesting but challenging possibility is to use surface-functi-
onalized nanoparticles in single-well huff-and-puff operation. 
The intension is to measure residual oil saturation either after 
a watered out campaign or after a single-well test where the 
efficiency of a special EOR-method is being tested. The nano-
particle itself is not intended to be the tracer entity but simply 
operate as a tracer compound carrier. 
The nanoparticles contain both passive and oil/water partitio-
ning tracer molecules. A chasing liquid which propagates with 
the speed of water itself will at some point overrun the bank of 
nanoparticles. This liquid is engineered to chemically interact 
with the nanoparticles in such a way that the tracers are rele-
ased. 
Since both passive and phase-partitioning tracers have now 
been released at the same “starting line”, their separation on 
their back-production contains information of the water-conta-
ctable oil saturation in the tested volume around the well. This 
technology, if developed and implemented successfully will 
represent a technology leap in relation or the prevailing push-
and-pull technology of today which apply hydrolyzing tracers 
(reduced timing, less chemicals, improved environmental aspe-
cts, reduced uncertainty in SOR estimates etc.). 

Fig.1. Cartoon illustrating a nanopar-
ticle with voids containing passive 
and phase-partitioning water tracer 
molecules intended to be used in 
single-well huff-and-puff operation 
to measure residual oil saturation. 
The voids are closed with molecular 
valves. One possible valve mechanism 
is illustrated in the upper part of the 
figure. Tracers may be released by 
application of an external triggering 
mechanism unlocking the valves. Two 
such possible triggering mechanisms 
are indicated: change in pH or change 
in salinity and salt composition of the 
surrounding water solution.
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Polymer solutions contain very long molecules and therefore 
are non-Newtonian fluids: Their flow behaviour does not obey 
classical fluid mechanics and cannot be appropriately under-
stood without involving advanced physics-based tensor fluid 
models.
Solutions of some biological and synthetic polymers are used in 
enhanced oil recovery (EOR) due to their high apparent visco-
sity. It is known at the same time that certain types of EOR po-
lymers are salt-sensitive: their key properties are signicantly 
reduced when such polymers encounter high-salinity sea water. 
While the reduction of shear viscosity due to salt is well studied 
experimentally, the impact of salt on the polymer fluid dyna-
mics in complex unsteady flows is not completely clear.
Due to their chemical structure, molecules of salt-sensitive po-
lymers have locally charged segments of the same sign. The 
repulsive forces acting between such segments make polymer 
molecules more stiff. When exposed to salt water, the segments 
attract the salt ions of the opposite sign and effectively lose 
their charges due to electrostatic shielding. The polymer mole-
cules become more flexible, and therefore the solution changes 
its physical properties.
In this fundamental work, we develop a new kinetic theory-ba-
sed tensor model – the C-FENE-P dumbbell model – of dilute 

solutions of salt-sensitive polymers. We take the FENE-P dumb-
bell model as our starting point. According to this model, each 
polymer molecule is represented by two beads connected by a 
non-linear nitely elongated spring. We modify the original mo-
del by adding equal eective charges to the beads to describe the 
electrostatic repulsion between the locally charged segments of 
polymer molecules. The relative strength of electrostatic repul-
sion is then expressed through the model parameter E.
We derive the closed-form constitutive equations for the new 
model and predict multiple material functions of the C-FENE-P 
fluid: non-Newtonian viscosity, first normal stress coecient, 
complex viscosity, storage and loss moduli, first normal stress 
displacement coecient, complex first normal stress coecient, 
shear and normal stress growth and relaxation functions, and 
elongational viscosity. Then, we demonstrate that C-FENE-P 
dumbbell model closes the gap between two other polymer 
models – the original FENE-P dumbbells and rigid dumbbells 
(RDB) – as C-FENE-P includes both models as its limiting cases. 
This allows us to reformulate the RDB model in a very simple 
and elegant way and investigate its properties as well. Finally, 
based on experimental results, we establish the relation betwe-
en E and concentration of salt in the solution.

The new C-FENE-P model of dilute solutions of salinity-sensitive polymers.

Dmitry Shogin1, 2, 3

1Department of Energy Resources, University of Stavanger
2The National IOR Centre of Norway

3Norwegian Academy of Science and Letters

Polymer solutions contain very long molecules and therefore are non-Newtonian fluids: Their flow
behaviour does not obey classical fluid mechanics and cannot be appropriately understood without
involving advanced physics-based tensor fluid models.

Solutions of some biological and synthetic polymers are used in enhanced oil recovery (EOR) due
to their high apparent viscosity. It is known at the same time that certain types of EOR polymers
are salt-sensitive: their key properties are significantly reduced when such polymers encounter high-
salinity sea water. While the reduction of shear viscosity due to salt is well studied experimentally,
the impact of salt on the polymer fluid dynamics in complex unsteady flows is not completely clear.

Due to their chemical structure, molecules of salt-sensitive polymers have locally charged segments
of the same sign. The repulsive forces acting between such segments make polymer molecules more
stiff. When exposed to salt water, the segments attract the salt ions of the opposite sign and
effectively lose their charges due to electrostatic shielding. The polymer molecules become more
flexible, and therefore the solution changes its physical properties.

In this fundamental work, we develop a new kinetic theory-based tensor model – the C-FENE-P
dumbbell model – of dilute solutions of salt-sensitive polymers. We take the FENE-P dumbbell
model as our starting point. According to this model, each polymer molecule is represented by two
beads connected by a non-linear finitely elongated spring. We modify the original model by adding
equal effective charges to the beads to describe the electrostatic repulsion between the locally charged
segments of polymer molecules. The relative strength of electrostatic repulsion is then expressed
through the model parameter E.

We derive the closed-form constitutive equations for the new model and predict multiple material
functions of the C-FENE-P fluid: non-Newtonian viscosity, first normal stress coefficient, complex
viscosity, storage and loss moduli, first normal stress displacement coefficient, complex first normal
stress coefficient, shear and normal stress growth and relaxation functions, and elongational viscosity.
Then, we demonstrate that C-FENE-P dumbbell model closes the gap between two other polymer
models – the original FENE-P dumbbells and rigid dumbbells (RDB) – as C-FENE-P includes
both models as its limiting cases. This allows us to reformulate the RDB model in a very simple
and elegant way and investigate its properties as well. Finally, based on experimental results, we
establish the relation between E and concentration of salt in the solution.
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FIG. 1. Some predictions made using the C-FENE-P dumbbell polymer model: normalized non-Newtonian shear viscosity
(left) and mean-square relative extension of polymer molecule in steady shear flow (right) as functions of scaled shear rate λγ̇,
shown for different values of the model parameter E. Lower values of E correspond to higher salt concentration, and vice versa.

Dr. Dmitry Shogin is a physicist at The National IOR Centre of Norway. He is leading the project called ”Modelling 
of Rheological Properties of Polymeric Liquids for Improved Oil Recovery using Microscopic Physics” funded by the 
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merical simulations, Dmitry focuses on understanding the behaviour of polymeric liquids in complex flows. Shogin 
holds a Ph. D. degree in Applied Mathematics and Physics (2015) from University of Stavanger and M. Sc. (2010) 
from Moscow Institute for Physics and Technology.
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Use of K-SVD Algorithm to Sparsely Represent 
4D Seismic Data
Authors: Ricardo Vasconcellos Soares, Xiaodong Luo, Geir Evensen

This work presents the use of the Dictionary Learning met-
hod through the K-SVD algorithm for a sparse representation 
of 4D seismic data in history matching. We consider a trade-o 
between the number of coecients retained in the sparse data 
representation and how well we can capture the main featu-
res of the 4D seismic signal. K-SVD is an iterative algorithm that 
alternates between the calculation of the sparse representati-
on vector and dictionary update. To derive the data represen-
tation vector, one can constrain the problem into two distinct 
approaches: (1) sparsity-constrained; and (2) error-constrained. 
We evaluated the two methods using Amplitude versus Angle 
(AVA) seismic data from the synthetic benchmark case known 
as Brugge. Results showed that regardless of which of the con-

strained approaches we used, the algorithm can always capture 
the main features of the 4D seismic signal with a sparse repre-
sentation. However, the number of nonzero coecients is highly 
dependent on the approach and how they are used. Consequ-
ently, the selection of the approach is crucial as it might aect the 
history-matching process. In a reservoir-permanent-monitoring 
(big data) scenario, the use of sparse representation allows 
us to retain the main features of the reservoir in a reasonable 
sized data representation that can be directly used in history 
matching, leading to improved reservoir characterization, a bet-
ter understanding of the reservoir properties and, a more eci-
ent history matching, avoiding issues concerning computational 
time and storage.

Figure 1: 2D AVA Seismic Data - Comparison between error and sparsity-constrained

Ricardo Vasconcellos Soares 
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on-Driven Big Data and Analy-
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Bergen (UiB).

Hybrid Smart Water EOR Effects
Iván D. Piñerez Torrijos, Tina Puntervold and Skule Strand

The National IOR Centre of Norway and Department of Energy Resources, University of Stavanger

Smart Water changes the rock surface wetting from mixed-wet 
towards more water-wet conditions, induces positive capillary 
forces, Pc, and improves microscopic sweep efficiency. During 
this process, more oil is detached from the rock surface. This 
redistribution of oil results in more oil trapped in the middle of 
the pores, due to increased capillary entrapment. Nevertheless, 
a fraction of this oil becomes mobile during the process. As this 
oil is not mobilized by water, other EOR methods can help to 
contact and expel the oil out of the porous media, improving 
macroscopic sweep efficiency.
Different EOR methods that can be combined with “Smart Wa-
ter” injection are polymer, surfactant and alkaline floods as well 
as water alternating gas injection, WAG, or any combination of 
these methods such as alkaline-surfactant, AS,  alkaline-sur-
factant-polymer floodings, ASP. At the same time, LS brines 
increase the selection of EOR chemicals like polymers and sur-

factants. It also increases the stability and improve the perfor-
mance of these chemicals at reservoir conditions. This could 
improve the cost efficiency of EOR chemicals. In this work an 
low salinity polymer flood was implemented and termed LSP.
A fast oil recovery of approximately 56 % of OOIP after inje-
cting 1 PV which was about 10% OOIP higher than the recovery 
at tertiary LS flooding conditions at the same injected PV. The 
total oil recovery approached 64% OOIP after 8PVs. In addition 
to this, a tertiary LSP flood was performed and a fast response 
in oil recovery was observed, an ultimate oil recovery of 86% 
OOIP was obtained at this last stage. This means that due to 
the change in wetting by the LS flood a significant fraction of 
oil was trapped by a snapped off process, but the polymer was 
able to contact it and expel it from the porous media increasing 
drastically oil recovery.
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Optimization Learining of Decision Making for Well 
Drilling Sequence with Heuristic Search

Lingya Wang, Dean Oliver

When preparing a field development plan, the forecast value of 
the development can be sensitive to the order in which the wells 
are drilled. Determining the optimal drilling sequence generally 
requires many simulation runs. Instead of using a gradient-ba-
sed optimization method, we develop a method to efficiently 
compute the sequence of drilling wells that is optimal or near 
optimal based on net-present-value by using available informa-
tion to approximate economic value. We formulate the drilling 
sequence planning problem as finding the path with maximum 
reward in tree search. Heuristic search based on information 
from both previous wells and future wells is used to solve the 
decision tree model. As a well known best-first heuristic search, 
A* search has been widely used in various fields such as robot 
path planning, maze navigation, and digital games. The basic 
idea of A* search is to repeatedly extend the most promising 
partial path that has been so far, and the behavior of A* sear-
ch heavily depends on a heuristic function. An admissible heu-
ristic function that never underestimates the actual maximum 

reward from sequential drilling wells is guaranteed to find the 
optimal solution. However, a weak admissible heuristic functi-
on could result in an exhaustive search. Therefore, we use a 
non-admissible heuristic function with online learning to find a 
sequence that is nearly the optimal solution efficiently. We test 
our search methods on the three-phase black-oil REEK model 
which has five producers and three injectors and 34,770 acti-
ve cells. Results show that the heuristic function we use always 
overestimates the maximum net-present-value from sequential 
drilling wells (and is therefore admissible), but it requires an ex-
haustive search to find the optimal solution when the original 
A* search method is applied. The running time needed to find 
the optimal solution of drilling order is reduced by several or-
ders of magnitude when we utilize weighted A* or the online 
learning mechanism. The accuracy of the forecast value is im-
proved when the heuristic function is learned simultaneously at 
multiple time periods.

(a) Search trajectory of original A* (b) Search trajectory of weighted A* with w = 0:50

Figure 1: Comparison of search trajectories of Original A* and weighted A* with w = 0:50 during search process

Lingya Wang is a first-year Ph.D student in mathematics at University of Bergen and working at Norwegian 
Research Centre (NORCE). Currently, I am involved in DIGIRES project. DIGIRES is a joint Petromaks-2 and indus-
try project that aims to develop the next-generation digital workflows for sub-surface field development and 
reservoir management. The project is led by Geir Evensen (NORCE) and is a collaborative effort together with 
Dean Oliver (NORCE), and Reidar Bratvold (UiS). My research interest lies at optimization of drilling sequence 
under geological uncertainty. I obtained my MA in Petroleum Engineering at Norwegian University of Science 
and Technology technology, and Master’s thesis research focused on the well placement optimization in field 
development.
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Flow behavior and Rheological properties of visco-
elastic and ridged (viscous) polymer solutions in 

brines of different salinities
PhD student Siv Marie Åsen

The National IOR Centre of Norway, University of Stavanger

Polymers are added to water or a brine to increase its visco-
sity. Polymers are large, oblong, almost linear molecules, and 
the orientation of the polymer and solvent molecules creates 
internal friction in the fluid. The orientation of the molecules 
depends on the forces imposed on the fluid, leading to shear 
thinning effects and to what is called extensional viscosity.
In a porous media the flow is through interconnecting network 
of pores and pore throats. The polymeric fluid experiences a 
rapid change in flow rates, and the internal friction created by 
the polymeric molecules changes from point to point. In core 
floods we usually measure the pressure drop across the core 
and observe apparent shear thinning (a decrease in apparent 
viscosity) at low flow rates, shear thickening (an increase in ap-
parent viscosity) at higher flow rates, followed by a decline in 
apparent viscosity as the rate is increased further. The latter is 
caused by an irreversible scission of the polymer back bone. In 
Figure 1  we see the bulk viscosity and the apparent viscosity 
(both relative to the respective brine) as a function of shear 
rate for 4 different polymer solutions at a concentration of 1000 
ppm; a high molecular weight (HMW) HPAM in synthetic sea 
water (SSW) and low salinity brine (LS) and a medium molecular 
weight (MMW) ATBS in the same brines.  The porous media is a 
2D Bentheimer core. 

The differences in bulk and porous media behavior, and betwe-
en the polymer solutions are evident   and have been thoroughly 
investigated at core scale by several research groups.  In this 
work we investigate if it is possible to use bulk measurements 
to get some information about the elastic nature of polyme-
ric fluids. How much of the behavior of polymeric fluids can be 
explained or predicted by bulk measurements alone? Can the 
different behavior, such as onset of shear thickening, mecha-
nical degradation etc., of different polymer solutions in poro-
us media be estimated by bulk rheological properties (such as 
the viscometric functions, complex viscosity, storage, loss and 
relaxation modulus)? And if so, can the link between the bulk 
properties and porous media properties reveal important attri-
butes of the polymer that can be implemented in simulators 
and models, improve the injection strategy and influence the 
design of the polymer products?   
In addition, the effect of mixing procedure is investigated. So-
lutions of the same concentration and same brine will be mixed 
from mother solutions of different concentration in the same 
brine to see if the higher salt to polymer ratio in the low con-
centration mother solution will give a lasting effect on the pro-
perties of the final solution. 

Figure 1-Bulk viscosity and the apparent 
viscosity (both relative to the respective 
brine) as a function of shear rate for 4 
different polymer solutions
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Dynamic Interplay of Viscous Coupling and 
Spontaneous Imbibition During Water Level Rise

Developing the MPD Influx Management Envelope

Master’s corner
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3The National IOR Centre of Norway

This study includes the production from Naturally fractured re-
servoirs by applying Waterflooding EOR technique. Naturally 
Fractured reservoirs have two distinct permeabilities i.e. fractu-
re and matrix permeability. When these reservoirs are subjec-
ted to water flooding, water fills the fractures and oil from the 
matrix is produced by spontaneous imbibition. The system is 
considered as water wet and oil (non-wetting phase) is produ-
ced. Oil is expelled out of matrix as water intrudes from fractu-
res. Initially, it results in co-current flow as oil and water both 

are moving in the same direction but as 
the water level rises in the system due 
to continued imbibition, it can result in 
counter-current flow. Viscous coupling 
then becomes dominant and reduces 
the oil production.
A 2D mathematical model is developed 

for this system. The matrix block is considered oil saturated (but 
with connate water) and water wet system. Spontaneous imbi-
bition occurs as water from one side of the block (below) enters 
and oil is removed from the block. Initially, it is a co-current flow 
regime and relative permeability curve is valid for the system. 
When it becomes counter-current flow due to water level rise, 
viscous coupling dominates and some of the oil is left in the 
system. As a result, one relative permeability curve is not valid. 
This is analyzed by simulation studies.
Simulations are performed to model spontaneous imbibition 
and viscous coupling. Relative permeability curves are obtai-
ned. It is observed that initially, it is a co-current flow but after 
the continued imbibition, it becomes counter-current flow. This 
is subjected to different injection rates i.e. from lower to higher 
injection rates. The saturation gradient of the system changes 
and relative permeability curve also changes.

Sameer Ahmed, Graduate Student, MSc Petroleum Engineering Specialization: Reservoir Engineering

The Influx Management Envelope (IME) is an advanced, innova-
tive way to assess influx conditions in MPD operations, offering 
an improved tool for the decision-making process. Compared 
to conventional drilling, MPD equipment and software offers 
the ability to detect influxes at significantly smaller volumes. As 
Surface Back Pressure MPD is a closed loop, control of these 
smaller volume influxes happens more rapidly. To circulate trap-
ped influx to surface safely, the IME can be used to categorize 
influxes. The IME delineates the limits for safe circulation of the 
influx using only the MPD equipment (primary barriers) without 
stopping the pumps and shutting in. influxes that do not meet 
the safe circulation criteria of the IME must be circulated out 
of the hole using secondary barrier (i.e. conventional well con-
trol operations). The IME represents the limitations better than 
the MPD well control matrix (WCM), sine the MPD WCM defi-
nes only one single pressure and influx volume limitation that 
could potentially be safely circulated out using the MPD system 
without shutting BOP’s, the IME defines the influx volume and 
pressure limitations by an envelope.
The IME concept defines the operational envelope in case of 
incidental influxes during MPD operations. It is based on kick 
tolerance concepts, in which the relationship between volume 
and intensity of the influx is established and plotted in a graph. 
The regions are colour coded for ease of identification during 

the process of managing an influx. Three regions are proposed:
• The green region identifies normal MPD operations, no in-

flux is detected.
• The yellow area defines the operational region where an in-

flux has been detected in the wellbore, and it can be safely 
circulated to surface within the boundaries of the primary 
wellbore barrier.

• The red zone defines the conditions in which it is deemed 
that some limit(s) of the primary barrier would be excee-
ded during the process, indicating that the well should be 
secured with secondary barrier envelope.

Rasho Gharbi Alo, Graduate Student, MSc
University of Stavanger
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Controlling Pump Ability of Geopolymers for 
Downhole Placement

Flame propagation analysis using imaging technique 
BOS (Background Oriented Schlieren) and PIV 

(Particle Imaging Velocimetry)
An experimental and simulation work has been conducted to 
study premixed flame propagation using Background Oriented 
Schlieren (BOS) technique. Flame images obtained from experi-
ment and computation using PIVlab 1.41 were used for studies. 
The temperature difference effect upon the flame was revealed 
by comparing the flame structure. The results show that premi-
xed flame has only one flame structure/zone as compared to 
non-premixed flames.
A experimental setup for studying premixed flame structure has 
been developed and used for tests. The focus has been to study 

structure and propagation of flame. To demonstrate the stru-
cture of flame, MATLAB program was developed. The velocity 
of flame was measured by using PIVlab in MATLAB.
The measurements illustrate the feasibility of BOS method for 
flame analysis. It is expected that we can measures flame pro-
pagation at large scale. In case of fire incident, how flame will 
move from base point to surroundings. Furthermore, this met-
hod can be used to study effect of air percentage, burner dia-
meter and different fuel types on structure of flame.

Ordinary Portland cement (OPC) is the prime material used to 
manufacture concrete and as barrier material in well constru-
ction. Cement has its own advantages such as pumpability, set-
ting, bonding to steel and formation, etc. On the other hand, 
it has some drawbacks including but not limited to: flexibility, 
long-term durability, permeability, etc. Geopolymer binders 
are potential alternative materials to Portland cement. They 
have not been field tested yet but obtained laboratory results 
have shown their potential as alternative barrier materials. 

The objective of this study is to control the setting time of cer-
tain geopolymers by adding different dosages of retarders, at 
different wellbore conditions. The BHCT selected for this study 
is 50, 60, and 70°C, which is relevant to the North Sea area. 
As the temperature increases from 50, 60 and 70°C, the slurry 
sets quicker and retarders can postpone the setting time. UCA 
(Ultrasonic cement analyzer) results will show the effect of 
temperature and static conditions on setting time and sonic 
strength development.

Aida Bayati, Graduate Student, MSc
University of Stavanger

Aida Bayati: I am from Iran and I started the first job in RIPI (Research Institute of Petroleum Industry) as a trainee 
for both first and second Internships in bachelor degree. My main activities were working in GC lab in the first year, 
and in the second year, I learned how to make microscopic sections and write reports about them. I studied my first 
master degree in the petroleum engineering field and I worked as a trainee in rock and soil lab, I learned the way of 
coring and testing them in rock mechanic lab.
After graduation, I worked for 3 years then I decided to come to Norway and study drilling engineering (second 
master) to work as a field, operation and service engineer. Now I am doing my master thesis. The subject is about 
“Controlling Pump Ability of Geopolymers for Downhole Placement” According to API 10B. Some additive (retar-
ders) are added to Geopolymer and pump ability of geopolymer is checked during the time. 

Fig. 1: Schematic diagram of the experimental setup
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Numerical Modeling of non-Darcy Flow 
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The behaviour of real reservoir chalks 
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Shale gas reservoirs have ultra-low permeability that makes 
the production extremely difficult. Modern technology ranging 
from horizontal drilling and fracturing is helping in the extracti-
on of the gas from shale reservoirs. The model used in this re-
search incorporates gas desorption using Langmuir Isotherm, 
Knudsen number, apparent permeability and non-Darcy flow 
mechanism was introduced by the Forchheimer equation on 
reservoir with induced fracture for gas recovery.
An extended mathematical 1D + 1D model developed by Be-
rawala et al (2018) is used to investigate the significance of 
non-Darcy flow mechanism which involves a high permeable 
fracture extending from a well perforation, through a sym-
metrically surrounding shale matrix with ultra-low permeabi-
lity. Langmuir isotherm was used to model the gas absorption 
that occurs at matrix. The numerical simulation was done with 
a splitting operation.
This study focuses on non-Darcy flow in shale gas production. A 
1D + 1D model is used, which is solved using MATLAB. We base 
our approach on running a full simulation model and seeing how 
well our theory derived from a simplified model predicts the full 
model performance. We explore the behaviour of the model by 
considering its sensitivity to different input parameters. Parti-
cularly, we see how distributions of pressure and relative amo-

unt of absorbed gas, reservoir pressure 
and gas recovery profiles are affected by 
matrix, fracture and gas parameters. The 
system is solved by alternating between 
solving for flow in y-direction (fracture 
diffusion) and flow in x-direction (fractu-

re-matrix diffusion and desorption). The model has a significant 
validation with ECLIPSE.
This research investigates significance of non-Darcy flow me-
chanism in matrix-fracture inflow in a shale gas reservoir with 
impact in the overall gas production. The governing parame-
ters for the transition between the non-Darcy and Darcy flow 
at fracture and matrix is also major focus. The research study 
provided a more accurate reservoir model for simulation based 
on flow mechanism in the matrix and fracture. Complex me-
chanism including the non-Darcy flow terms, apparent perme-
ability, gas desorption, Knudsen diffusion are integrated in the 
model. Sensitivity analysis was conducted to evaluate the effect 
of the different mechanisms on the gas production. The results 
show that the non-Darcy term has great impact on the gas pro-
duction. Gas production will not be fully optimized if one of the 
parameters such as adsorption, apparent gas permeability, pore 
radius and Forchheimer variable in the non-Darcy flow term is 
ignored.
The proposed model and its numerical solution are unique ap-
plication of the non-linear flow model for the non-standard Dar-
cy flow of a fractured shale gas reservoir. The model is a useful 
tool to evaluate the sensitivity of more complex flow mecha-
nism such as non-Darcy flow for high velocity of gas in fracture 
and matrix. Identifying the transition from non-Darcy to Darcy, 
will prevent additional pressure at wellbore. The key parame-
ters are identified for optimized design of perforations and well- 
induced fractures.
Future work of this research to explore enhanced oil recovery 
with Carbon-dioxide injection and its storage.

Temidayo Olayinka Boboye, student of Master’s in Petroleum Engineering specialization in Reservoir Engineering           
at University of Stavanger, Norway. I have a Bachelor’s in Petroleum Engineering from University of Benin, Nigeria. 
Work experience as trainee operation engineer at Nigerian National Petroleum Corporation.

Enhanced Oil Recovery (EOR) in chalk and studies of water we-
akening have been extensively studied over the years. This is 
simply because the stability of the reservoir system is affected 
by several interdependent factors such as the mineralogical 
composition, temperature, pressure, and brine ionic composi-
tion. For instance, sea water injection in North Sea chalk reser-
voir has the ability to decrease the mechanical properties of the 
reservoir rock, known as water weakening (Korsnes, Madland, 
& Austad, 2006). This phenomenon leads to compaction which 
is on one side a significant method for Improved Oil Recovery 
(IOR) but is on the other side a cause of seabed subsidence. 
Then, in order to study and separate the effect of specific ions, 

sea water has been substituted by bri-
nes with simpler aqueous chemistry, like 
NaCl and MgCl2. The objective of the pre-
sent study is to investigate the behaviour 
of real reservoir chalks as performing a 
series of preliminary tests on plugs sam-
pled from the North Sea, and to compare 

it with previous results obtained from both water wet and mi-
xed wet onshore outcrop chalks. The mechanical behaviour and 
the phenomenon known as water weakening of chalk are stu-
died by flooding cores with aqueous solutions having different 
chemical compositions under isotropic stress at 130°C.  Experi-
mental results show that the chemical effect of 0.219 M MgCl2 
injection into reservoir cores have a significant effect on the 
mechanical behaviour compared to that observed with 0.657 
M NaCl brine. This was clearly noticed from the creep develop-
ment when changing brines from NaCl to MgCl2. These results 
are in agreement with previous work performed on outcrop 
chalks (Andersen et al., 2018; Madland et al., 2011; Megawa-
ti, Madland, & Hiorth, 2015; Minde et al., 2018; Wang et al., 
2018). The creep compaction in core flooding experiments was 
explained by precipitation of secondary Mg-bearing minerals 
and dissolution of primary calcite. This work is part of a study 
showing that results gained from previous studies on water wet 
outcrop chalks are also valid for reservoir cores thus improving 
the understanding of reservoir chalk behaviour.

Yosra Cherif is a petroleum engineering student at her fifth year of studies. She completed her bachelor’s degree at the 
University of Stavanger, and she is persuading her master’s degree with specialization within reservoir technology. 
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CO2 Plume Migration In The Stø Formation: 
A Simulation Study

The need for improving the quality of our environment by re-
ducing CO2 emissions and in the meantime increasing the reco-
very of hydrocarbons could be a mutually beneficial situation. 
Therefore, having additional reserves that eventually would be 
commercialized, can generate additional profits that can be 
achieved with carbon capture sequestration (CCS). In addition, 
the companies could have CO2 tax reduction due to the volu-
me of CO2 injected in geological formation. Some countries en-
courage to use this smart solution for controlling emissions in 
the atmosphere after the Paris agreement of 2016.
The Snovhit field is located in the central part of the Hammer-
fest Basin in the Barents Sea and the reservoirs were found in 
the Sto and Nordmela Formations. The hydrocarbon phase in 
the Snovhit main field is largely gas with a 10 to 15-meter-thick 
oil leg. In 2011, the Sto formation was perforated as a new sto-
rage location for carbon dioxide, since then all of the CO2 from 

the Snøhvit field has been injected in the water zone of the Sto 
formation, which is in pressure communication with the gas 
producers on Snøhvit, with no expected pressure buildup in the 
injection site.
It is probable that the direction of the CO2 plume will be to-
wards the west and it is believed that this front can be used to 
mobilize residual oil, which is abundant in the Realgrunnen sub-
group. The purpose of this study is to understand the behavior 
of the carbon dioxide in the zone of interest by using a reservoir 
simulation software. Notwithstanding there is uncertainty if it 
would be a miscible or immiscible flood taking into considera-
tion the relative permeabilities of the CO2 with the oil. For in 
future allowing to deliver better alterna-
tives in the study of generating a more 
efficient recovery.

Luis José Abaúnza Durán is a petroleum engineer and a master in petroleum engineering candidate. He is fluent in 
Spanish, English, French and Portuguese.  After graduating he had the opportunity of being a professor in a language 
institute and also worked alongside professors translating several laboratory equipment manuals. He is specializing in 
natural gas technology and currently is working in a simulation study that deals with carbon capture sequestration and 
enhanced oil recovery, in order to know if the oil leg present in the Snøhvit field could be eventually commercial.

Impact of brine salinity on small-amplitude oscillatory 
shearing flow material functions of EOR polymers
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Polymer solutions used in enhanced oil recovery (EOR) opera-
tions are non-Newtonian fluids. They do not obey the laws of 
classical fluid dynamics and lead to series of specic flow pheno-
mena, which cannot be predicted and understood without 
using advanced, physic-based, fluid models. The non-Newtoni-
an flow phenomena include nonlinearity (e. g. shear-dependent 
viscosity), existence of large normal stresses, and time-depen-
dent effects. In this research, we focus on the small-amplitude 
oscillatory shearing (SAOS) flow experiment, which is one of the 
ways to investigate the behaviour of non-Newtonian fluids in 
time-dependent flows. In this experiment, the fluid sample is 
subject to harmonically oscillating shear rate at different frequ-

encies, while the fluid’s response in terms of shear and normal 
stresses is measured. This response is then described with ve 
SAOS material functions: complex viscosity coecients (alter-
natively, storage and loss moduli), complex rst normal stress 
components, and rst normal stress displacement coefficient.
We shall measure the SAOS material functions for dierent EOR 
polymers in a rheometer, investigate how they depend on the 
polymer concentration and on the brine salinity, and compare 
the results to predictions made by advanced non-Newtonian  
uid models, including the recent C-FENE-P dumbbell model, 
which takes the salinity effects into account.
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Polymer solutions used in enhanced oil recovery (EOR) operations are non-Newtonian fluids.
They do not obey the laws of classical fluid dynamics and lead to series of specific flow phenomena,
which cannot be predicted and understood without using advanced, physic-based, fluid models. The
non-Newtonian flow phenomena include nonlinearity (e. g. shear-dependent viscosity), existence of
large normal stresses, and time-dependent effects.

In this research, we focus on the small-amplitude oscillatory shearing (SAOS) flow experiment,
which is one of the ways to investigate the behaviour of non-Newtonian fluids in time-dependent
flows. In this experiment, the fluid sample is subject to harmonically oscillating shear rate at
different frequencies, while the fluid’s response in terms of shear and normal stresses is measured.
This response is then described with five SAOS material functions: complex viscosity coefficients
(alternatively, storage and loss moduli), complex first normal stress components, and first normal
stress displacement coefficient.

We shall measure the SAOS material functions for different EOR polymers in a rheometer, in-
vestigate how they depend on the polymer concentration and on the brine salinity, and compare
the results to predictions made by advanced non-Newtonian fluid models, including the recent C-
FENE-P dumbbell model, which takes the salinity effects into account.
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FIG. 1. Normalized compex viscosity components and their dependence on brine salinity, expressed by the model parameter
E, as predicted by the C-FENE-P dumbbell model of diluted polymer solutions. As the salinity of the brine increases, E
decreases. The two limiting cases – rigid dumbbells and original (non-charged) FENE-P dumbbells are also illustrated.
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FIG. 1. Normalized compex viscosity 
components and their dependence on 
brine salinity, expressed by the model 
parameter E, as predicted by the 
C-FENE-P dumbbell model of diluted 
polymer solutions. As the salinity of 
the brine increases, E decreases. The 
two limiting cases { rigid dumbbells 
and original (non-charged) FENE-P 
dumbbells are also illustrated.
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Experimental investigation of material functions of 
EOR polymer solutions
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Polymer solutions, including those used in enhanced oil 
recovery (EOR), are very different from ”common” fluids, like 
oil and water. Polymeric liquids are non-Newtonian: Their 
behaviour cannot be described by the principles of classical 
fluid mechanics.Finding non-Newtonian viscosity from a steady 
shear flow experiment is the most known measurement of 
polymer properties. However, the information obtained from 
it is not enough to predict the polymer behaviour in complex 
flows – for example, in  flows through porous rocks – since 
it does not provide any information on the normal forces 
and/or memory effects. Complex polymer flows can only be 
understood by running numerical simulations with advanced 
tensor non-Newtonian fluid models. However, a variety of such 
models exist – and they must be calibrated against experi-
mental data for a particular kind of polymer. In this work, we 
shall measure the following material functions of EOR polymer 
solutions and investigate the relations between them:
1. Steady shear flow material functions – non-Newtonian 

viscosity and rst normal stress coecient;
2. Small-amplitude oscillatory flow material functions –

complex viscosity / storage and loss moduli, complex first 
normal stress coefficient, and first normal stress displace-
ment coefficient;

3. Start-up and cessation of steady shear flow material 
functions – shear and first normal stress growth and re-
laxation functions.

The results shall be compared to those predicted by tensor po-
lymer fluid models: FENE-P dumb-bell and Bead-Spring-Chain 
models, linear and exponential Phan-Thien-Tanner models, 
and Rigid dumbbell model { in order to nd out which models 
suit best for a detailed description of various kinds of poly-
mers. Measuring a variety of material functions will not only 
help to choose the right model for a particular polymer and 
calibrate it, but also have direct practical uses. For example, 
knowing the shear stress relaxation function will help to set up 
the equipment for the steady shear flow experiment, leading 
to the most accurate measurements obtained in minimal time; 
and evaluating the shear and normal stress overshoot at the 
start-up of steady shear flow may be used to mitigate the risk 
of mechanical degradation of polymer.
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Polymer solutions, including those used in enhanced oil recovery (EOR), are very different from
”common” fluids, like oil and water. Polymeric liquids are non-Newtonian: Their behaviour cannot
be described by the principles of classical fluid mechanics.

Finding non-Newtonian viscosity from a steady shear flow experiment is the most known mea-
surement of polymer properties. However, the information obtained from it is not enough to predict
the polymer behaviour in complex flows – for example, in flows through porous rocks – since it does
not provide any information on the normal forces and/or memory effects.

Complex polymer flows can only be understood by running numerical simulations with advanced
tensor non-Newtonian fluid models. However, a variety of such models exist – and they must
be calibrated against experimental data for a particular kind of polymer. In this work, we shall
measure the following material functions of EOR polymer solutions and investigate the relations
between them:

1. Steady shear flow material functions – non-Newtonian viscosity and first normal stress coefficient;

2. Small-amplitude oscillatory flow material functions – complex viscosity / storage and loss moduli, complex
first normal stress coefficient, and first normal stress displacement coefficient;

3. Start-up and cessation of steady shear flow material functions – shear and first normal stress growth and
relaxation functions.

The results shall be compared to those predicted by tensor polymer fluid models: FENE-P dumb-
bell and Bead-Spring-Chain models, linear and exponential Phan-Thien-Tanner models, and Rigid
dumbbell model – in order to find out which models suit best for a detailed description of various
kinds of polymers.

Measuring a variety of material functions will not only help to choose the right model for a
particular polymer and calibrate it, but also have direct practical uses. For example, knowing
the shear stress relaxation function will help to set up the equipment for the steady shear flow
experiment, leading to the most accurate measurements obtained in minimal time; and evaluating
the shear and normal stress overshoot at the start-up of steady shear flow may be used to mitigate
the risk of mechanical degradation of polymer.

λγ0=10λγ0=100λγ0=500
-���� ���� ���� ���� ���� ���� ���� �/λ

���

���

���

���

η+/η(λγ�)

λγ0=10λγ0=100λγ0=500
-���� ���� ���� ���� ���� ���� ���� �/λ

���

���

���

���

���

η-/η(λγ�)

FIG. 1. Predictions made using the FENE-P dumbbell polymer model: relative shear stress growth function (left) and relative
shear stress relaxation function (right) plotted for different final/initial shear rates, respectively.
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Caving detection analysis applying computer vision 
and neural networks

Carlos A. Izurieta, MSc. Candidate and Luis A. Rocha, MSc. Candidate
Department of Petroleum Engineering - University of Stavanger

Caving production from wells during drilling operations is no 
strange for the Norwegian Continental Shelf (NCS), and this 
phenomenon can derive serious problems such as stuck pipe, 
packing and bridging. In the worst-case scenario, it can lead the 
drill string to break o and then shing operations or even side-
track operations.
Cavings are a valuable source of information when drilling 
which indicate that a failure has occurred downhole. Keeping 
that in mind, it is fundamental to perform characterization[1] 
and interpretation analysis of the cavings since these can help 
us to remedy dierent drilling problems[2]. Keeping this idea in 
mind, the proposed topic intends to use machine learning (ML) 
algorithm to identify the features of cavings based
on pictures of them.
The proposed topic intends to address the characterization of 
cavings extracting the features using image processing[2]. The 
ML algorithm will be trained to recognize different morpholo-
gical and geological features of the dierent types of caving as 
well as other features that can be extracted from the pictures or 

from the production itself of them. Descriptive classication and 
features extraction of caving will be done based on:
• Make use of the photographic database of cavings.
• Caving features to be extracted: Edge denition (rounded, 

etc.), Morphology (blocky, splintery, angular, etc.), Appea-
rance, Structure, Alteration.

The recognition of cavings[3] will bring the opportunity to bet-
ter understand what is causing the problem while drilling and it 
will benet the oshore personnel during the decision making to 
address the problem.
The presented abstract has the following attachments: timeli-
ne, requirements, work package and achievements.

References
[1] C. Galvis, L. Viviana, R. Corzo Rueda, and H. Arguello Fuentes, \Caving depth classication by
feature extraction in cuttings images,” Earth Sciences Research Journal, vol. 18, no. 2, pp. 157{163,
2014. ISSN 1794-9190.
[2] C. Skea, A. Rezagholilou, P. B. Far, R. Gholami, and M. Sarmadivleh, \An approach for wellbore
failure analysis using rock cavings and image processing,” Journal of Rock Mechanics and Geotechnical
Engineering, vol. 10, no. 5, pp. 865{878, 2018.
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Carlos Izurieta
My passion for computers can be traced back to my pre-professional days. Whether to create small programs in 
Excel+VBA or coding the Hagerdorn & Brown correlation for fun in Visual Studio at EPN in Ecuador (graduated Cum 
Laude). I’ve been into coding from the start. Why? Because it makes tasks easier and the user can make better decisi-
ons. Right now, coding in Python and R for my master theses at UiS and Heriot-Watt University.
Previous my master studies I hold the role of Reservoir Engineer and made several simulation models for Field De-
velopment Plans. Since then, I wanted to optimize and give the best informed solution to colleagues and managers. If 
I’m not working with machine learning, then I’m simulating optimization algorithms in Petrel and tNavigator.

Luis Alejandro Rocha Vargas
”Digitalization and Oil & Gas Industry create an endless future which is part of the 4th Industrial Revolution”
Luis Rocha is a Petroleum Engineer, and he is from Camiri which is known as the Oil Capital of Bolivia. He has a strong 
ability to adapt and face new challenges. For the next years, he sees himself becoming a true expert a Drilling & Well 
Engineer and gaining deep expertise in the energy sector.
He has experience working and participating in Summer Internships at Repsol Norge AS and Archer. Also, He is cur-
rently working as a Graduate Teaching Assistant in the Master Petroleum program at UiS.
His education background includes a Bachelor’s Degree in Petroleum Engineering from UAGRM University in Bolivia. 
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The last decade has demonstrated that shale gas is an abundant 
resource that can affect the global energy supply and economy. 
It is recognized as having a soft environmental footprint compa-
red to conventional petroleum resources such as oil and con-
densate and unconventional resources such as coal and heavy 
oils. Shale reserves are however challenging to produce as the 
reservoir rocks are ultra-tight at the matrix level and rely on na-
turally occurring microfractures and induced hydraulic (macro) 
fractures from densely spaced wells to be effectively produced. 
As a result, recovery factors in the order of 5-10 % are obtained. 
The ultralow and multiscale flow regimes taking place challenge 
conventional understanding and hence, also modelling and me-
asurement, of flow in these porous media. Storage calculations 
must account for both free gas as well as adsorbed gas. Flow 
calculations must apply Non-Darcy flow concepts characterized 
using the Knudsen-number, effective pore radii, and geomecha-
nical effects. 
Experimental and theoretical findings have shown that both 
methane and CO2 can adsorb onto the shale surface. In parti-
cular, CO2 has greater adsorption affinity than methane and can 
hence lead to greater desorption and production of methane. 
This finding has led to vast research of using CO2 injection as 
an enhanced gas recovery (ESGR) technique in shales. Captu-
ring and storing CO2 for ESGR is also a great opportunity for the 
petroleum industry to contribute to the mitigation of anthro-
pogenic climate change. We do however emphasize that this 
is a business opportunity whereby there is an economic gain 
involved. CO2 injection in shales thus advances what we call the 
three E’s: Energy, Environmental and Economic sustainability.

This paper will review the state of research regarding flow and 
storage mechanisms in shale with emphasis on how CO2 can 
be injected for enhanced gas recovery and permanent storage. 
Using published experimental datasets and theoretical conside-
rations on sorption, the interaction of gases (CO2, CH4) with sha-
le rocks is presented, as well as discussions of the dependence 
of gas sorption capacity on shale properties, shale selectivity for 
either gas, recovery enhancement by CO2 injection and storage 
integrity of the shale framework. Finally, the state-of-the-art si-
mulation tools applied to interpret and forecast implementati-
on of CO2-ESGR in the field are discussed. We also highlight the 
various experimental and modelling aspects that still need to 
be investigated in future research to improve the technical de-
velopment of CO2-ESGR and address the concerns of long-term 
CO2 storage in gas shales.

Isaac Klewiah is a Reservoir Engineering (MSc.) graduate from the University of Stavanger. He does research in 
Enhanced Recovery Technology and is particularly keen about reservoir developments that are environmentally-friendly. 
Isaac had his bachelor’s degree in Petroleum Engineering from Ghana, his homeland, where his research focused on 
Carbon Capture and Storage Potential for CO2-EOR along the West African Transform Margin. 
Isaac previously collaborated as an MSc researcher with the UiS Smart Water EOR Group. Currently, He is a researcher 
with the UiS Shale Technology Group, where he has cooperated with partners in writing this review paper on CO2 
utilization and storage in unconventional gas shale reservoirs. 

Hans Christian Walker is a student from the University of Stavanger, where he has contributed in research and co-
writing of the review paper. His previous work is a Bachelor thesis about gas flow mechanisms in shale reservoirs.   
Hans Christian has a bachelor’s degree in petroleum technology from University of Stavanger and is pursuing a 
master’s degree in petroleum technology with specialization in natural gas. 
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Simulation Study of Co-Current 
Spontaneous Imbibition

Analytical solutions for forced and spontaneous 
imbibition accounting for viscous coupling

Spontaneous imbibition is the main driving mechanism for ob-
taining high recovery from the naturally fractured reservoirs 
with low permeable matrix. 
This thesis presents the results of a simulation study of an 
one-dimensional, co-current spontaneous imbibition in a stron-
gly water-wet sample. Experimental data that was used for this 
work was taken from Haugen et al. (2014, 2015). The circum-
stances of the experiments were characterized by one end face 
of the core to be open to brine (an inlet) and the other end face 
to be open to oil (an outlet). Under this Two-Ends-Open (TEO) 
boundary condition, both co- and counter-current flow can take 
place at the same time, in other words, the inlet can be produ-
ced counter-currently and the outlet - co-currently. 
The simulation program, IORCoreSim, was used to model the 
system in this thesis. The water-oil flow was developed by using 
Corey relative permeability type and J-function capillary pres-
sure correlation.  The experiments were matched by establis-
hing relative permeability and capillary pressure curves. After 
the match was obtained, the saturation functions were used to 
perform the sensitivity analysis. It was done by varying sever-

al parameters: mobility ratio by holding one of viscosities fixed 
while changing the other, then both viscosities at fixed mobility 
ratio, and furthermore capillary back pressure. The last two ca-
ses were performed at M=0.01 and M=11.
With increased oil viscosity at fixed water viscosity, the imbibi-
tion rate was observed to be lower with decreasing co-current 
recovery, while counter-current recovery was increased. The 
breakthrough time was delayed. With increased water visco-
sity at fixed oil viscosity, the trends for inlet and outlet recovery 
were similar with increased imbibition time. The breakthrough 
time was also delayed. 
For fixed mobility ratio with varying both viscosities, the trend 
showed that increased viscosity ratio has no impact on total 
production and co-current recovery was reduced as M increa-
sed whereas counter-current increased. 
The capillary back pressure influenced essentially the system 
at M=11 when compared with M=0.01. Counter-current reco-
very decreased with increasing capillary back pressure at values 
beyond the threshold capillary pressure. 

Figure: Illustration of Co-current and Counter-current SI (modified from Haugen et al., 2014).

Natalie Liev’yuk: I am a fresh graduate from the University of Stavan-
ger in MSc in Petroleum Engineering with a specialization in Reser-
voir Technology. I am currently enrolled in 
the Data Science bachelor program at the 
University of Stavanger where I am taking 
selected courses related to programming 
(Python, Java, Web), information and soft-
ware security, data structures, database sys-
tems, and communication technology. The 
combination of both of these specializations 
is challenging but yet it is preparing me for 
an exciting career in the Oil and Gas industry. 

Multiphase flow in porous media is typically modeled using re-
lative permeabilities. Fluid mobilities resulting from this stan-
dard method do not account for the role of viscous coupling 
between phases. Experimental lab measurements of mobilities 
are mainly from co-current displacements and may not be dire-
ctly transferable to counter-current flow settings. This is a chal-
lenge when trying to predict oil recovery from reservoirs where 
counter-current flow plays a significant role. It is especially re-
levant for fractured, water-wet reservoirs, where spontaneous 
imbibition (SI) due to capillary pressure is an important mecha-
nism for oil recovery. In such a reservoir, counter-current flow 
takes place when water from the fractures enters the matrix 
and oil is produced through the same surface.
Objectives: Theory and experimental results suggest that fluids 

travelling in opposite directions (counter-currently) experience 
greater flow resistance compared to when they travel in the 
same direction (co-currently). Hence, counter-current mobi-
lities should be lower than co-current mobilities for the same 
two-phase system. Similar phenomena are induced by variati-
ons in fluid velocities and viscosities. In this work, a generalized 
model for multiphase flow based on mixture theory is applied. 
The model gives fluid mobilities that depend on water-rock, 
oil-rock and water-oil interaction terms, defined in momentum 
equations. The objective of this work is to incorporate the ge-
neralized model into analytical solutions 
for forced and spontaneous imbibition 
to account for viscous coupling.

Eirik K. Nesvik, Dep. of Energy Resources, University of Stavanger.
Pål Ø. Andersen (Supervisor), Dep. of Energy Resources, University of Stavanger. The National IOR Centre of Norway, University of Stavanger, Norway.

Dag C. Standnes (Supervisor), Dep. of Energy Resources, University of Stavanger.

Eirik Kjos Nesvik: I chose petroleum engineering as it is a field that incorporates multiple disciplines, including physics, 
chemistry, geology, structural mechanics, statistics, risk management and more. Hence, it is well suited for someone 
with wide interests. I enjoy solving problems, theoretical and practical, and have always been curious to learn how 
things work. Within the field, some of my interests are reservoir simulation, fluid mechanics, flow modeling and methods 
for enhanced oil recovery (EOR).
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Applying Geological Process Modeling to a turbidite 
system in the Northern North Sea

Hybrid Thermal Assisted Gravity Drainage-
Waterflooding in Thin Heavy Oil Reservoirs

Co-authors: Alireza Zare, Ali Fattahi, Nikhil Bagalkot, Mohammad Nezhadali

A process is required to economically exploit the huge amount 
of heavy oil and bitumen trapped in thin formations. SAGD (Ste-
am Assisted Gravity Drainage) is not efficient for this type of 

harsh condition due to the extreme heat 
loss. In this study, a hybrid technique is 
developed, which encompasses the two 
mechanisms of gravity drainage and wa-
ter drive based on reservoir heating by 
heaters. Through the placement of ap-

propriate horizontal wells and heaters, oil is produced by the 
gravity drainage mechanism in the first stage. When the entire 
reservoir is heated and oil viscosity is reduced to the desired 
value, water is injected, pushing the oil by a water drive mecha-
nism. This process is shown to produce more oil and less energy 
compared to SAGD. The lower level of water requirement and 
surface facility and operation cost, compared to SAGD, make 
the process an efficient and economic method for heavy oil thin 
reservoirs.

Mohammad Nezhadali, a Master student at University of Stavanger, doing a Master program in Reservoir 
Engineering. I had my bachelor in Petroleum Engineering at Sharif University of Technology, Tehran, Iran.

Turbidite systems or submarine fans are considered to be the 
most important clastic accumulation in the deep marine en-
vironment. Due to the influence of both global and local factors 
on these deposits, the lack of outcrops, as well as the varying 
scale, there are mixed opinions on the assessment, classificati-
on, and modelling of turbidite reservoirs (Shanmugam, 2000). 
Previously, sandbox experiments have been the most common 
method for turbidite modelling. However, this approach has 
some limitations. For instance, the scale of the model is minia-
turized from the real system, and the execution is much shorter 
than the true geological time scale (Lai et al., 2016).
A relatively new and still underused approach, named geologic 
process modelling (GPM), or stratigraphic forward modelling 
(SFM), can help geologists to integrate the results of various 
disciplines into a consistent depositional model. This technique 
refers to a principle which quantifies and simulates the physical 
and biological processes, including sedimentation, compaction, 
and structural deformation, acting over geological time scales 
to reproduce the present-day geologic configurations (Tetzlaff 

and Harbaugh, 1989). With its properties, GPM is a sensible so-
lution to solve existing problems in turbidite modelling. Based 
on physical laws, GPM retains the true behaviour of a sandbox 
experiment. In addition, by applying numerical simulation, GPM 
does not have the time and space constraints of a physical la-
boratory (Tetzlaff and Priddy, 2001). However, the information 
needed to complete a model is extensive, and as such only few, 
if any, cases have yet been published, describing an optimized 
workflow for setting up a turbidite GPM model.
This study analyses a turbidite reservoir in the Northern North 
Sea to understand the controlling factors and geological evoluti-
on of the turbidite system. The main objective of the study is to 
validate the conceptual model and investigate the geometrical 
development and lithology architectures of the reservoir via the 
stratigraphic forward modelling approach.
The experimental results of this study show that the parameters 
obtained from the conceptual model can reproduce the distri-
bution of the reservoir at the well sites (Figure 1).

My name is Hoang Nguyen, and I’m a highly motivated master student who is adept at seismic interpretation and 
3D geologic modeling. I’m energetic and willing to tackle any challenge with an inquisitive spirit. Prior to joining UiS, 
I spent three years working as a geoscientist at Schlumberger Information Solution Vietnam. My main roles were 
resolving technical issues related to Petrel G&G, Techlog, and PetroMod, and a member of centralized support team of 
South East Asia market. I also had a short spell working as a testing engineer for Haliburton Geosteering application 
at Logigear Vietnam. I enjoy working in all geoscience aspects of both exploration and development phases, especially 
in the areas where I can learn and apply new technologies, as my master’s thesis is about the latest Petrel technology 
for geological modeling (GPM).

Figure 1. Cross 
section of the model 
at Well B.
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Formations using Data Driven Analytics
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1 Department of Energy Resources, University of Stavanger, Norway
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Worldwide waterflooded reservoirs exhibit on average a low 
recovery factor of about 30 %, which means there is great po-
tential for improvement through application of EOR processes. 
One of these processes involve plugging off high-permeable thi-
ef zones by injection of a chemical solution plug that hardens 
to form a gel once specific in-situ conditions are met, thus di-
verting injected fluids to the surrounding matrix and previously 
bypassed oil. 
One of the challenges with such an endeavour is to determine 
the appropriate composition, injection rate and injection volu-
me of the chemical solution. If insufficient volume is injected 
the plug may not set properly, or set in the wrong place. While, 
if too much is injected the plug may end up too close to, or even 
break into, the producer well. The injection rate is also critical 
as too slow injection may cause the chemical solution to harden 
before reaching its destination, while too strong injection might 
squeeze it into areas where it’s not wanted. Other challenges 
relate to the hardening time, which controls whether the slug 
hardens sooner or later, and its dependency on pH of injected 
brine, temperature profile along the chemical plug, and the 
exchange of ions due to interaction with in-situ rock and fluids 
in the waterflooded region. 
In contrast to earlier conformance practices, this study deals 
with the use of a combined polymer-silicate mixture as the 

chemical plug to shut-off larger fractures (and potential smaller 
ones as a secondary effect). The involved chemicals are environ-
mentally friendly and allowed for use on the Norwegian Conti-
nental Shelf (NCS).
To design how the plug can be successfully placed we will exa-
mine plugging mechanisms related to the main fracture and its 
relation to potential smaller side-fractures that may also exist. 
As the polymer-silicate mixture is injected there will be a build-
up of colloidal particles on the wall of the big fracture where 
the smaller side-fractures reach out from. This gradually limits 
leak-off of injected polymer-silicate solution to the surroun-
ding matrix. In addition, the viscous polymer-silicate solution 
may also reduce loss of chemical mixture into the smaller si-
de-fractures. The question that we seek to answer is how we, by 
optimal choice of polymer concentration and molecular weight/
size and silicate kinetic gelation properties, can effectively con-
trol this process in order to minimize leak-off while ensuring a 
set silicate plug of sufficient strength and quality. 
We plan to perform this study using IORCoreSim which has the 
built-in functionalities for modelling the chemical and kinetic 
behaviors of the polymer-silicate mixture. This will be used to 
build an understanding of the involved mechanisms, such as 
how the conditions for water conformance control might chan-
ge with increasing complexity. 

Jan Inge Nygård: I hold a Bachelors Degree in Petroleum Engineering and am currently enrolled in the Master pro-
gram, with specialization in reservoir technology, of which I aim to finish nigh June of 2019. During the spring of 2017, I 
performed a reservoir simulation study on Water-Alternating-Gas (WAG) as graduation subject for my bachelor thesis. 
I also participated in the Annual Student Paper Competition 2017 held by SPWLA, where I was invited to present my 
work on June 18th at the 58th Annual Symposium in Oklahoma City, USA. At the time my supervisors were Pål Østebø 
Andersen and Kenny Walrond. Recently Pål and I finalized an independent study on immiscible WAG injection, with the 
focus of gas trapping mechanisms in relation to reservoir heterogeneity, mobility and gravity segregation. 

Baber Rafique1, Dhruvit S. Berawala1.3, Pål Ø. Andersen2.3
1 Department of Energy and Petroleum Engineering, University of Stavanger, Norway

2 Department of Energy Resources, University of Stavanger, Norway
3 The National IOR Centre of Norway, University of Stavanger, Norway

Shale gas is one of the most rapidly growing forms of natural 
gas.  Rocks that in the past were of little relevance, other than as 
potential source rocks, are at present being actively pursued as 
potential reservoirs. Gas production from ultra-low permeable 
tight shale deposits are made possible by extensive and deep 
well fracturing which contacts large fractions of the formation. 
However conventional modeling and forecasting techniques 
have proved to be inaccurate and pessimistic. Thus, there is a 
paradigm shift in the industry towards Data Driven Analytics or 
Shale Analytics, as prospective a solution to model hydrocar-
bon production from shale reservoirs. This work presents one 
such model based on machine learning to match and forecast 
production.
Utilizing multiple well production data and reservoir characte-
ristics such as porosity, permeability, initial pressures, saturati-
on and fracture properties, a machine learning algorithm based 
on statistical modelling and artificial neural network (ANN) is 
developed to simulate gas flow from matrix to well-induced 
fractures and further to the well perforations. The ANN appro-

ach uses sigmoid and radial functions to this which is tuned 
by using Back Propagation Network (BPN). This methodology 
is capable of learning from provided data points without any 
pre-coded model and is intelligent enough to adapt as new data 
are made available.
The proposed ANN based model is adept to predict the producti-
on from shale reservoir under the influence of input parameters 
and analogous well data. The production potential of multiple 
wells is analyzed by using different design parameters for the 
completions and fractures. The model is matched against con-
ventional modelling techniques through commercial software. 
Various statistical scenarios are compared and key controlling 
parameters for optimized recovery are identified. Moreover, 
suggestions are made for well-induced fracture design parame-
ters including fracture permeability, spacing and dimensions.   
This model provides a new and intuitive approach for interpre-
tation of complex shale gas production. Moreover, it defines a 
base framework for shale analytics which can be updated with 
more complexities, data points and variables.
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Describing the impact of mechanical degradation on 
rheological properties of polymer solutions using the 

FENE-P Bead-Spring-Chain fluid model

Reactive Flow Simulations and Compaction
Magnus Kongestøl Raaholt (MSc Student, Department of Energy Resources, University of Stavanger, Norway)

Supervisors:
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Seawater-injection in carbonate formation leads to reactive 
processes that are linked to enhancing or affecting oil recovery 
via wettability alteration and chemical compaction. These effe-
cts are especially important for chalk fields such as Ekofisk and 
Valhall on the Norwegian Continental Shelf (NSC).
This study considers interpretation of recently performed floo-
ding-compaction tests (Korsnes and Madland, 2017), where 
two cores were flooded with multiple brines with different 
ion composition at reservoir (Ekofisk) conditions while creep 
compacting.
The first part of this thesis is a sensitivity analysis on a set of sta-
tic systems with different brines in contact with calcite, which 

is the major constituent mineral in carbonate reservoirs. This is 
used to determine what minerals that are reasonable to inclu-
de. This combined with review of recent modelling techniques 
and experimental work related to reactive flow and chemical 
compaction is used to setup relevant differential equations and 
boundary conditions for the model. The second part consists of 
making interpretations for the geochemical model, implemen-
tation of those and develop it in commercial software. An ana-
lysis of the reaction kinetic parameters will be used to further 
develop the model, such that it can used to predict geochemical 
behaviour under other conditions. 

Figure 1: Simple illustration of the idea of the model.

Magnus Kongestøl Raaholt
Bcs degree in Petroleum Technology, specia-
lizing in Reservoir Technology. Experimental 
thesis: “Flooding with a Synthetic Polymer at 
Different Brine Salinties” (2017). 

Ramesh Subedi1, 2 and Dmitry Shogin2, 3, 4
1Department of Mathematics and Physics, University of Stavanger

2The National IOR Centre of Norway
3Department of Energy Resources, University of Stavanger

4Norwegian Academy of Science and Letters

Polymer solutions are non-Newtonian fluids used in enhanced 
oil recovery due to their specific properties: Adding high-mo-
lecular-weight polymers to injected water signicantly increases 
the apparent viscosity of the latter, which leads to improved 
sweep eciency and allows to recover more oil from the reservoir. 
Under certain flow conditions, polymer molecules can undergo 
mechanical degradation: rupture of polymeric chains under lar-
ge stresses. This eect is undesirable, since the polymer solution 

gradually loses its important properti-
es when it degrades. Although the im-
pact of degradation on shear viscosity 
is relatively well understood based on 
experiments, it is not clear how degra-
dation affects the polymer behaviour 
in complex flows, where non-trivial 

geometries and time-dependent effects are involved. The first 
step to understanding of the role mechanical degradation can 
play in complex flows is realizing how it affects different ma-
terial functions, describing the polymer dynamics at various 
flow regimes. To do that, we use the dierential tensor FENE-P 
Bead-Spring-Chain model of polymeric liquids, based on kinetic 
theory. In this model, each polymer molecule is represented by 
a very long linear chain consisting of identical spherical beads 
connected by nonlinear springs. The number of beads in the 
chain is one of the eective model parameters – which enables 
us to make a connection between this parameter, number con-
centration of polymer molecules, and the degree of degradati-
on. Then we consider several simple degradation mechanisms: 
gradual erosion from the ends; mid-point rupture; and rupture 
at an arbitrary point.

Ramesh Subedi  from Nepal. I have completed my Bachelors degree from Nepal. Currently  I am  master’s student  of 
mathematics and physics department and the National IOR Center  in UIS. I am doing my  master’s thesis  under the 
supervision of  Dr. Dmitry Shogin.
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Structural Analysis of Half-graben Growth 
Geometries, Gulf of Corinth, Greece

The effect of core wettability on relative 
permeability in chalk material

The Peloponnese peninsula in mainland Greece is a highly faul-
ted region due to the active rift in the Gulf of Corinth. The rift 
is relatively recent containing highly preserved structures and 
sediments, making it an excellent area for structural and sedi-
mentological syn-rift strata growth geometry analyses. Growth 
strata geometries can be observed at several locations in the 
Southern area of the Gulf of Corinth in Greece. Syn-rift growth 
deposits are strata deposited during rifting and associated fault 
movement and are characterized by the thickening of the layer 
towards the fault. Faults foot wall upward movement and han-
ging wall downward movement creates accommodation space 
which sediments infill simultaneously to the fault movement. 
This movement causes gradual dip change and thickening of 
the syn-rift sedimentary strata towards the fault. Therefore, the 
accommodation space created during fault movement leads 
to the development of growth geometries. In addition, fault 
movement and accommodation space cause various facies dis-
tribution in growth strata. This conventional evidence of growth 
geometries is important for identifying syn-rift strata. However, 
in some cases, half-graben structures appear lacking the typical 
growth geometry structures. This leads to difficulties in identi-
fying syn-rift strata. This project will focus on growth strata de-
posit analysis and the syn-rift characterization issue of growth 
strata absent sequences.
The study area of the thesis consists of several outcrops located 
south of Gulf of Corinth, in the northern part of Peloponnese 

peninsula. Stretching from the Lapanagoi outcrop to the West 
to Xylocastro town to the East; from the Corinthian Gulf in the 
North to the Feneos town in the South and focusing on half/
graben structures.
The primary objective of this research is to investigate growth 
strata geometries in half-graben and delta deposits combining 
field mapping and LiDAR data in order to disclose syn-rift growth 
geometry development. This will include investigating the diffe-
rences in lateral and vertical facies changes and dip variations 
between the different growth geometry packages.
The main challenge of this area is the discrimination between 
syn-rift and post-rift packages. Previously, general mapping and 
field work data led to inconclusive results, causing plenty of 
areas affected by rifting to be only partially understood. High 
quality structural analysis and three-dimensional (3D) model-
ling of the study area will be accomplished using the combi-
nation of field data, Light Detection and Ranging (LiDAR) and 
photographs. The purpose of the additional photographs and 
LiDAR data are to collect detailed measurements of the bed-
ding geometries and to determine the existence or absence of 
growth geometries in a number of selected half-grabens. The 
acquired LiDAR data were processed 
and input into Petrel E&P Software Plat-
form, enabling the implementation of 
3D modelling and structural analysis of 
the chosen study areas.

Laura Vaiciulyte
Bachelor of Science, Petroleum Geosciences, University of Stavanger
Master of Science, Petroleum Geosciences, University of Stavanger - Expected Graduation: June 2019
Geological constrains on CO2 Storage subject, University Centre in Svalbard

More than 50% of the proven oil resources are located in car-
bonate reservoirs, but the recovery factor is relatively low. Most 
carbonate reservoirs are believed to have mixed wettability or 
are oil-wet. The oil adheres to the surface of the carbonate rock 
and its therefore harder to produce. Rock wettability is an im-
portant property when assessing reservoir recovery processes 
as it controls key transport properties of fluid flow in porous 
media. To understand the influence of wettability on relative 
permeability, fluid distribution and
mobilization is crucial in estimating the producible reserves and 
determining production strategies to maximize recovery.
In this work, two carbonate chalk cores from Stevns Klint will be 
used to evaluate the effect of wettability on unsteady state re-
lative permeability estimations. Pressure drops across all cores 
will be logged during forced imbibition tests, and the collected 
data will be used in combination with oil production profiles 

and end-point relative permeabilities to calculate the effect of 
wetting on relative permeabilities. One of the cores will be a 
water-wet core and the other two cores will have a modified 
wettability. The cores wettability is changed by flooding with 
different model of crude oils containing different concentrati-
ons of polar organic components (POC). POC are responsible for 
the wettability alteration towards a fractional wettability state. 
Polar organic is quantified by the acid and base numbers, AN 
and BN, and these are measured in mg KOH/g. In carbonate re-
servoirs, the acidic POC plays a major role.
This project will contribute with experimental measurements 
that will increase our understanding 
on how significantly wettability chan-
ges are on relative permeability, oil and 
water saturation during oil production.

Agnes Kahlbom Wathne
Master in Reservoir Engineering from the University of Stavanger (2017-2019)
Bachelor in Petroleum- and Process technology from the University of Bergen (2013-2016)
Exchange semester in Arctic Technology at the University Centre in Svalbard  (spring 2016)
Work experience: Fishbones AS (summer 2018)
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09:00  Registration, Tjodhallen
10:00  Opening
 Christine Sagen Helgø, Mayor of Stavanger
  Merete Vadla Madland, Centre director
 The National IOR Centre of Norway/UiS 
 Arne Graue, Professor UiB/NFiP
 Rikard Gaarder Knutsen, State Secretary 
 Ministry of Petroleum and Energy 
 

 #Openness
11:00  Knut Åm, Envision 
 How do we get beyond R and D?
11:20 Kristin Færøvik, Lundin 
 IOR from day one – Edvard Grieg as a case
11:40  Questions from session & «Young Talents» 1
12:00  Lunch

  #Sharing
13:00  Gunnar Hjelmtveit Lille, OG21
 Technology adoption is too slow – why we need  
 to speed it up, and how
13:20   Karl Johnny Hersvik, AkerBP
 Field of the Future
13:40   Maria Moræus Hanssen, DEA 
 The role of IOR in a changing energy world
14:00 Roger Flage, University of Stavanger/
 The National IOR Centre of Norway 
 Risk Analysis: Fundamental principles and IOR 
 applications
14:20  Questions from session & «Young Talents» 2
14:45  Coffee break

 #(Un)certainty
15:15   Reidar Bratvold, University of Stavanger/
 The National IOR Centre of Norway 
 Production Forecasts – Optimistic and Over  
 confident, Over and Over Again
15:35   Jon Sætrom, Resoptima 
 Uncertainty centric reservoir management to 
 continuously improve our subsurface under  
 standing 
15:55  Remus Hanea, Equinor/University of Stavanger
 Robust Multi-Objective Field Development Opti- 
 mization for the Mariner Asset 
16:15  Questions & Debate
16:50  End of scientific program day 1
19:00  CONFERENCE DINNER AT 
 CLARION HOTEL STAVANGER

19 March  #Recovering
09:00  Opening day 2
09:05 Kjetil Hove, Equinor
 IOR on the NCS – Experiences and opportunities
09:25  Mario Silva, IFE/The National IOR Centre    
 Revealing the hidden: Phase partitioning   
 tracers can lead to pure SORcery
09:45  Alex Hansen, NTNU
 The scale-up problem: A search for the missing   
 link between the pore scale and continuum scale
10:05  Questions from session & «Young Talents» 3
10:25  Coffee break

 #Application
10:55 Strengeplukk
11:10  Colin MacBeth, Heriot-Watt University 
 Infusing 4D seismic data into the third wave   
 of automation
11:30  Rolf Johan Lorentzen, The National IOR 
 Centre of Norway/NORCE
 History Matching Production and 4D Seismic   
 Data and Application to the Norne Field
11:50  Yu-Shu Wu, Colorado School of Mines 
 Multiphysical Numerical Simulation of CO2-  
 EOR Flooding
12:10  Questions                 12:20 LUNCH

 #creativity 
13:20  «Young Talents» stand up 4
13:35 Sarah Gasda, NORCE 
 Permanent carbon storage in EOR 
 reservoirs: towards carbon-neutral hydro-  
 carbon production on the NCS
13:55  Ingunn Westvik Jolma, NORCE   
 Can a petroleum engineer fix a broken 
 heart? Technology transfer between the   
 petroleum industry and medicine 
14:15  Questions
14:20 Coffee break
14:50  Mohan Sharma, The National IOR Centre    
 In-depth CO2 Mobility Control with Foam: 
 Demonstration using Field Pilot
15:10   Santiago Drexler, EOR Lab, Federal University  
 of Rio de Janeiro (UFRJ) 
 Challenge in IOR from heterogenous    
 carbonate reservoirs of deep offshore Pre-  
 Salt fields in Brazil 
15:30  Questions
15:35-16:00 Skjæveland Award / summing up
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