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Summary

Permanent abandonment marks the end of the life of an oil or gas well. Accordingly, the
penetrated formation must be isolated, preventing fluid flow to the surface or surrounding
formation, with a purpose to give long-term environmental protection. The isolation is
generally achieved by placing qualified sealing material, commonly cement, in the wellbore at
specific intervals. Recently, there have been concerns about the sealing performance of the
cement plug to create lasting isolation, knowing that the cement hydraulic integrity could be
compromised under various conditions one can encounter downhole. Therefore, enhanced
insight about cement plug sealing could provide the possibility to improve the planning and
design of well abandonment operations in reducing the risk of integrity issues in plugged wells.

A laboratory test assessing the sealing ability of a material to a pipe can be a relevant
approach for analyzing the hydraulic integrity of the cement plug. A literature study reveals
that there were only a few numbers of experimental studies investigating sealing performance
of cement plug, and the outcomes were dispersed and fragmented due to the lack of consistent
experimental setup. This highlights that further investigations may be sought to yield additional
information on the hydraulic integrity of cement plugs.

This research work aims to evaluate the sealing performance of cement plugs for permanent
well abandonment by using a function test apparatus, constructed in the SINTEF laboratory.
The test setup is based on the design from an existing study, which was also adopted in one of
the Oil and Gas UK guidelines. It is a small-scale replica of a downhole system constituted of
a cement plug enclosed inside a pipe. It has unique features that allow uninterrupted
consecutive processes of curing and testing, and it can simulate the realistic downhole
condition. In principle, the test is performed by subjecting a differential pressure and a flowing
gas across a cement plug placed inside a test cell. The gas flow rate through the cement plug is
measured and used as an indicator if the hydraulic sealing of the cement plug is compromised.
The differential pressure during the first sign of a leak is also measured.

First, a preliminary test is conducted to examine the setup functionality, generate the
baseline results, and compare cement curing conditions in results reproducibility. As the setup
is found to be operational and the dry-curing method (i.e. curing without access to external
water) is set in the testing protocol, comparative experiments are subsequently conducted. In
these experiments, two cement systems of neat- and silica-based cement are tested with
investigated parameters of pipe surface roughness, curing temperature, and cement additives.

The results show that placement of the cement plugs next to a rough-surface pipe and addition



of expanding agents are both effective in reducing the gas leak rate, and they can be
implemented to improve the integrity of the cement plug.

As the experimental results observed that leak was likely to occur at the microannulus
between cement and pipe interface, this research work covers the investigation of the fluid flow
dynamics in microannuli. The fluid dynamic study is conducted by using numerical simulation
of computational fluid dynamics (CFD) and divided into two parts. The first part investigates
the fluid flow dynamics of three fluid types - methane gas, water, and oil - in the microannuli:
(i) from real cases and (ii) from the theoretical-based model (uniform microannuli).
Furthermore, the second part investigates the fluid flow dynamics in uniform microannuli with
different wall roughness, and it is a complement analysis of the experimental works
investigating the effect of pipe surface roughness on the cement plug sealing. The overall
simulation results suggest that the fluid flow phenomena in the actual microannuli depend on
the microannuli morphology and the flowing fluid properties. Such microannuli with tortuous

shape and low-connectivity potentially increase the resistance for fluid to flow.



Acknowledgment

Undertaking this Ph.D. has been a long journey for me, and it would be not possible without
the support and assistance of all those who have been instrumental in the successful completion
of this research study. First, I would like to express my deep gratitude to my supervisor,
Sigbjern Sangesland, for the opportunity given to me, for the guidance and positive
encouragement he has given me during working on this research study.

I would also like to thank my co-supervisor, Torbjern Vralstad, the project manager from
SINTEF for the guidance, planning the work, and the fruitful discussions. His professional
attitude and constructive advice were helpful and improved my work during this research study.

I would like to thank the Research Council of Norway, Aker BP, ConocoPhillips, Equinor,
and Wintershall for supporting and financing the work through the research center The Drilling
and Well Centre for Improved Recovery (DrillWell). I appreciated the DrillWell center for
organizing the research group and the annual meeting, which was a valuable platform for
sharing and having a discussion with industry experts and diverse researchers.

I would like to acknowledge my colleagues from SINTEF, who have been very vital to this
research work. I would like to thank Nils Opedal for the valuable guidance and assistance
working on the experimental setup. I am also grateful for the time and efforts he put into helping
and guiding me in solving the technical difficulties. [ would also like to thank Ragnhild Skorpa,
for introducing and guiding me with the fluid dynamic simulations and the valuable
discussions, and I am also thankful for her advice on writing manuscripts. I want to thank the
staff of SINTEF Laboratory for allowing me to conduct the hydraulic integrity test and all the
technical supports.

I would like to express my gratitude to technical staff in NTNU Reservoir Laboratory and
mechanical workshops for the help and supports during the permeability testing. I wish to thank
friends and colleagues from the department who contributed greatly to my personal and
professional time in Trondheim. Special thanks to Geir-Ove Strand, I Gusti Agung Gede
Angga, and Titus N Ofei for the discussions and advice in writing this thesis.

Last but not least, my biggest thanks to my family and friends for the never-ending supports
and encouragement during the study. I also wish to thank Steven for the patience and

motivational supports and being my best friend.

“Every story starts with an idea, but it is the characters that move this idea forward.”

— Michael Scott, The Alchemyst



Table of Contents

SUIMIMIATY ..ttt e et e sttt e st e ettesbeeesteesaseesaseessseenseeensaeenseesaseesnseessseenssesnsseenseesnne 1
ACKNOWIEAZIMENT .....oovviiiiieiiiciiecie ettt ettt e e teebeesbeessesesesseesseessesenas iii
Table Of CONLENLS .......eieeieiieiieie ettt ettt ettt sa et e e e ese e st e teenteeneesseenseenseeneennes v
LiSt Of PUDLICALIONS .....eeeieiieniieie ettt st e s te e s e sneeneesneeeneesseenseennens vi
INOMENCIATUTE ...ttt ettt et et et st et e s be s bt ebeebeeseene e e enteneeneenbenaen vii
Chapter 1 INErOAUCTION ......oeiiiiiiiie ettt sttt sttt e be st e st et e e eeseeeee e 1
1. 1 Background and motiVation...........ceruieriieiirieniieeee ettt 1
| ] o111 1 7t USSR 2
1.3 TRESIS COMEENL ...c..etiiieiieiieiieiet ettt ettt ettt be st eb e eb et eb et et et et e b e 3
Chapter 2 Cement plug for well plugging and abandonment ..............ccoecveveerieecrenceeneeneenenen. 5
2.1 OVerview Of P&A OPETAtION ......c.eecvieieiieriieie ettt ettt ae e ssaeseensesnees 5
2.2 Portland cement and special cement SYStEIMS ...........ccuerueriererierenenieeeeeieee e e 6
2.3 Potential leakage pathways and failure mechanisms of set cement in P&A wells........... 8
2. 4 Existing experimental tests of cement hydraulic integrity..........cccecervervecierienveneeneeen. 9
Chapter 3 Methods of the experimental WOTrKS ..........cccccivvierieriiiiiieierieeeeeeeee e 11
3. 1 Function test of the cement plug hydraulic sealing ...........ccoeoereererieneniee e 11
3.1.1 Setup components and test Cell ..........ccirviiriirieriieiieieieieeeeee e 12
3.1.2  Test preparations and ProCedure.............coevverierrierienienreeteeeeseesre e eaesree e eseeenas 14
313 TEST OULPUL ...ttt e 15
3.2 Gas permeability MEaASUIEIMENL ...........eeirieeieeieieiieieiese et se ettt eae e tenea e eeseeeas 15
3. 3 Surface roughness MEaSUIEMENLT. .........cuevuieiiieriieientieieete ettt 16
Chapter 4 Experimental results of cement plug sealing............ccoeevevvievieviieiiinienieieeie e 19
4.1 The preliminary study of the function test (Paper I)........ccccoevenininiencnieceniicncncenn 19
4101 MALETIALS .ttt 19
4.1.2  Results and diSCUSSION. .....ccueiuiruiriiiitieiieieete ettt e 19

4. 2 Effect of casing surface roughness on neat and silica cement systems (Paper III)......... 21
42,1 MALETIALS .ttt ettt a et et e e e 21
4.2.2 Results and diSCUSSION.......ccueeiuiiriiiieiietee ettt ettt ettt e e e e eeeeeaeeseeens 23

4. 3 Effect of curing temperature and expanding agent on silica cement systems (Paper II) 25
L B R\ (< 4 T 1 LTRSS 25
4.3.2  Results and diSCUSSION.......cc.eriririririiriiceieeeeseee ettt 25



Table of Contents \%

Chapter 5 Fluid dynamics in MIiCrOANNULL...........cecverueeeieriierieieeieeeesie et eeee e eseeneeeaeseeens 29
5. 1 Effect of microannuli geometries and fluid types on the fluid dynamics (Paper 1V).....29
5.1.1 Sample preparation and defects visualization of real microannuli.............c.cccoc.... 30
5.1.2  Microannuli geometries characterization .............ceceeeerieerieeienieneeeee e 30
5.1.3  Simulation Preparation .........c..cecceceeeeierterienienieneneneneneee ettt ettt ste e neen 32
514 RESUIS ..ottt ettt ettt ettt ettt e ne e neenneeneas 33
51,5 DISCUSSIONS ...ueiutitititerteeteete et etteit et eite e et e te b e seeetesbesaeebeeseebeeseeneeneeneensensensenbeneeas 36
5.2 Effect of wall roughness of uniform microannuli on the fluid dynamics (Paper III) .....38
5.2.1 Microannuli models characterization ............c.cceeeevierierieriinieeeeeeee e 38
5.2.2  Simulation Preparation ..........cc.cceeeereereeerierieneere et et eteeeee st et ete e sneesaeeaeeneas 38
5.2.3 Results and diSCUSSION.......cc.eiuiririiiiieieietetee sttt ettt 39
Chapter 6 Conclusions and recommendations ..........c..cceoererererereneneneeeeeeeereneeneenneneennes 43
6. 1 CONCIUSIONS ...ttt ettt ettt e et et et e se e te bt ebeebeeseeseeneeneensesanseasessenas 43
6.2 ReCOMMENAALIONS ... eouiiieieieiteeieee ettt ettt ettt sttt et ete st ese et e e et esaseseeneeas 44
RETETENCES ...ttt sttt st eb ettt ettt nbe e 45
Appendix A Supplementary materials for Chapter S..........ccceeevieievienieieeerieseee e, 49
A.1. Sensitivity analysis of models for the CFD simulation .........c..coccoceeenercniencnicncncnnenn. 49

A.2. Simulation results: effect of uniform microannulus surface roughness to fluid dynamic at

the condition Of 1200 C....c.ovieuiiiiiiiiiieice ettt 50
Appendix B Paper L ....oooooiiice e e 51
Appendix € Paper IL.....c.ooioiiiiieiecieeee ettt s 59
Appendix D Paper IL... ..ot 69

Appendix B Paper IV ... e 89



List of Publications

My contribution in terms of experimental/simulation work, analysis, and writing is stated in
parenthesis:

e Paper I, “Laboratory Test on Cement Plug Integrity”
Nils Opedal, Anisa Noor Corina, Torbjorn Vrdlstad

This paper was presented by Nils Opedal at ASME 2018 37th International Conference
on Ocean, Offshore and Arctic Engineering in Madrid, June 2018 and published in the
conference proceedings (40%, 20%, 10%).

e Paper II, “Cement Plug Sealing Studies of Silica Cement Systems”
Anisa Noor Corina, Nils Opedal, Torbjorn Vrdlstad, Sighjorn Sangesland

This paper was presented at ASME 2019 38th International Conference on Ocean,
Offshore and Arctic Engineering in Glasgow, June 2019 and published in the
conference proceedings (90%, 80%, 80%).

e Paper III, “The Effect of Casing Pipe Roughness on Cement Plug Integrity”
Anisa Noor Corina, Nils Opedal, Torbjorn Vrdlstad, Ragnhild Skorpa, Sigbjorn
Sangesland

This paper was accepted by SPE Drilling and Completion (95%, 80%, 80%).

e Paper IV, “Fluid Flow Analysis of Different Fluid Types Flowing Through Real
Microannuli”
Anisa Noor Corina, Ragnhild Skorpa, Sigbjorn Sangesland, Torbjorn Vrdlstad

This paper will be submitted for journal publication (90%, 80%, 80%).

ADDITIONAL PUBLICATIONS

e Strand, Geir-Ove and Corina, Anisa Noor. On Risk Control in The Well Plugging and
Abandonment Phase: The Case of The Norwegian Continental Shelf. Journal of Petroleum
Science and Engineering, Volume 183, December 2019.

CONFERENCES AND MEETINGS

e Annual DrillWell Seminar. Poster presentation: “Cement Plug Integrity in P&A Phase”
on 27 September 2017, Stavanger, Norway.

e Annual DrillWell Seminar. Technical presentation: “The Effect of Casing Pipe
Roughness on Cement Plug Integrity” on 26 September 2018, Stavanger, Norway.

e SPE/TADC International Drilling Conference and Exhibition. Technical presentation:
“A Laboratory Study of the Effect of Casing Pipe Roughness on Cement Plug Integrity”
on 7 March 2019, The Hague, Netherlands.

e Annual DrillWell Seminar. Technical presentation: “Fluid Flow Analysis of Different
Fluid Types Flowing Through Real Microannuli” on 25 September 2019, Stavanger,
Norway.



Nomenclature

Greek letters
N Fluid viscosity [Pa-s]
P Fluid density [kg/m®]
AP Differential pressure [Pa, bar]
VP Pressure gradient [bar/m, kPa/m]

Roman letters

A Coefficient describing energy losses due to the viscous effect

B Coefficient describing energy losses due to the inertial effect

F, Forchheimer number

ID Inner diameter, [cm, mm, inch]

K Permeability, [Darcy]

L Length [m]

oD Outer diameter, [cm, mm, inch]

P Pressure [bar]

Pr Inlet pressure [Pa, bar]

Ps Reference pressure at the standard condition [Pa]

0 Volumetric flow rate [m?/s, ml/min]

Our Average volumetric flow rate [m>/s]

Ra Surface roughness parameter based on the mean height [um]

RSy Surface roughness parameter based on the spacing parameter [mm]

Rz Surface roughness parameter based on the height discrimination [mm]

T Temperature [T]

Ty Inlet temperature [K, °C]

Ts Reference temperature at the standard condition [K]
Abbreviations

BWOC By weight of cement

C-S-H  Calcium silicate hydrate

CFD Computational fluid dynamic

CT Computed tomography

P&A Plug and abandonment

STP Standard temperature and pressure






Chapter 1

Introduction

1.1 Background and motivation

Plug and abandonment (P&A) operation is not a new topic in the petroleum industry, and the
practices have not changed much yet over time (NPC 2011, Khalifeh et al. 2019). Nonetheless,
the subject has received a growing interest in the past years because many mature oil and gas
fields are about to reach their end of productive life, and this signifies increased demands for
P&A operation in the future (Trudel et al. 2019, Vralstad et al. 2019). For example, in the
Norwegian Continental Shelf, it was predicted that 12% of active wells (362 wells) would be
decommissioned between 2016-2025 (Oil & Gas UK 2016). Furthermore, this growing interest
in P&A has been intensified by the progressive change in the P&A regulations to include
stricter requirements, driven by the increased awareness of environmental protection as a result
of'the 2010 Macondo oil spill in the Gulf of Mexico (Smith and Shu 2013, Vralstad et al. 2019).
Under these circumstances, the current attention is centered on developing optimal and cost-
efficient strategies to achieve a long-lasting well abandonment.

One of the key parameters to achieve long-term integrity in the abandoned wells is the
hydraulic isolation of the sealing material (Daccord et al. 2006, Oil & Gas UK 2015). Portland
cement is one of the qualified sealing materials that is commonly used in the well abandonment.
Good quality of set cement has the fundamental attributes for zonal isolation, as it retains a
sufficient mechanical strength and has low porosity and permeability (Barclay et al. 2001,
Nelson and Michaux 2006). But once the cement plug is placed downhole, it can be exposed
and subjected to different loading scenarios that can be critical to the cement integrity, such as
cement shrinkage, thermal and pressure variation from the surrounding formations and offset
wells, or tectonic activities (Akgiin and Daemen 1999, Mainguy et al. 2007, Bois et al. 2011,
Therond et al. 2017, Bois et al. 2019). Defects in set cement can potentially develop into
leakage pathways and increase the well effective permeability (Duguid et al. 2013, Gasda et al.
2013), and this condition can imply costly and difficult remedial plugging and safety issues.
The raised concerns of cement integrity issues at the downhole underlines the need to seek
more knowledge of the hydraulic isolation of the cement plug for well abandonment.

Relevant to the above scheme, laboratory tests of the isolating ability of a sealing material
can be instrumental for analyzing the hydraulic integrity of a cement plug. The literature study

shows that there were few numbers of experimental tests proposed to investigate the hydraulic
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sealing of the cement plug, but the results were dispersed because the experimental setups were
lacking consistency (Nagelhout et al. 2010, CSI Technologies 2011, Aas et al. 2016).
Therefore, further evaluation of the hydraulic sealing performance of cement plugs is found

necessary to carry out.

1.2 Objectives

The main objective of this research work is to evaluate the hydraulic sealing performance of
cement plugs inside pipes relevant for well abandonment. In order to assess the sealing
performance of cement plug, a small-scale apparatus is built based on the design by van Eijden
et al. (2017), which was also adopted in Oil and Gas UK guidelines (Oil & Gas UK 2015).
Considering the novelty of the existing research on the function test, a preliminary study is
conducted to investigate the functionality of the setup, generate baseline results, and establish
the cement curing methods. The key findings from the preliminary study are then used as the
reference for further experiments.

In the next step, comparative experiments are conducted to examine the effect of several
influencing parameters on the cement plug isolation. In these experiments, the sealing
performance of both neat cement and silica cement are tested and linked to parameters: (i) pipe
surface roughness and (ii) curing temperature and expanding agent additive. Moreover, post-
examinations on the cement plug samples, such as visual inspection and gas permeability
measurements, are conducted to identify the location of the leak sources and analyze the
possible mechanism failure.

Another objective of this research is to study the fluid flow dynamics in the cement defects
of microannuli. A numerical simulation-based study of CFD is conducted, and the study is
divided into two parts. The first part focuses on the investigation of fluid flow phenomena of
three different fluids — methane gas, oil, and water — flowing in real microannuli and
theoretical-based microannuli (uniform microannuli'). In the analysis, the fluid streamlines and
flow regimes are characterized and associated with the microannuli morphology and the
properties of flowing fluids. Furthermore, the analysis looks into the comparison in fluid
dynamics between the real- and theoretical microannuli. The second part of the simulation
study is a continuation of the experimental work investigating the effect of casing surface

roughness on the cement plug sealing. In this part, the fluid flow dynamics in uniform

! The uniform microannuli is modeled to have a perfectly uniform aperture (or gap) with homogenous features at
all sides.
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microannuli with different wall roughness are investigated, and the results are used to analyze
leak path characteristics in the tested cement samples.

The main contributions of the research work related to the above objectives are summarized
in Fig. 1-1.

Conference articles

; Research objectives Journal articles
(peer-reviewed)

Experimental work

Paper I &——— (1) Preliminary study

Comparative experiment:
effect casing surface roughness |

Paper I1 \
\ Comparative experiment:
3 effect curing temperature &

expanding agent Paper III

Fluid dynamics simulation
Paper IV

Fluid flow in real &
theoreotical microannuli

Fluid flow in uniform microannuli |
with different wall roughness

Fig. 1-1. The relationships between research objectives and research articles

1.3 Thesis content

This Ph.D. thesis consists of this main report and four papers, enclosed in the Appendix. The
main report includes the background and objectives of the study, the theoretical framework,
and the summary of the main research work. An appendix is enclosed in the main report,
providing additional information relevant to the main study. The detailed structure of this thesis
is as follows:

e Chapter 1 outlines the background, motivation, and objectives of the research work.

e Chapter 2 presents the theoretical framework of cement plugs in the well abandonment
relevant to the research work. It covers the overview of typical P&A operation, oilwell
cement characteristics with few examples of special cement systems, and typical
defects in set cement during the abandonment phases. The last part of this chapter
describes the existing experimental setups for evaluating the hydraulic isolation of set
cement.

e Chapter 3 describes the tools and procedures employed in the experimental part of this

research. The first part describes the small-scale setup for the function test of cement
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plug hydraulic sealing. The last part of this chapter describes the gas permeameter and
the surface roughness measurement tool.

e Chapter 4 presents the experimental work of this research study. The first part presents
the preliminary study on the setup for the function test (Paper I). The remaining parts
present the comparative experimental tests of the cement plug sealing performance with
different investigated parameters: (i) casing pipe roughness and cement systems (Paper
IIT) and (ii) curing temperature and expanding agent additive (Paper II). In each part,
the materials and setups are described, and followed by results and discussion.

e Chapter 5 presents the simulation work investigating the fluid dynamics of flow through
microannuli. The first- and second parts of the simulation work are discussed
consecutively in this chapter.

e Chapter 6 presents the conclusions from the findings and analysis in the research work

and recommendations for future study.



Chapter 2

Cement plug for well plugging and abandonment

2.1 Overview of P&A operation

The life-cycle of a well begins when it is spudded and ends when it is permanently abandoned.
During this life-cycle, a well can enter one or several states, and eventually, it will be
permanently abandoned after fulfilling its purpose (Kaiser 2017). In many regions, well
abandonment operations must strictly comply with the abandonment regulations and standard
guidelines issued by the government authorities in place or the industry associations. Although
the requirements could vary, the intent of the P&A operation essentially is to achieve the
permanent isolation of the penetrated formations, preventing fluid migration to the surface,
freshwater, and surrounding formation (Liversidge et al. 2006, Abshire et al. 2012).

The details of P&A operations could differ depending on the well characteristics, and
typically it requires the removal of completion or production hardware and installation of the
necessary sealing materials. Based on the standard in the Norwegian sector, NORSOK D-010,
permanently plugged wells require two independent permanent well barriers placed at the level
of the reservoir/perforation and the potential flow zones in the overburden, and one permanent
well barrier installed at the shallow level or below the surface bed, as illustrated in Fig. 2-1
(NORSOK 2013). It is also stated that the permanent well barrier shall extend the full cross-
section of a wellbore, from formation to formation, including the annuli, preventing fluid flow
in the lateral and vertical direction.

There are various sealing materials that can be used for plugging wells, and these
materials must fulfill the required criteria to effectively and successfully plug the well. The
requirements are as follows (NORSOK 2013):

e provide long-term integrity

e impermeable;

e non-shrinking;

e able to withstand mechanical loads;
e chemically resistant;

e ensure bonding to steel;

e not harmful to the steel tubular integrity.
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Portland cement has been used as a plugging material in the oil fields around 1920s (King
and Valencia 2014), and it is the most common material used because it is widely available and
fulfills the essential criteria of hydraulic sealing, e.g., impermeable (Nelson and Michaux
2006). Alternative and emerging plugging materials may also be used for P&A operation, such
as blast furnace slag, bentonite, low melting point metal alloys, resins, formation, and thermite

(Khalifeh et al. 2013, Oil & Gas UK 2015, Vralstad et al. 2019).

Wellhead and
X-mas tree removal

IN

Surface plug:
“environmental barrier”

Primary and secondary
barriers toward potential
flowzones in overburden

Primary and secondary
barriers toward reservoir

Before P&A After P&A

Fig. 2-1. A simplified illustration of a typical offshore well before and after abandonment, adapted from
Vralstad et al. (2019). The color-coding of the barrier was based on the definitions from NORSOK (2013).

2.2 Portland cement and special cement systems

Portland cement is commonly manufactured for the use in oil well cementing. Based on the
manufacture and cement composition, oilwell cement is classified into eight classes of API-
ISO cement (Nelson and Michaux 2006). Among those, the class G well cement is the most
commonly used, and it is intended for use as a basic well cement. Primarily, the Portland
cement clinker consists of hydraulic calcium silicates, calcium aluminates, and calcium

aluminoferrites.
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The cement clinker phases are anhydrous and chemically react with water when they are
in contact, forming solid hydrated products. The predominant phase of the hydrated products
is quasi-amorphous calcium silicate hydrate (C-S-H), which constitutes roughly 65% of fully
Portland cement at ambient conditions. Another cement hydration product is calcium
hydroxide (Portlandite), which is highly crystalline and fills around 15%-20% (Powers 1958,
Nelson and Michaux 2006). As hydration continues, more products occupy the spaces between
and among the cement grain, forming a dense microstructure that adds sufficient strength to
the cement. The hydrated cement intrinsically has low porosity and permeability (Powers
1958).

The chemical reaction during the hydration process leads cement to shrink because the
volume of the product is less than that of the reactant, and this process is usually known as
chemical shrinkage. The amount of chemical shrinkage is approximately 6.4 ml/100 g cement
reacted (Powers 1958). Before the skeleton of hydration products develops, cement can deform
freely from this shrinkage. And after the skeleton is formed, the chemical shrinkage becomes
restrained due to the rigid structure of cement, and it can occur as autogenous shrinkage. The
autogenous shrinkage is the external volume reduction caused by the mechanical response to
capillary stress generated by chemical shrinkage, ranging from 0.5-5% volume reduction
(Thiercelin 2006). This degree of shrinkage is highly dependent on the curing condition (water-
to-cement ratio, temperature, and pressure), cement clinker properties, and additives (Reddy et
al. 2009). The cement shrinkage becomes one of the challenges in well cementing because the
volumetric reduction can induce cracks or microannuli (Bois et al. 2011).

In some instances, an expanding agent can be added into the cement to counteract the
shrinkage, and several studies have linked the positive performance of the expanding agent to
reduce the risk of crack or debonding (Boukhelifa et al. 2004, Nagelhout et al. 2010, Aas et al.
2016). In general, the cement expansion can be achieved through mechanisms of (i) crystal
growth or (ii) gas generation (Nelson et al. 2006). One of the examples of the former
mechanism is the use of calcined magnesium oxide that can induce an expansive force, which
is exerted from the hydration of magnesium oxide to produce an oxide mineral (or a crystal of
magnesium hydroxide). This expansive force could displace the cement components and
increase the bulk volume of the cement matrix (Ghofrani and Plack 1993).

Other types of special cement systems are typically used to address particular wellbore
problems, for example, high-temperature wells. The biggest challenge of a wellbore with high
downhole temperature is the significant deterioration of the physical and chemical behavior of

neat well cement. At an elevated temperature higher than 110° C, the C-S-H phase often
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converts to alpha dicalcium silicate hydrate, a highly crystalline phase that is very weak and
porous (Eilers and Root 1976, Nelson and Barlet-Gouédard 2006). This metamorphism
ultimately could both decrease the compressive strength and increase the permeability of the
set cement, also known as strength retrogression. One of the solutions to prevent this event is
the addition of silica, such as silica flour or silica fume, into the cement system to promote the
formation of C-S-H phase through the chemical reaction between silica and calcium hydroxide,
also known as pozzolan reaction (Patchen 1960, Grabowski and Gillott 1989, Gaurina-

Medimurec et al. 2017).

2.3 Potential leakage pathway and failure mechanism of set cement in P&A
wells

The integrity of permanently abandoned wells could be compromised if damages present in the
wellbore barriers, potentially contribute to the evolution of leakage pathways. In both cement
plug and cement sheath, leakage could occur through defects formed in the body of the set
cement, for example, set cement with low permeability and porosity or cracks/voids (Fig. 2-2).
It could also occur through pathways formed around the cement body, from channeling or
debonding at the interface between cement/casing or cement/formation.

These cement damages could be induced by different mechanisms that arise during or after
plugging operation, and the following mechanisms were suggested as the main reason (Trudel
etal. 2019) :

o The time-dependent deformation mechanism involves the cement shrinkage during the
initial hydration process, which could risk diminishing the cement integrity through the
formation of shrinkage cracking or microannulus. The cement hydration progressed for
an extended period, but at a later age, the process is diffusion-driven at a slow rate.

o Chemical degradation typically occurs due to the presence of reactive fluids in the
wellbore, such as H2S, CO», or brine, that could induce chemical reaction with the basic
compounds in cement and deteriorate the cement properties.

o Pressure and thermal stress variation during the abandonment phase could arise from
the operations on the neighboring wells, such as active steam or water injection,
hydraulic fracturing, or tectonic activity. Numerical studies found that stress variations
could induce mechanical failure in the set cement (Akgiin and Daemen 1999, Mainguy

et al. 2007, Bois et al. 2011, Bois et al. 2019).
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Cement sheath

Cement plug

Fig. 2-2. The possible leakage pathways in cement plug and sheath: (a) red arrow: flow through the cement
body, (b) green arrow: flow through the pathway formed at the interface between casing/cement, and (c) blue
arrow: flow through the pathway formed at the interface between formation/cement. The figure was adapted

from Vralstad et al. (2019)

In addition to the above mechanisms, Kiran et al. (2017) implied that failure in cement
integrity could be attributed to the in-situ or physical factors, often related to the operational
procedure (e.g., cement placement) and the use of materials. Others suggested that factors such
as the completion type, well vintage, and regulatory guidelines also play a particular role in the
well integrity (King and Valencia 2014, Kaiser 2017). Nevertheless, the root of failures in the
well abandonment may be difficult to diagnose or observe, and they are likely impacted by

multiple mechanisms.

2.4 Existing experimental tests of cement hydraulic integrity

The assessment of the hydraulic isolation of set cement requires a purpose-built setup with
fluid flow rate measurement as a leakage indicator. The studies investigating the sealing ability
of a set cement have been ongoing since the 1960s, and most of the early studies focused on
the importance of effective bonding at the interface of cement/casing or cement/rock to provide
adequate protection against leakage (Evans and Carter 1962). The required bonding strength at
the interface to prevent fluid from flowing is defined as the hydraulic bond strength (Opedal et
al. 2019). Several studies have measured and correlated the hydraulic bonding strength of
cement with several parameters, such as cement types and additives, casing coating and
materials, formation types, wetting fluid types, and mud removal (Evans and Carter 1962,
Carter and Evans 1964, Scott and Brace 1966, Khalifeh et al. 2018). Although these studies

provided beneficial insight of the interaction between cement slurry and casing/formation to
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form initial bonding, bonding was no longer assumed as the only parameter that contributes to
leaking cement (Bois et al. 2011).

Further experimental studies started to look into the effect of mechanical and thermal loads,
which could arise from different downhole operations, on the cement sealing performance. The
operating conditions simulated in these studies include pressure test (Goodwin and Crook
1992), thermal and pressure cycling (Jackson and Murphey 1993), and water injection
(Therond et al. 2017). Aside from the hydraulic sealing assessment, these studies also examined
the type of failure mechanism induced by the applied loads. The overall findings of these
studies deliver comprehensive information of cement hydraulic sealing under different cases
of realistic operating condition, but the results were only relevant to the annular sealing of the
cement sheath.

Relevant to the internal casing isolation for well abandonment, a specific laboratory setup
to test the hydraulic sealing of the cement plug is required, and there were few existing studies
conducted the analysis (Nagelhout et al. 2010, CSI Technologies 2011, Aas et al. 2016). In
these studies, the test was performed by measuring the water/gas leak rate through plug material
placed in the casing pipe, subjected to differential pressure. However, to produce comparable
results, the experimental assessment should be run by using a consistent apparatus and testing
protocol (Nagelhout et al. 2010). Following these studies, van Eijden et al. (2017) proposed the
design of small- and large-scale experimental equipment for a functional test of a full-bore plug
that has a similar test principle to former setups. It has an additional feature that allows
uninterrupted cement curing and testing processes in a controlled environment to simulate the
realistic downhole condition. The design of this experimental setup was also included in Oil
and Gas UK guidelines as a function test for sealing material qualification (Oil & Gas UK

2015).



Chapter 3

Methods of the experimental works

This chapter presents the tools used for the experimental works, which include (i) the cement-
plug hydraulic integrity setup, (ii) gas permeameter, and (iii) surface roughness measurement
tool. The details of the procedure and outputs from the measurement are also included for each

described tool.

3.1 Function test of the cement plug hydraulic sealing
A small-scale laboratory setup was built and used to evaluate the sealing ability of the cement
plug, as seen in Fig. 3-1. The setup was constructed based on the function test proposed by van
Eijden et al. (2017) and had the following design features:
e Curing and testing the cement plug at elevated pressure and temperature to approximate
the actual downhole condition.
e The adjustable platform system installed in the setup allows uninterrupted curing and
testing processes consecutively to minimize changes in cement and casing properties.
o The setup is connected to an automatic system, and thus the test can be conducted with
minimized effects of human factors.
e The test procedure when creating the differential pressure across the cement plug is
designed to avoid ballooning of the test cell.
e The test outputs are used to indicate the minimum pressure required for gas to flow

(breakthrough pressure) and the gas leak rate if the cement plug fails to seal.

il |
Heating cabinet

|
Automated system

]

Fig. 3-1. The small-scale laboratory setup for testing cement plug integrity
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Fig. 3-2. The simplified layout of the function-test setup with the essential elements

Setup components and test cell

Fig. 3-2 shows the layout of the key components composing the experimental setup, which

functions are explained as follows:

o A test cell to simulate the cement plug inside a pipe, and it is placed inside a heating

cabinet.

A heating cabinet to heat the test cell, equipped with a temperature sensor and a
controller.

A nitrogen source to pressurize the test cell.

A manual pressure regulator (R-101) to manually control the pressure within the system.
Two Bronkhorst Mass Flow Meters (VF1 and VF2) to measure the gas flow rate. The
flowmeter VF1 measures up to 56.25 ml/min, and VF2 measures up to 562.5 ml/min.
Both flow meters measure the mass flow rate of gas at the standard condition of pressure
1 bar and temperature of 20° C.

Two GE-Druck pressure indicators (PI), each connected to the top and bottom side of the
test cell, to detect pressure change in the system.

One Fuji Electric FCX pressure transmitter (dP)! to measure the differential pressure

between the pressure indicators.

! The pressure transmitter has the smallest resolution of 0.01 bar
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e An automated pressure regulator (R-102)! to automatically control the pressure inside

the system.

e A data acquisition system to read and record measurements from different sensors

periodically (usually per 10 seconds). It also can control the adjustable platform system

inside the test cell.

Top cap

Test pipe
ID=5cm
OD=75cm
Length = 50 cm

Cement plug
— Length ca. 40 cm

Teflon plate

Bottom cap
Adjustable platform
system

Gas feed

\.,/ Piston

(a) The drawing of test cell with the essential components

Cement paste
(slurry)

)

Pneumatic air

(b) Platform system at upward position to provide
support the liquid phase of cement paste during
curing process

Hardened
cement

<=3 Pneumatic
air

(c) Platform system at downward position to allow
gas feed flowing into the pipe after cement is set

Fig. 3-3. The schematic drawing of the test cell

Fig. 3-3 shows the details of the test cell. The test cell has three main parts, described as

follow:

1. A steel pipe (or casing). It is used to contain a cement column and has a dimension of

the outer diameter (OD) of 7.5 cm (3”), the inner diameter (/D) of 5 cm (2”), and a

height of 50 cm (19.6”).

! The pressure regulator has the smallest resolution of 0.01 bar.
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2. Top cap, with Swagelok 1/8” connection ports. It can be screwed to the top side of the
pipe, and the port allows pressurized gas to flow into the pipe.

3. Bottom cap, with Swagelok 1/8” connection ports. It has a similar property and function
with the top cap. In addition to that, the bottom cap contains an adjustable platform
system. The platform consists of a Teflon plate and mounted to a vertically moving
piston, which is connected to a pneumatic system to move the piston up and down.
When the platform is in an upward position, it supports the cement slurry inside the test
cell. After the cement is cured and ready to be tested, the platform is switched
downward. The Teflon plate is used to avoid cement to stick.

The empty test cell has been tested to the high pressure of 100 bar, and there were no signs of

pipe deformation or damages on the pipe threads.

3.1.2 Test preparations and procedure
There are two preparation processes before the hydraulic integrity test is conducted. The overall

processes are explained in sequence as follow:

Pressure test before cement curing

Before every experiment, a pressure test is conducted to examine leaks inside the connection
tubing and the test cell. First, the empty test cell is mounted to the pressure board. Then, the
system is pressurized to the working pressure of 20 bar by opening the nitrogen feed and closing
the valve R-102. After the pressure in the system stabilizes, the nitrogen feed is closed, and the

pressure is monitored. As an ideal state, the setup must hold constant pressure for 1 hour.

Preparation for curing cement plug

Before placing the cement in the pipe, the test cell is preheated to the test temperature, and the
platform system is switched to an upward position. Afterward, the cement slurry is poured by
gravity into the pipe, and the top cap is screwed tightly to the pipe. Then, the system pressure
is increased to the curing pressure at a slow rate, and the test cell is left for curing in the heating

cabinet for four days.

Cement integrity test

1. Shift the adjustable platform system in a downward position.

2. Close valve V-1 (see Fig. 3-2) to create a by-pass line through the test cell.
Consequently, there would be two pressure lines, going to each side of the test cell,
which can be regulated separately. The pressure on the bottom side is regulated by the

regulator R-101, while the pressure on the top side is regulated by the regulator R-102.
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3. Decrease the pressure on the top side to create a pressure drop across the cement plug.
Wait until the pressure is stabilized.
4. Monitor the flow rate. If a leak is detected, keep monitoring the flow rate until the flow
rate stabilized or reached a steady-state condition.
5. Repeat steps 3-4 and further reduce the top pressure to generate a higher differential
pressure. The test is stopped when one of the test conditions below is reached:
o The flowmeter VF2 reached the maximum reading.

o The top pressure reached atmospheric pressure.

3.1.3 Test output

The typical reading of flow rate and differential pressure during the test is shown in Fig. 3-4.
For data analysis, the flow rate reading must be corrected if elevated pressure and temperature
were applied in the test. This process is required because the flowmeters measure the mass rate
of nitrogen gas at the standard condition, and they are not sensitive to change in pressure and
temperature within the setup. The corrected volumetric flow rate of nitrogen flowing through

the cement plug, O, is calculated as follows:
P T
Q = Qsrp FIFS (Eq. 3-1)

where Qsrp is the flow rate of nitrogen measured by the flowmeter at standard temperature and
pressure, or STP (m%/s), Ps is the reference pressure at STP (1x10° Pa), P; is the inlet pressure
(Pa), T is the test temperature (Kelvin), and T’ is the reference temperature (293.15 K). After
corrected, the test output can be used to generate the following information:

o the required differential pressure for gas to flow through cement plug for the first time

(breakthrough pressure), and

o the relationship between pressure gradient (VP) and flow rate (Q), shown in Fig. 3-5,

which is practical for comparing the results of several samples.

3.2 Gas permeability measurement

A gas permeameter was used to measure the gas permeability of the cement plug samples. The
tool was provided by Top Industrie and equipped with a Hassler test cell. Prior measurement,
the cement plug sample was drilled to take out the core samples with a diameter of 3.86 cm
(1.5”) and a length of 4 = 1 cm. After the samples are dried in the oven at 7= 60° C for 48

hours, the gas permeabilities were measured and averaged.
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Fig. 3-4. Example of output from cement integrity test, showing flow rate at STP and differential pressure as a
function of time of the test
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Fig. 3-5. Example of the plot of VP vs. Q (flowmeter VF2) from the output in Fig. 3-4
The fluid flow rate can be calculated from the permeability value, assuming laminar, single-

phase, and linear Darcy flow, following the equation below:
KA AP

=— " . Eq. 3-2
1013 x 1024 L (Ea- 3-2)

Qav

where Q4 is the average volumetric flow rate of nitrogen at the average pressure and
temperature during testing (m>/s), K is the gas permeability (Darcy), AP is the differential
pressure across the specimen (Pa), L is the length of specimen (m), 4 is the cross-sectional area

of specimen (m?), u is the nitrogen viscosity at the test temperature' (Pa-s).

3.3 Surface roughness measurement
The surface roughness measurement tool used in this study was MarSurf PS 10, and it was

equipped with a removable drive unit containing a stylus with a radius of 2 um (Fig. 3-6). This

! The nitrogen viscosity is approximately 19.895 x 10 Pa-s at P=20 bar and T=66° C, and 22.128 x 10 Pa-s at
P=20 bar and T=120° C
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stylus is the active contact between the instrument and the surface, taking traces the profile of
a surface. The collected traces then translated into a value of surface roughness and visualized
in a graph. In this study, the tool was used to obtain the surface profile on the inner side of the
test pipes. For each pipe, the roughness was measured at five different points along the pipe

circumference to check the surface uniformity, and then the measurements were averaged.

(Mahr) Marsurt ps 10

(a) (b)

Fig. 3-6. Surface roughness measurement tool: (a) MarSurf PS10, with (b) a removable drive unit and stylus
probe

There are three different roughness parameters relevant for this study; (i) Rz (i1) RSm, and
(i) Ra. Each roughness parameter measures different characteristics of the pipe surface
profile, and hence the use of these parameters will depend on the context of the investigation.

The details of these roughness parameters are explained as follow:

i. Rz aparameter of height discrimination of the profile element, as illustrated in Fig. 3-7.
It measures the arithmetic mean value of the vertical distance from the highest point of
peak profile to the adjacent lowest point of valley profile within a sampling length, as

described by the following equation:

Rz; + Rz, + Rz; + ... + Rz
7=—2 2 . (Eq. 3-3)
n
R
o R, R R

i N ) —Z—fﬂ

n

Fig. 3-7. lllustration of Rz measurement on a profile element

ii.  RSm,aspacing parameter for describing the surface profile of an element with a periodic

interval, i.e. a structure that repeats in a particular frequency, as illustrated in Fig. 3-8. It
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measures the averaged value of the length along the mean line section that includes a

peak profile and an adjacent valley, as described by the following equation:

RS, + RS, +RS; + ... +RS,
- n

RSm (Eq. 3-4)

RS RS, RS, RS, | RSs RS,

L/\/W.
PV

Fig. 3-8. Illustration of RSm measurement on a profile element

iii.  Ra, a roughness average that measures the mean height of an element profile, as
illustrated in Fig. 3-9. It is the average value of the absolute height of the profile from
the reference line throughout the sampling length, as described by the following
equation:

Nzl +zol +zsl + .+ |z,
n

Ra (Eq. 3-5)

n

Fig. 3-9. Illustration of Ra measurement on a profile element



Chapter 4

Experimental results of cement plug sealing

The following chapter presents the preliminary study of the function-test apparatus and the
comparative experimental tests investigating the cement plug sealing performance with
different investigated parameters. The details of test material, results, and discussions are

provided in each investigation.

4.1 The preliminary study of the function test (Paper I)
The preliminary experiment was conducted to provide an initial understanding of the setup
functionality and define the testing protocol. This step was also essential for establishing the
baseline result as a basis for the analysis of future experiments. In this preliminary test, two
different curing processes were investigated, with the description as follow:
1. Dry-cured test. The specimens in this test were cured in a sealed condition — i.e. no
access to external water (Fig. 4-1a). The length of the cement plug was ~40 cm.
2. Wet-cured test. The specimens in this test were cured with an additional water column
placed at the top of the cement slurry (Fig. 4-1b). Otherwise stated, the length of the

cement plug was ~40 cm, with a ~4 cm water column.

4.1.1 Materials

The cement system chosen for the baseline test was a neat cement system, which was a mixture
of Portland cement Class-G (NORCEM AS) and water without any additives. The cement was
mixed following the guidelines in API RP 10B. The test cell pipes for the current test were
smooth surface pipes (Ra~ 2-5 um) without any surface coating. Samples for both tests were

cured at a temperature of 66° C and pressure of 20 bar.

4.1.2 Results and discussion

The VP vs. Q plot of three parallel dry-cured samples is shown in Fig. 4-2. All samples
produced approximately linear curves that extended adjacently, indicating good repetitions and
reproducibility. The breakthrough pressure in all samples could not be observed because
immediate leak occurred at a significantly low differential pressure (<0.01 bar) just after the

test was initiated.
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Fig. 4-2. Results of dry-cured samples presented in VP vs. Q plot

Opposite of the result from dry-cured samples, high breakthrough pressure, ~10 bar, was
observed in the three parallel wet-cured samples, as shown by the example in Fig. 4-3 and the
summary in Table 4-1. This event could be attributed to the reduced volumetric shrinkage from
adding water on top of the cement slurry. The wet-curing process might also promote capillary
effect, so additional pressure might be required for gas to displace water trapped in the cement
pore. Furthermore, the wet-cured samples produced relatively low leak rates. The wet-curing

method might be relevant to the downhole condition, where additional water sources are
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present and can be accessed by the cement. However, the experimental results show variability
of leak rate at the same differential pressure between each sample (Table 4-1). Because other
information was limited to obtain, for example, the flow paths inside the cement plug, it was
difficult to compare the flow rates from the wet-cured samples.

Overall, findings from the preliminary study showed that the function-test setup for
evaluating the cement plug sealing was operational. Furthermore, the baseline results were
established based on dry-cured Portland cement Class-G with no additives. The dry-cured
method was implemented for future tests in this research work because the dry-cured samples

were found to give reproducible results of both breakthrough pressure and flow rates.

Test output: wet-cured test #3

25 25
Flowmeter VF1

20 o Differential Pressure (@N 20
E Breakthrough o ':;
_E' 15 pressure ~10 bar o 15 5
a” <
& o 5
s s
Q
g &
o =
5 5 o

0 0

0 50 100 150 200 250 300 350 400 450
Time, min

Fig. 4-3. The example of the results of a wet-cured sample from Test 3

Table 4-1. The summary of the breakthrough pressure and flow rate at AP=20 bar from wet-cured tests

e cem Breakthrough Flow rate at AP=20 bar

pressure (bar) (ml/min)
Test 1 10 3
Test 2 10 0.008
Test 3 10 0.09

P The length of the cement slurry and water column was respectively 26 cm and 13 cm

4.2 Effect of casing surface roughness on neat and silica cement systems
(Paper Ill)
4.2.1 Materials

Test cell pipes
The test cell pipes were prepared with no coating and had three different inner surface

roughness, and they were categorized as smooth, moderate-rough, and high-rough pipes, as
seen in Fig. 4-4. The inner surface of moderate- and high-rough pipes was milled by using an
indented grooving insert, and hence, it had a profile of a repetitive peak-valley cycle, as shown

in Fig. 4-5. The measured roughness of these pipes is summarized in Table 4-2. The main
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difference between the two rough pipes was located on the Rz value and the valley depth, see

Table 4-2 and Fig. 4-5.

(b)

$
R
R
=
N
>

Fig. 4-4. Pipes with different inner surface roughness: (a) smooth-, (b) moderate rough-, and (c) high-rough

pipes
Table 4-2. The averaged spacing and height parameters for all types of pipes
Pipe type Rz (mm) RSm (mm) Valley width? (mm) Peak width® (mm)
Smooth 0.042 1.118 N/A N/A
Moderate roughness 11 2.962 1.074 1.934
High roughness 21 4.906 2.657 1.929

) Rz value of the rough pipes = the grooving depth
¥) RSm = valley width + peak width

R[LCISO 16610-21 2.5 mm] (a)
pm A w‘ M/"\ |
\'l A \. |.'; i /u }'fl w. /f' ‘v“
\ o A A !
0 (‘y\’ W‘\; /?{' — u{w\ M,.‘tf; \f&M WW{ %;&v )’/l“, ,w lMﬂ MMJA,L
‘_400 S j_., — B N S S
Ver 20 0 pm/dlv Hor 2.5 mm/dlv 12.5mm
R[LCISO 16610-21 2.5

1000 [0 - r;rrnm]— —r ey R WS——
: ; | _peak i |
pm Ly | i TR AT -
o //: f\&J m,w./ [N‘“\' ///*% ;\<N/’/ i Ja./x\
I A L O A L Y I e B |
ro IR . B TNy
= IVer 50.0 ym/div; Hor 25 mm/div; 12.5mm
R[LCISO 16610-21 2.5 mm] (c)

200.0 : — ; —
pm Ao ER RS S _x_
/ | J Y Y
_200.0 __________________________________________________ e i i el S bt it 1

Ver 100.0 pm/div; Hor 2.5 mm/div; 12.5mm

Fig. 4-5. Example of the surface profile of (a) smooth-, (b) moderate rough-, and (c) high rough pipes measured
by using MarSurf PS10. The x-axis shows the sampling length of 12.5 mm, whereas the y-axis shows the
roughness.
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Cement systems
Two different cement systems were investigated: (i) neat- and (ii) silica cement system. The

cement grain was Portland cement Class-G (NORCEM AS), and the form of silica used for
silica cement was silica flour. The mix design of both systems is summarized in Table 4-3, and
they were mixed following the guideline of API RP 10B. After the slurry was placed in the test
cell, the samples were dry-cured for four days at a pressure of 20 bar. Samples of neat cement
were cured at a temperature of 66° C, whereas samples of silica cement were cured at a

temperature of 120° C.

Table 4-3. Mix design of the neat- and silica cement systems

Water Silica flour
CEENERTEY (% water-to-cement ratio) (% by weight of cement, BWOC)
Neat cement 44 -
Silica cement 62 35

4.2.2 Results and discussion

Based on the cement and pipe configuration, five test cases were conducted (Table 4-4), and
three parallel samples were tested for each case. Results of neat- and silica cement plugs placed
in different pipe roughness are shown respectively in Fig. 4-6 and Fig. 4-7.

Table 4-4. The experimental cases based on the evaluated parameters

Pipe type
Cement type :
Smooth Moderate roughness High roughness
Neat cement vh v v
Silica cement \Y - \

) This was the baseline results from the preliminary study (Paper )

Neat cement plug cured in different pipes
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Fig. 4-6. Results of neat cement plug cured in different pipe roughness at T=66° C
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Fig. 4-7. Results of silica cement plug cured in different pipe roughness at T=120° C

Results from neat- and silica cement systems showed that samples cured in both rough
pipes produced lower leak rates compared to those cured the smooth pipe. For the neat cement
plug, the averaged leak rates of samples in the moderate- and high-rough pipe at VP = 2.5
bar/m were respectively 30% and 80% smaller than those cured in the smooth pipe. Whereas
for the silica cement plug, the leak rate reduction of samples cured in the high-rough pipe was
almost 90%. There was no apparent breakthrough pressure (<0.01 bar) measured in all test
cases.

After the test, it was visually observed from the top side of the specimen that the source of
the gas leak was located at the interface between cement and pipe, and no visible indication of
leak through cement bulk was found (see Paper III). Furthermore, the gas permeabilities
measured from cement cores of tested samples were 0.07 and 0.08 mD for neat- and silica
cement, respectively. The flow rate in the sealed cement bulk (L=40 cm) was then estimated
from gas permeability values by using Eq. 3-2. At VP= 2.5 bar/m, the flow rate was ~0.1
ml/min for both cement types, and it was considerably smaller than the test leak rate observed
in Fig. 4-6 and Fig. 4-7. This observation validated the results from visual inspection, verifying
that the flow through the cement bulk was not dominant. Hence, it was likely that leakage
pathways at the cement/steel interface, or microannulus, were formed in the test samples.
Further analysis of the influence of the pipe roughness to the cement plug hydraulic sealing is
provided in Section 5. 2, which contains the investigation of fluid flow dynamics in the

microannulus with different wall roughness.
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4.3 Effect of curing temperature and expanding agent on silica cement
systems (Paper Il)

4.3.1 Materials
Test cell pipes

Pipes used for this experiment were smooth pipes without a surface coating. The roughness of

Ra of the pipes was ranging from 2-5 pm.

Cement systems

The type of cement system used in this experiment was silica cement. Three cement mixtures
were prepared with Portland cement Class-G (NORCEM AS), 35% BWOC silica flour, and
62% BWOC water. One of the mixtures was prepared with an additional 2% expanding agent,
which contained magnesium oxide. The curing conditions for each mixture are summarized in

Table 4-5, and three parallel samples of each mixture were tested.

Table 4-5. Composition and curing properties of silica cement mixtures

Cement composition Curing condition
g;_f:::,t Water Silica flour Expanding agent Pressure = Temperature Curing period
(% BWOC) (% BWOC) (% BWOC) (bar) (°C) (days)
SF-661) 62 35 - 20 66 4
SF-120 62 35 - 20 120 4
SF -120 + EA 62 35 2 20 120 4

) This test result was based on the test of the silica cement system in the smooth surface casing in Section 4. 2. (Paper IlI)

4.3.2 Results and discussion

Effect of temperature
The comparison of results from samples SF-66 and SF-120 is plotted in Fig. 4-8. A clear

difference was observed between these two systems as samples SF-66 formed curves with
gentle slopes, while SF-120 samples formed curves with steep slopes. At VP=2.5 bar/m, the
averaged leak rate of SF-66 samples (2.12 ml/min) was approximately ten times lower than
that of SF-120 samples (22.5 ml/min). Furthermore, no clear breakthrough pressure (AP<0.01
bar) was observed in all samples, as also indicated in the previous comparative experiment.
Existing studies suggested that elevated curing temperature increases the reaction rate of
(i) cement hydration and (ii) pozzolan reaction from silica flour (Jensen and Hansen 1999,
Zhang et al. 2012), which could intensify autogenous shrinkage. Therefore, the increased leak

rate of samples SF-120 might occur due to the escalated shrinkage.
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Effect of expanding agent
Results from samples SF-120 and SF-120+EA are shown in Fig. 4-9 and Fig. 4-10,

respectively. It was observed that samples SF-120+EA had low leak rates, and the averaged
leak rate at VP=10 bar/m was 0.12 ml/min. This value was considerably smaller than the
averaged leak rate from samples SF-120, which was 127.3 ml/min (from linear extrapolation).

The breakthrough pressure of samples SF-120+EA could not be defined because the
differential pressure at the beginning of the test could not be maintained constant, and
consequently, the first data points of AP shown in Fig. 4-10 were slightly elevated.
Furthermore, the visual inspection conducted on SF-120+EA samples after the test showed no
signs of leaks.

The improved hydraulic sealing of samples with the expanding agent could be explained
by the magnesium oxide contained in the expanding agent, which potentially contributed to
counteract cement shrinkage. It was also presumed that the absence of a stabilizer in the SF-
120+EA system might cause the free water and the expanding agent to segregate to the top of
the cement slurry due to their low densities. Supposing that the segregation occurred, then the
free water could increase the effectiveness of hydration of the expanding agent and improve

the expansion, locally at the top of the cement plug.






Chapter 5

Fluid dynamics in microannuli

This chapter presents the study of the fluid flow dynamics in microannuli, simulated by using
StarCCM+ (Siemens PLM Software 2017). The study was divided into two parts and presented

separately in this chapter.

The first part of the study presents the fluid flow simulation of three fluid types flowing in
two real microannuli, which was extracted from actual cement sheath samples, as presented in
the examples by Vralstad et al. (2019). Moreover, theoretical-based models of uniform

microannuli were prepared for comparison.

The second part of the study focused on the investigation of fluid flow through uniform
microannuli with three different wall roughness. This investigation was a continuation of the
experimental study investigating the effect of the casing surface roughness on the cement plug
hydraulic sealing (see Section 4. 2). It analyzes the mechanism behind the leak rate reduction
observed in the cement plug placed in rough pipes. Furthermore, by using the key findings
from the first part of the simulation work, the leak path characteristic of the test samples could

be better described.

5.1 Effect of microannuli geometries and fluid types on the fluid dynamics
(Paper IV)

Microannulus is one of the typical leakage pathways that may present in the set cement. Several
existing studies suggested that an actual microannuli have the characteristic of fracture-like
nature in a brittle material, with a high variability of aperture sizes (De Andrade et al. 2014, De
Andrade et al. 2016, Stormont et al. 2018, Garcia Fernandez et al. 2019, Vralstad et al. 2019).
This section presents the analysis of fluid dynamics of three different fluids — methane gas,
water, and oil — flowing in two real microannuli. The 3D structures of the real microannuli
were based on defects in two cement sheath samples — prepared from a separate experimental
setup — and obtained by using X-Ray Computed Tomography (CT). As a comparison,
theoretical uniform microannuli with three different apertures were also prepared. The

investigated fluid dynamics were fluid flow streamlines, mass flow rate, and flow linearity.
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5.1.1 Sample preparation and defects visualization of real microannuli

The investigated real microannuli were based on cement sheath samples that were molded in a
space between a casing and a rock, as shown in Fig. 5-1. Without removing the cement sheath,
the specimens were scanned by using an X-Ray CT. The 2D images from the scanning process
were then processed and stacked to produce the final 3D volume of cement defects (Fig. 5-2).
The defects found in the two cement sheath samples were mostly microannulus located at the

interface between cement and casing.

"G Casing steel
— . 0OD: 60.3 mm

o cement sheath
®—————Thickness: 8 mm
{ "'/ Length: 200 mm

: .:\Rock
OD: 150 mm

Fig. 5-1. The cross-section of the configuration for preparing the cement sheath samples

Cement/Casing

(a) (®) (©)
Fig. 5-2. The process of extracting defects in the cement sheath by using an X-ray CT scan. (a) A 2D image,
showing defects in the cement sheath. (b) Identification of defects in the cement sheath based on their location.
(c) The stack of 2D CT scan images assembled into a 3D volume. (d) The final 3D volume of cement defects
(Skorpa and Vrélstad 2018)

5.1.2 Microannuli geometries characterization
This section describes the morphology of (a) two real microannuli from the experimental
samples and (b) uniform microannuli from the theoretical model, in sequence.

The microannulus of the first specimen (Fig. 5-3) was dominated by partial microannulus.
At the front face, the microannulus was only located at the upper half (partial), whereas at the
back face, the microannulus was vertically connected from the bottom to the top of the
specimen with few casing/cement contacts present at the lower section. The aperture of the
microannulus at the lower section was typically small (~1 mm), and it increased toward the

upper section, with the largest aperture was located at the topmost of the back face (~6 mm).
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Fig. 5-3. The geometry of partial microannulus from the first specimen, viewed from the front
(a and b), the bottom (c), and the top (d)
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Fig. 5-4. The geometry of nearly complete microannulus from the second specimen,
viewed from the front (a and b), the bottom (c), and the top (d)
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The microannulus from the second specimen (Fig. 5-4) had the shape of a nearly-complete
microannulus. It dominated the entire interface circumference and vertically connected from
the bottom to the top side. At the front face, there were few casing/cement contacts present.
The aperture of the microannulus was generally uniform at ~0.8 mm.

Three uniform microannuli were prepared, and they were modeled assuming complete
microannulus shape, uniform aperture size, and smooth wall roughness. The aperture sizes of
these microannuli were of 50 um (Fig. 5-5), 350 pm, and 750 pm. The summary of all geometry

cases from both experimental and theoretical microannuli is shown in Table 5-1.

Front face Back face

Front side

TY
zZX Back side

XUy (c)

N
b wuw g0z = ubleH

(a) Full geometry (b) With front-face culling
Fig. 5-5. The geometry of the uniform microannulus of 50 pm, viewed from the front (a and b) and the top (c)

Table 5-1.Summary of the simulation cases

Geometry case Model General descriptions
Case 1 Experimental (first specimen) Partial microannulus
Case 2 Experimental (second specimen) Nearly complete microannulus
Case 3 Theoretical Uniform thickness of 50 pm
Case 4 Theoretical Uniform thickness of 350 um
Case 5 Theoretical Uniform thickness of 750 um

5.1.3 Simulation preparation
After the microannulus geometries were imported to the CFD software, the inlet and outlet
areas were respectively defined at the bottom and the top side of the geometry and set as
pressure-constant boundaries. The remaining regions of the geometry were set as a no-flow
boundary. Afterward, the geometry was meshed with a trimmer mesher, polyhedral mesher,
and prism layer mesher (five layers).

The fluid was assumed to have a constant density and flow in a laminar and steady-state

condition. Furthermore, a segregated fluid flow solver was selected. In each geometry case,
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three fluids of methane gas, water, and oil were simulated to flow, and the fluid properties of
density and the kinematic viscosity (Table 5-2) were set based on the temperature of 120° C
and pressure of 1 atm. In this study, the cement was assumed to be impermeable, so the fluid
only flowed through the microannulus.

The simulation was run at multiple differential pressures, ranging from 20-500 Pa.
Accordingly, the inlet pressure was changed repeatedly, while the outlet pressure was kept

constant at atmospheric conditions. The simulation was run until the solution converged.

Table 5-2.Summary of the density and kinematic viscosity of the simulated fluids at T=120° C and P=1 atm

Fluid type Density (kg/m® Kinematic viscosity (Pa-s)
Methane gas 0.4911 14.09 x 10
Water 940.7 2.25x 104
Qil 710 3.5x10%

5.1.4 Results

Real microannuli: Case 1 and Case 2

The results of fluid flow streamlines and velocity of methane gas at VP=2.5 kPa/m are shown
in Fig. 5-6 and Fig. 5-7, respectively, for Case 1 and 2. The results from partial microannulus
of Case 1 showed that channeling streamlines were mainly presented at the lower part of the
back face, giving the indication of tortuous fluid flow (Fig. 5-6b). This tortuous flow also has
a significant variation in velocity, presumed due to non-uniform microannulus apertures. At

the upper part of the back face, parallel and straight streamlines with high fluid velocity were
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(a) (b)
Fig. 5-6. The flow streamlines of methane gas at VP=2.5 kPa/m through the microannulus of Case 1 at (a) the
front face and (b) the back face. Note that each microannulus face has a different range of fluid velocity.
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Fig. 5-7. The flow streamlines of methane gas at VP=2.5 kPa/m through the microannulus of Case 2 at (a) the

front face and (b) the back face
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Fig. 5-8. Plots of VP vs. Q flowrate for all types of fluids from geometry cases of real microannuli
concentrated in the middle area (or highway area), and transverse streamlines were indicated
on the sides. The highly-connected microannulus and relatively large aperture in the highway
area were likely to cause fluid to flow rapidly.

Fluid flow streamlines in the nearly-complete microannulus of Case 2 were mostly parallel
along the flow direction with wavy features at both faces. A hint of channeling flow was

observed at the area on the front face, where contacts between casing/cement were present (Fig.
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5-7a). Variation in velocity was observed at both faces, although it was less significant in value
than that of the partial microannulus of Case 1.

The plots of VP vs. Q from the simulation results of each fluid type are shown in Fig. 5-8,
for both Case 1 and Case 2. According to the plots, methane gas and water flowing through
both real microannuli produced non-linear curves, while only oil fluid produced a linear

relationship.

Theoretical microannuli: Case 3-5

The results of fluid flow streamlines and fluid velocity of water at VP=2.5 kPa/m for theoretical
microannulus Case 3-5 are shown in Fig. 5-9. The flow streamlines in all these three cases were
identical, with perfectly straight and parallel streamlines along the flow direction. There was
no significant variation of velocity observed in these three cases, which was expected due to
the uniform microannulus aperture and the smooth surface.

The plots of VP vs. Q from the simulation results of each fluid type are shown in Fig. 5-10,
for all cases. It was observed that all fluids flowing through these three uniform microannuli
produced linear curves, with the only exception from water flow in the microannulus with an

aperture of 750 um (Case 5).
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Fig. 5-9. The flow streamlines of water at VP=2.5 kPa/m through the microannulus of (a) Case 3, (b) Case 4,
and (c) Case 5 at the front face. Note that each case has a different range of fluid velocity.
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Fig. 5-10. Plots of VP vs. Q for all type of fluids from geometry cases of theoretical microannuli

5.1.5 Discussions

Forchheimer number criterion

In the linear Darcy flow, the flow rate is linearly correlated with the pressure gradient (see Eq.
3-2). However, the linear Darcy flow could be terminated if the fluid flow rate was large or
significant inertial effect emerged. To account for these effects, Forchheimer (1901) added a

second-order term explaining this non-linear behavior, expressed as:

—VP = AQ + BQ? (Eq. 5-1)
2 Bp

—VP = i Q+o Q? (Eq. 5-2)
h

where A and B are respectively the coefficients describing energy losses due to the viscous and
inertial dissipation mechanisms, p is the fluid density (kg/m?), and B is called the non-Darcy
coefficient. The coefficient A represents the intrinsic permeability of the crack, and the

coefficient B is dependent on the geometrical properties of the media.
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Following the Forchheimer equation, the criteria of termination of linear Darcy flow can
be established by calculating the Forchheimer number, F, (Zeng and Grigg 2006, Chen et al.
2015):

BQ* _BQ

Fo=—_ —
°=740 " A

(Eq. 5-3)

In this analysis, F,> 0.11 was defined as the criteria for the flow to enter the non-Darcy flow
zone (Zeng and Grigg 2006). The summary of the averaged F, for each case and fluid types is
shown in Table 5-3.

Table 5-3.Summary of Forchheimer number for all simulated cases and fluid types

Averaged Forchheimer number

Model Cases
Methane gas Water Oil
. Case 1 0741 2171 0.04
Experimental
Case 2 0.13 1 0.17 1 0.01
Case 3 1x10% 3.7x10% -1.5x 1049
Theoretical Case 4 1.5x10°% 0.01 3.3x10°
Case 5 0.03 0171 7 x10%

) Forchheimer number exceeds the critical value of 0.11
# Negative sign indicates the linear-Darcy flow is dominant

Methane gas and water flowing in both real microannuli Case 1 and Case 2 returned F, >
0.11, indicating non-linear Darcy flow applied. Meanwhile, oil in both real microannuli was
found to flow in linear Darcy because of fairly low F, values: 0.04 and 0.01, respectively, for
Case 1 and Case 2. These observations implied that the inertial effect was more dominant in
low-viscous fluid flow, while it became less dominant in high-viscous fluid flow due to the
increased viscous effect. The analysis based on F, criterion matched with the observation of
curve linearity in plot of VP vs. Q (Fig. 5-8).

The averaged F, of each fluid from the partial microannulus geometry of Case 1 was larger
than that from the nearly-complete microannulus geometry of Case 2. Increased F, value could
be attributed to (i) frequent flow acceleration and deceleration, which could be indicated from
variation in velocity, and (ii) tortuous fluid flow (Chen et al. 2015, Zou et al. 2017). As
observed in the fluid flow streamline results in Fig. 5-6 (Case 1) and Fig. 5-7 (Case 2), these
attributes were more significant in fluid flow in Case 1 than in Case 2.

All fluids flowing through all theoretical microannuli cases returned low values of F,<0.11,
except for water in Case 5 with F, of 0.17. The low F, values signified that the inertial effect
of fluid flow in the uniform microannulus was insignificant, as confirmed by the observation
of fluid streamlines results (Fig. 5-9). Furthermore, the large F, value of water flow in Case 5

was likely intensified by the high fluid flow rates and water density.
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Comparison of fluid dynamics of real and uniform microannuli

Based on plots of VP vs. @, most fluids in the theoretical microannuli had linear flow (Fig.
5-10), and this was similar to the oil flow in the real microannuli (Fig. 5-8). Nevertheless, this
observation not necessarily implied that theoretical microannuli was accurate to simulate the
overall fluid flow phenomena of the real microannuli. For example, the flow streamlines in the
real microannuli were likely to be tortuous with velocity variation, particularly if frequent
contacts of cement/casing present in the microannulus.

In addition to that, the assumption of homogenous aperture and complete-microannulus
shape of the theoretical models might oversimplify the morphology of real microannuli. For
example, the partial microannulus from the experimental model Case 1 was nowhere similar
to the shape of a complete microannulus. It also had a wide-ranged aperture, which might not

be accurate to be defined by a single-valued hydraulic aperture.

5.2 Effect of wall roughness of uniform microannuli on the fluid dynamics
(Paper Ill)

The microannuli used in this simulation was only an approximation of the shape of microannuli
indicated in the experimental tests because the actual microannulus could not be obtained from
the cement plug samples. The simulation was performed replicating the operating condition of
the experiment in Section 4. 2 to obtain these results: (a) the equivalent microannuli width

estimated from the leak rate measured in the experimental tests and (b) fluid flow visualization.

5.2.1 Microannuli models characterization

The leak path models were created as a shape of complete-microannuli with uniform-gap
width, encircling the interface between cement and steel. The microannuli wall roughness was
assumed identical to the surface roughness of the test pipes (Table 4-2), and hence theoretical
models with three levels of wall roughness, (a) smooth, (b) moderate-rough, and (c) high-
rough, were prepared (Fig. 5-11). Additional information about sensitivity analysis for

choosing the models could be found in Appendix A.1.

5.2.2 Simulation preparation

The models were then imported into the CFD software. The bottom- and top regions of the
geometry were assigned as the fluid inlet and outlet, respectively. They were set as a constant
pressure boundary, and the remaining regions were set as a no-flow boundary. A trimmed

mesher with six layers of prism layers close to the wall was selected as the volume mesher.
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Properties of the leak path Leak path models

Microannuli

‘ Cement plug
surface
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Fig. 5-11. (Left) Description of the microannuli model and (right) the cross-section of microannuli models with
three different wall roughness

The fluid was assumed nitrogen gas (relevant to the experiment) with the constant density. The
fluid flow was assumed laminar and steady-state, and the flow solver was segregated flow
model. Simulations were run until the residual values reached convergence.

At first, the simulation was run to estimate the aperture of uniform microannuli, which
flow rates equivalent to the test leak rates in all test cases (Table 4-4). The wall roughness of
the microannuli in each simulated case was set accordingly based on the surface roughness of
the test pipe. Then, the mass flow was calculated at five values of differential pressures,
achieved by setting a constant inlet pressure at 20 bar and by changing the outlet pressure
repeatedly. The equivalent microannulus aperture was estimated until the mass flow output
matched the averaged experimental leak rates with less than 1% deviation.

Afterward, another simulation was run on three microannulus models — one model for
each level of wall roughness — with the same aperture of 0.1 mm. The simulation was run to
obtain mass flow and fluid flow visualization at a differential pressure of 1 bar — i.e. the inlet-
and outlet pressure was set at 20 and 19 bar, respectively.

In all simulations, the density (p) and dynamic viscosity (x) of the nitrogen were assumed
to be constant at a pressure of 20 bar, and depending on the test temperature they were set as
follow:

o At T=66°C, p=19.85 kg/m® and x=19.89 x 10™* Pa-s, and
e AtT=120°C, p=17.06 kg/m’ and £=22.1 x 10°® Pa-s.

5.2.3 Results and discussion
Results presented and discussed in this section used the example of simulation results run at

T=66° C (relevant for the experiment of neat cement system), and the remaining results are
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provided in Appendix A.2. This was to avoid confusion because the overall results shared

similar characteristics. The equivalent microannuli estimated from the leak rate of the

experimental test are summarized in Table 5-4, and the VP vs. @ curves from the simulation

and the experimental results were plotted together, shown in Fig. 5-12.
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Fig. 5-12. Plots of VPvs. Q from the experimental test of neat cement systems (T=66° C), plotted together with
uniform microannulus results from the fluid dynamics simulation

Table 5-4. Summary of the equivalent microannulus aperture based on experimental results of neat cement

Test pipes Equivalent microannuli width*)
Smooth 12.8 ym
Moderate rough 12.5 ym
High rough 8.1 ym

*) The presented value has a 1-digit of decimal precision to produce a mass flow rate with <1% deviation

The mass flow rates from the microannulus models with an aperture of 0.1 mm are

summarized in Table 5-5. It was observed that the fluid flow rate in the smooth microannulus

was the highest. On the other hand, the mass flow rate in both of the rough-surface microannuli
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was reduced by ~70 %. This reduction was presumably caused by the tortuous fluid streamlines

indicated only in the rough-surface microannuli (Fig. 5-13).

Table 5-5. Summary of mass flow through microannuli (width=0.1 mm) with different roughness computed
from the fluid simulation at a differential pressure of 1 bar and temperature 66° C

Leak path models

Mass flow rate (kg/s)
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Fig. 5-13. Scalar plot of gas velocity through leak path models of (a) smooth, (b) moderate-rough, and (c) high-
rough. The grey area represents the surface of the cement plug periphery, and the pipe is transparent.

Although the simulated microannuli model was only theoretical, the observation from the

simulation results could give an indication that there might be an increased tortuosity of the

actual microannuli in the test samples placed in the rough pipes that added resistance fluid to

flow. Refer to the results in Chapter 5. 1, the actual microannuli morphology formed in the
cement plug samples might be predicted based on the flow behavior from plots of VP vs. Q

(Fig. 5-12). It was observed that samples placed in the smooth and moderate-rough pipes
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generated linear relationship, indicating that the actual microannuli could be highly connected,
with a tendency to shape a complete microannuli. On the other hand, samples placed in the
high-rough pipes generate non-linear curves, indicating that the tortuous flow through the

actual microannuli could be significant due to irregular and complex leak path shapes, such as

partial microannuli or connected cracks.



Chapter 6

Conclusions and recommendations

6.1

Conclusions

This thesis reports an investigation of the hydraulic integrity of the cement plug by using a test

setup for assessing the sealing performance of cement to pipe and linking it with several

influencing parameters. In addition, it includes the analysis of the fluid flow dynamics in

microannuli. The conclusions from this research work are as follows:

The small-scale apparatus for the hydraulic sealing test is found to be functional in
testing a cement plug. The baseline result is established based on the test of Portland
cement Class-G with no additives, prepared with the dry-cured method.

The cement curing condition influences the cement sealing results. Samples prepared
with the dry-cured method have low breakthrough pressure (<0.01 bar). Results from
the comparative tests, which also run with the dry-cured method, show similar
observation of low breakthrough pressure. On the contrary, samples prepared with the
wet-cured method are observed with high breakthrough pressure (~10 bar).

The first comparative experiment shows that placing the cement plug next to the rough-
surface casing reduces the gas leak rate, and this applies for both neat- and silica
cement. The analysis of fluid flow simulation in uniform microannuli with different
wall roughness, which is based on this first comparative experiment, suggests that the
leak rate reduction found from samples cured in rough-surface casings is due to the
increased microannuli tortuosity. Furthermore, non-linear curves of VP vs. Q of test
samples cured in high-rough casing give an indication of low-connectivity microannuli.
The second comparative experiment shows that silica cement plug cured at elevated
temperature (120° C) experienced more leakage than that cured at low temperature (66°
C). Adding an expanding agent is found to significantly reduce the high leak rates of
silica cement plug at elevated temperature. Post-examinations show that adding an
expanding agent can contribute to preventing the formation of microannuli from
shrinkage.

The fluid flow in the investigated real microannuli is likely complex because of the
inhomogeneous features of microannuli morphology (e.g. non-uniform aperture and
irregular roughness). The observed increase in the inertial effect of non-linear flow

could be attributed to (i) the low viscosity of flowing fluid and (ii) increased in the
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6.2

complexity of microannulus geometry. This observation is validated by the
Forchheimer number criterion.

The theoretical-based model of a uniform microannulus may give limitations in
representing the fluid flow phenomena in the real microannuli because the assumptions
of homogenous aperture and smooth surface are too simplistic and may oversimplify

the non-homogenous morphology of the real microannuli.

Recommendations

The following are several aspects of the current topic that can be addressed in future works:

The leak observation in the cement plug samples suggested that the possible failure
mechanism is due to cement shrinkage. Numerical simulation of stress calculation in
cement plug can be a supplementary analysis to validate the results and study the crack
propagation in cement plug, e.g., radial or axial cracking. Models that consider the
coupling between the hydraulics (fluid pressure) and mechanics (mechanical properties
of solid materials), such as in Bois et al. (2019), might be relevant to the loading
mechanism in the cement plug hydraulic sealing test.

Further experimental tests shall investigate other improved cement systems, or other
types of plugging material, for addressing the cement shrinkage issue.

The current experiment of cement plug hydraulic integrity test was conducted on a
small-scale testing apparatus. Therefore, verifying the validity of the results for the field
performance means the need to conduct the experiments at an in-situ scale. This
approach may also be beneficial to establish correlations between results from
downscaled and in-site scaled, which was still limited to be found in the existing
research.

Observation of defects in the cement plug in this research work can be improved to get
more details on the microannuli morphology, for example, by replacing the steel casing
with titanium casing so X-ray CT scans can be performed on the cement plug samples.
The model for fluid flow dynamic simulation can be improved with a model that
consists of both cement and microannuli (or other types of defects), and hence fluid can
be simulated to also flow in cement pores (see Paper IV). Moreover, multiple fluid

phases may be included in the simulation to analyze capillary pressure.
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Appendix A

Supplementary materials for Chapter 5

A.1. Sensitivity analysis of models for the CFD simulation

A sensitivity analysis was conducted to examine the suitable geometry of leak path models that
are accurate in output without requiring excessive CPU time. By using the representative of a
leak path model with moderate roughness, two geometries with different length —i.e. 10.3 cm
and 4.9 cm — and five geometries (Fig. A. 1) with different degrees of simplification were

prepared.

|
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Fig. A. 1. Five leak path geometries with different degree of simplifications for sensitivity analysis: (a) 3D, (b)
half-symmetry, (c) quarter-symmetry, (d) 5 degree rotational-symmetry, and (e) 2D axisymmetric

Results showed that the simpler and the shorter the geometries, the less CPU time was
required. Results also showed that the output of mass flow rate was not sensitive to change in
the model length, but sensitive to change in geometry simplification, as indicated in Table A.
1 and Table A. 2. Based on these results, the leak path models used in each simulation objective
are described as follows:

e the estimation of microannuli width would be run using the model with the

simplification of 5-degree rotational symmetry and length of 4.9 cm, and

o the fluid flow visualization would be run using the model with the full-3D and length

of 10.3 cm.

Table A. 1. Results of sensitivity analysis from different leak path lengths (microannuli width = 0.1
mm), run at VP = 0.48 bar/m

Geometry length Mass flow rate (kg/s) Difference (%)*
10.3cm 3.0145x 107 -
4.9 cm 3.0151x 10 0.02

" The difference in mass flow rate was calculated based on the output from geometry length of 10.3 cm
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Table A. 2. Results of sensitivity analysis from different geometries (microannuli width = 0.1 mm and length =
4.9 cm), run at VP = 0.48 bar/m

Geometry Mass flow rate (kg/s) Difference (%)f
Full 3D (10.3 cm) 3.0145x 108 -
Half-symmetry 3.0151 x 103 0.02
Quarter-symmetry 3.0074 x 108 0.24

5 degree rotational-symmetry 3.0624 x 1073 1.6

2D axisymmetric 2.9063 x 1073 35

The difference in mass flow rate was calculated based on the output from full 3D geometry

A.2. Simulation results: effect of uniform microannulus surface roughness to
fluid dynamic at the condition of 120° C

This chapter presents the results of CFD simulation from microannulus with smooth and high-
rough surfaces run at T=120° C (relevant for test results of silica cement system). The uniform
microannulus apertures that were equivalent to the averaged leak rate found from the silica
cements are summarized in Table A. 3. The plot between the pressure gradient and flow rate
from the simulation results compared to the experimental results of the silica cement plug is

shown in Fig. A. 2.

Table A. 3. Summary of the equivalent microannulus width based on experimental results of silica cement

Test pipes Equivalent microannuli width*)
Smooth 14 ym
High rough 7.4 ym
*) The presented value has a 1-digit of decimal precision to produce a mass flow rate with <1% deviation
Silica cement plug in smooth pipes Silica cement plug in high-rough pipes
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Fig. A. 2. Plots of VPvs. Q from the experimental test of silica cement systems (T=120° C), plotted together
with uniform microannulus results from the fluid dynamics simulation

Table A. 4. Summary of mass flow rates through microannuli (width=0.1 mm) with different roughness
computed from the fluid simulation at a differential pressure of 1 bar and temperature 120° C
Leak path models Mass flow rate (kg/s)

Smooth 1.1x1072
High rough 3.4x 107
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ABSTRACT

A recurring issue in the petroleum industry is the
performance of cement in relation to its primary role of
providing zonal isolation. Enhanced understanding of this
subject offers the possibility to improve the planning and design
of the cementing job to minimizing the risk of poor bonding of
cement and loss of well integrity. The design and execution of
the cement job is by no means an easy task, mainly due to the
complexity of the material and process, and the variety in
conditions one can encounter downhole. Thus, screening of
different materials and conditions is necessary to optimize the
success of a cement operation.

This work focused on experimentally testing cement
plugs to be able to understand the sealing ability of cement to a
casing at relevant temperatures and pressures. A built-for-
purpose test setup was designed and assembled, and the goal of
this work was to test this new setup and to establish a proper
baseline for future test on various cement systems.

The setup consists of a test cell containing the cement
plug, an automated pressure regulator used for generating a
pressure differential across the cement plug and flow meters to
measure the flow rate through the cement plug. The output data
from the tests is the differential pressure needed to have
breakthrough of gas, and the connection between the flow rate
and differential pressure across the cement plug. The possible
manipulated variables for the test setup is the cement type and
casing surface properties.

INTRODUCTION

Due to the high cost of having a non-successful well
cementing operation, it is important to be properly prepared.
The complexity of the job itself can be imaged by all the
possible parameters involved, such as the temperature and

pressure in the well, the complex cement chemistry and
interplay with drilling fluids and/or rock formations. As many as
possible unknowns should be mapped in order to minimize the
risk of failure. Models can be a valuable tool for risk mitigation.
However, a central part of any model is access to data from
experimental tests performed at wellbore relevant conditions.

Various dedicated test setups for investigating the
performance of cement slurries have been designed and
presented. The tests setups can vary from established small-
scale setups dedicated for effects such as cement slurry
shrinkage [1] or thickening time [2] to unique large-scale
custom-built setups to study displacement of drilling fluids [3].

In relation to setups used to study the properties of
cured cement, the reader can also find a variety of complexities
in the design. Measurements of cement compressive strength
[4], or tensile strength [5] are established techniques. Various
small-scale setups have also been made to study effects such as
shear bond [6-8] or tensile bond strength [9,10] of cement.
Values on the bond strength for a specific case, either the shear
bond or tensile bond is an important input for comparison and
optimization of a cement system for a given application, but are
also valuable input for the fundamental understanding of the
system.

The ability to provide zonal isolation is perhaps the
most important role of cement in the well. Both the Guidelines
on qualification of materials for the suspension and
abandonment of wells by the Oil & Gas UK [11], and Well
integrity in drilling and well operations by the NORSOK
standard [12] outline the importance of the ability of a cement
plug in relation to petroleum operations. The compressive,
tensile, shear bond or tensile bond strength do not give a direct
measure of the ability of a material to provide zonal isolation.
To obtain a measure of the level of zonal isolation, a purpose-
built setup that actually measures the flow rate through the
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sample is needed. Carter and Evans [6] performed numerous
lab-scale test on the hydraulic bond strength between various
cement systems to pipes and rock formations. On the other
hand, Wilson and Sabins [3] performed full-scale displacement
and cementing tests and performed hydraulic bond strength tests
on their samples. Van Eijden et al [13] described two setups,
one small scale and one large-scale, both built for the purpose
of qualitatively ranking cementitious systems for Plug &
Abandonment operations. Due to the nature of their design,
with pressure applied vertically across the cement plug, these
two setups are actually applying/measuring both shear bond and
hydraulic bond strength at the same time. Nonetheless, both
setups provide valuable and relevant data.

In this work, we present the preliminary results of a
cement plug test setup designed and built with the purpose of
investigating the parameters relevant for the sealing ability of a
cement system. The design of the setup has been based on the
one described by van Eijden et al [13] and also by Oil & Gas
UK [11]. Potential relevant parameters that could be studied are
the pipe surface properties or the properties of the cement
system itself. The setup has the following design features:

- Cure cement under temperature and pressure

- Avoid evacuation of cement plug (test specimen)
between curing and experimental testing

- Measure gas flow rate to quantify leakage rate

- Measure minimum differential pressure before cement
plug fails.

- Differential pressure obtained by reduction on one side
to avoid ballooning of test cell

- Automated test procedure to minimize effect of human
factors

MATERIALS AND METHODS
Materials

Smooth steel pipes were used as test sections. The cement
used in the experiments was Portland G provide by NORCEM
AS. The cement paste was prepared according to API standard
10b with no additives and with a water-to-cement ratio of 0.44.
Industrial grade Nitrogen gas was used to pressurize the system.

Cement plug integrity test setup

The setup consists of a custom-built test cell containing the
cement plug placed inside a heating cabinet for temperature
control, and a process board located outside the heating cabinet
with the process tubing, valves, flow meters, pressure
indicators, an automated pressure regulator and an automated
logging system. A sketch of the test cell is shown in figure 1.
The major components of the test cell is:

- Bottom cap with two Swagelok 1/8 " connection ports
and a built-in movable teflon piston used for retaining
the cement slurry during curing.

- Expandable steel pipe with inner diameter of 50 mm,
wall thickness of 13 mm and a length allowing a

maximum of 460 mm of cement to be placed inside the

pipe.
- Top cap with two Swagelok 1/8 " connection ports.

Top cap with two 1/8" connection ports

Expandable steel pipe

= Bottom cap with two 1/8" connection ports

Piston with teflon plate for retaining cement slurry

Figure 1 Sketch of test cell.

A technical drawing of the cell is shown in figure 1. A pressure
test at 100 bar and 22 °C was performed on the test cell
showing no signs of deformation on pipe diameter or damage to
the pipe threads.

Figure 2 Photographs of test cell. Top left: bottom cap with
tefon piston removed. Top right: teflon piston. Bottom left:
bottom cap with teflon piston mounted. Bottom right: Fully
assembled test setup inside heating cabinet.

Figure 2 shows a collection of photographs of the test cell. The
teflon plate used to retain the cement slurry during curing is
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slided onto a rail on a steel disk. The combined teflon/steel disk
is then screwed onto the vertically moving piston. An automated
pneumatic unit moves the piston up and down.

Figure 3 shows a simplified P&ID of the setup, which consists
of:
- A manual pressure regulator (item R101) to control the
pressure to the setup
- An automated pressure regulator (item R102) used for
generating a pressure differential across the cement
plug
- Two Bronkhorst Mass Flow Meters (VF1 measure
range 0-50 mL/min, VF2 measure range 0-500
mL/min) to measure the flow rate through the cement
plug
- Two GE-Druck pressure indicators (PI)
- One Fuji Electric FCX pressure transmitter (dP)

V101
<

R101

<003

VF1 VF2

Figure 3 Simplified P&ID of test setup showing the most
important elements.

The test setup is also equipped with a temperature
probe for control of the experimental conditions. The output
data from the tests is the differential pressure needed to observe
breakthrough of gas through the cement plug, and the
relationship between the measured flow rate and differential
pressure across the cement plug. Possible manipulated variables
for the test setup can be the cement type and casing surface
properties.

Procedure for testing.

Before every new experiment, a pressure test was
performed on every new test cell. This was done by fully
mounting the test setup with no cement inside the cell. The
setup would then be pressured up to the working pressure (20
bar) and the main valve to the pressure bottle would be closed.
By monitoring the decrease in pressure over a period of 1-2

hours, the level of gas leakage from the entire setup was
monitored. In an ideal situation there would be zero leakage; in
a case of losing more the ~1 bar over 1 hour an attempt to
localize the leakage would be performed. If the pressure test
was assessed to be successful the gas in the setup would be
evacuated and the top cap to the test cell would be unscrewed.

The cement placement was performed by moving the
teflon piston in its top-position and by pouring the designated
cement volume into the test cell. All valves would be opened
and the automated pressure regulator (item R102 in figure 3)
would be set to maintain a minimum pressure of 20 bar. The top
cap would be screwed in place tightly and the cell would be
carefully pressurized to 20 bar. The cement plug would be left
to cure at 20 bar and 66 °C for 5 days.

The cement plug integrity test started by moving the
teflon piston down, leading to an open volume above and below
the cement plug. By closing valve V101 (shown in figure 3)
these two chambers would be isolated from each other and the
only connection between them could be through the cement
plug. By using the automated pressure regulator (item R102 in
figure 3) a controlled differential pressure across the cement
plug was generated. When the differential pressure was large
enough for enabling flow through the cement plug, the pressure
regulator connected to the bottom chamber (item R101 in figure
1) would detect a decrease in pressure, and the regulator would
try to maintain the set pressure. This flow of gas from the gas
bottle through the process line would be detected by the flow
meters. A sequential increase in the differential pressure would
be applied to the cement plug. Thus, each experiment gives the
pressure differential to which there is gas breakthrough the
cement plug, and the relationship between the applied
differential pressure and the flow rate through the cement plug.

RESULTS & DISCUSSION

The primary objective of the first three experiments
was to obtain a proper reproducible baseline for future studies
where a variety of parameters can be compared. The baseline
was in this study defined as a cement system of Portland cement
Class G with no additives. The baseline tests were performed
with three parallels by curing a 40 cm "dry" (i.e. no access to
extra water during curing) cement column inside the test cell
and by carefully applying a sequential increase in the
differential pressure across the cement plug. Figure 4 shows the
result from one of the baseline experiments. The blue diamonds
show the applied differential pressure in bar, and the orange
lines show the measured flow rate in mL/min through the
cement plug. This kind of cement system exhibited measured
flow through the cement plug at a differential pressure of ~0.04
bar, a reproducible value for all three parallels. As seen in the
plot the relationship between the applied differential pressure
and the measured flow rate follows in a linear manner.
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Figure 4 Example of a result from a baseline experiment with a
"dry" 40 cm cement column.

By combining the relationship between the applied
differential pressure and the measured flow rate for all three
parallels, one can assess the level of reproducibility for these
kinds of experiments. Figure 5 shows this comparison for the
three experiments, and as seen, the linear relationship follows
the same trendline for all three parallels. The first parallel is
missing measurements of flow rate exceeding 56 mL/min due
measurement errors with the high-range flow meter.
Nevertheless, the similarities in the behaviour between the
second and third parallel at higher flow rates/differential
pressures is relatively promising.

300

Flow rate (mL/min)
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o
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Differental pressure (bar)

—e—First parallel —e—Second parallel Third parallel

Figure 5 Relationship between applied differential pressure and
measure flow rate for all three baseline experiments.

To further investigate the behaviour of cement in the
test setup, it was decided to prepare similar cement plugs, but
with access to water during the curing. The main reason for this

was the relatively low differential pressure needed to initiate
flow through the cement plugs for the first three parallels. This
was done by preparing the cement plug in the same manner as
described above, but to place water on top of the cement slurry
before closing the top cap and curing and testing under
pressure. Due to the availability of water (therefore named wet"
experiments) to the cement slurry during curing it was assumed
that the volumetric shrinkage would be reduced, and the reduce
shrinkage would mean a higher differential pressure would be
needed to initiate flow through the cement plug. Figure 6 shows
the result from such an experiment were a 40 cm cement
column was placed with 4 cm of water on top of the cement. As
one can see from the measured flow rate, this kind of cement
plug exhibited more resistance to flow. No flow was detected
until the differential pressure had increased to 10 bar, and the
measured flow rate at the highest differential pressure (20 bar)
was in the order of 1 — 1.5 mL/min.
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Figure 6 Result from an experiment with a 40 cm cement plug
with 4 cm of water on top.
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Figure 7 Result from an experiment with a 26 cm cement plug
with 13 cm of water on top.
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Figure 7 shows the results from a similar test. This
particular cement plug was 26 cm of length with a 13 cm
column of water on top of the cement during curing and testing.
This test did not exhibit gas breakthrough until a differential
pressure of 10 bar was applied. By comparing the flow rates for
the two "wet" experiments, one can see that the shorter cement
plug exhibits higher flow rates at similar differential pressure.
The 26 cm cement column (figure 7) has a flow rate close to 60
mL/min at 20 bar differential pressure, whereas the 40 cm
cement column had a flow rate of 1.5 mL/min. The length is a
natural and expected factor for describing these kind of test
results. However, since no information on the flow paths given
in this study it is difficult to compare the flow rates for the
"wet" experiments due to the capillary effects of water inside
the cracks/leakage paths.

CONCLUSION

A test setup with the purpose of investigating the
sealing ability of cement to steel pipe have been built and
tested. The preliminary study focused on obtaining a good and
reproducible baseline, and the setup has been found to be
operational. The baseline experiments were defined as dry
experiments with Portland G cement with no additives, and they
gave a reproducible gas breakthrough pressure of 0.04 bar with
the flow rate increasing linearly with the applied differential
pressure. Experiments with a water column on top of the cement
column gave breakthrough at a higher pressure (10 bar).
However, the presence of water in the test section makes it
difficult to separate between crack propagation through cement-
steel interface and capillary effects of water in capillaries.

The setup is able to give relevant data for qualitative
comparison of different cement systems. It can also be used to
study the effect of pipe surface properties such as surface
roughness or level of rust.
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ABSTRACT

A cement plug is widely applied for permanent abandonment
phase to provide long-term zonal isolation against fluid flow.
Maintaining cement plug integrity is a challenging task, and loss
in cement sealing poses risks to the surrounding environment and
surface safety. It is well-known that the cement performance is
affected by cement material and downhole conditions.
Nevertheless, investigations linking these influencing factors
with the sealing of cement plugs are still limited, especially with
the lack of proper equipment in the past.

In the present work, a small-scale laboratory setup has been
constructed to test the sealing ability of a cement plug. It has
unique features that can simulate plugging operations at the
downhole conditions and preserve the cement curing condition.
By testing using this setup, it is possible to measure the minimum
differential pressure required for gas to flow across the cement
plug and the gas leak rate. The silica cement mixture was
selected as the plug material, prepared using silica flour.
Investigation of silica cement under the influence of expanding
agent additive and various curing temperature was carried out. It
was found that adding an expanding agent improved the sealing
of cement plugs. Moreover, samples cured at a high temperature
were less resistant to gas flow with the leak path observed at the
cement/steel interface, indicating debonding.

INTRODUCTION

In well abandonment phase, the wellbore shall be plugged
using materials that are sufficient to isolate a source of inflow
from the surrounding formation. For a permanent application,
the plugging materials shall provide integrity that lasts for an
eternal perspective [1, 2]. Among those materials, Portland
cement is the most common sealant material for plug-and-
abandonment (P&A) operations, although several case studies
show that the cement-plug system fail to provide a tight seal due

Nils van der Tuuk Opedal
SINTEF
Trondheim, Norway

Sigbjorn Sangesland
Norwegian University of Science and Technology
Trondheim, Norway

to issues related to cement placement and behavior [3, 4].
Furthermore, conventional Portland cement systems deteriorate
when placed in wells with elevated temperature causing strength
retrogression and increase in permeability [5, 6]. This condition
can escalate the risk of cement to lose its sealing ability, failing
to provide the required integrity of P& A wells.

One of the solutions to prevent strength retrogression at
elevated temperatures is the addition of silica. Silica is one type
of pozzolans that comes in forms of (a) crystalline phase, such
as silica sand and silica flour, and (b) amorphous phase, such as
condensed silica fume (microsilica). Early research showed the
set cement that was mixed with silica has high compressive
strength and very low water permeability even when cured at
elevated temperature, even less than 0.01 mD [5-9]. Aside from
this, a study found that the silica mixed cement produced better
bonding than the conventional cement system, especially at
elevated temperature greater than 120° C [10]. These past studies
measuring different properties of the silica cement presented
valuable insight. However, a different approach was required to
fully understand the sealing performance of cement placed inside
the casing (cement plug) as a single system.

New approaches to laboratory evaluation of cement plug
sealing have been proposed and developed in recent years [11,
12]. In this study, we used a small-scale laboratory setup which
was based on the one described by van Eijden et al. [12] and also
by Oil & Gas UK Guidelines [13]. Using the following setup, the
sealing function of plug made of different cement systems can
be evaluated and compared qualitatively. External factors, such
as pipe roughness, or curing condition, could also be studied. The
setup was designed to mimic the cement plug operation,
including cement placement and cement curing. It can preserve
the curing condition systematically while testing the plug to
prevent alteration of cement and casing properties. The concept
of the test is applying differential pressure across the cement
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plug. As the results, we can obtain the value of breakthrough
pressure, i.e. the smallest differential pressure required for gas to
fully flow across the cement plug. The setup is also equipped
with gas flowmeters, and hence the gas leak rate through the
cement plug can be measured once it fails to seal. Our previous
studies have confirmed the conductibility of the setup and
reproducibility of the test results [14, 15].

The current study is an extension of our previous work,
which specifically focused on silica cement system made of
silica flour. The objective of this study is to look into the effect
of various downhole temperature. Another aspect that was
investigated is the effect of additive of expanding agent on the
sealing of cement plug.

EXPERIMENTAL SETUP AND PROCEDURE

Setup description

The small-scale laboratory setup used in the present work is
presented in Figure 1. It contained a test cell for holding a cement
plug sample, placed inside a heating cabinet. This test cell was
connected to a pressurizing system, flowmeters, and an
automated logging system. Accordingly, the setup could be
operated at elevated temperature and pressure resembling the
downhole condition. The pressure system was equipped with
nitrogen feed and pressure regulators for control.

Pressure regulator
V-15

]

@mre
Top

pressure | —

Heating cabinet
@— with temperature
sensor

i

Bottom®
pressure
sensor

(P3)

Nitrogen

Flowmeter
VF2

Figure 1. A simplified diagram of important elements of the
setup [15]

A schematic of the test cell is shown in Figure 2. Both ends
of the test cell were enclosed by removable caps with gas inlets.
The bottom cap is mounted with an adjustable support system
for retaining the liquid phase of the cement slurry during curing.
This support system contained two elements: (1) a Teflon plate,
to prevent adhesion with cement, and (2) a piston, to regulate the
position of the system. It was placed upward during the curing
process, providing support when the cement was still in liquid

Pressure input
at top side

Top cap

Test pipe
ID=5cm
OD=7.5cm
Length = 50 cm

Cement plug
Length ca. 40 ecm

Teflon plate

Bottom cap—___
Adjustable platform

system
Pressure

input at
bottom side

Piston
Figure 2. Schematic of small-scale setup with features of
adjustable platform system [15]

form. After the cement cured, the support system was placed in
a downward position, and the cement could be tested using the
same setup.

Test procedure and outputs

Prior curing, the setup was checked for leak and preheated to
the desired temperature. Then, the cement slurry was poured by
gravity into the test cell and cured under certain pressure and
temperature until cement set. Before conducting the test, valve
V-8 (see Figure 1) was closed to create a bypass line for gas to
flow through the test cell. Subsequently, two pressure lines, on
the top- and bottom sides of the test cell, could be regulated
separately.

Afterward, the pressure at the top side of the test cell was
reduced while the pressure at the bottom side of the test was kept
constant. Therefore, a pressure drop was created across the
cement plug. Once the pressure reading stabilized, the test was
monitored for 1-2 hours. The first gas leak detected in the
flowmeter reading indicated that the cement plug has failed. In
this case, the test was maintained until the gas flow rate stabilized
or reached the steady-state flow. And then, these processes were
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Table 1. Curing condition of tested cement systems

Cement composition

Curing condition

Cement system Water Silica flour Expanding agent Pressure Temperature  Curing period
(% BWOC) (% BWOC) (% BWOC) (bar) (°C) (days)
SF-66 62 35 - 20 66 4
SF-120 [15] 62 35 - 20 120 4
SF-120 + EA 62 35 2 20 120 4

repeated by decreasing the top pressure even further,
consequently increasing the differential pressure, until it reached
atmospheric pressure or until the flowmeters reached their
maximum reading.

The typical reading of differential pressure and gas flow
rate during the test is shown in Figure 3. Then, the flow rate data
was corrected to the pressure and temperature test, see Annex A.
These data were extracted to gain following information: (a) the
breakthrough pressure and (b) the relationship between gas leak
rate and differential pressure.

SAMPLE PREPARATION

Cement systems

The cement type used for the current study was Class G
Portland cement, provided by NORCEM AS. The form of silica
added in the cement system is silica flour, which is a crystalline-
silica (a-quartz) that has an average particle size of 15 pm and
specific surface of 0.4 m?*/g [8]. It has a form of dry white
powder.

Three silica cement systems were prepared with 62% BWOC
of water and 35% BWOC of silica flour, whereas 2% expanding
agent was added to one of the mixture (see Table 1). One of the
experiments was extracted from past study [15]. They were
mixed following API RP 10B-2 [16] and then poured into test
cell pipe. They were cured for a four-day period under pressure

of 20 bar and two different temperatures (66° C and 120° C), as
seen in Table 1. All samples were dry cured with no external
water source.

Pipe material

Pipes of the test cell were made of steel material with no
coating. The roughness of pipes was measured as parameter Ra
by using MarSurf PS 10 (see Annex B for more details). The
averaged Ra of all pipes is ranging from 2-5 pm.

EXPERIMENTAL RESULTS

To improve the result accuracy, at least three samples from
each experimental cases must produce results with similar
trends. Results from the test were presented as a relationship
between flowrate versus pressure drop across the plug, as seen
in Figure 4-6.

No breakthrough pressure was observed in the samples of
SF-66 and SF-120. This was indicated by an immediate gas leak
in the plugs just after the bypass line through the test cell was
opened. At this period, the applied differential pressure was very
low, which was less than 0.01 bar, and hence it could be
neglected. The occurrence of no-breakthrough pressure was an
indication that there was a significant leak path formed in all of
these samples.
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On the other hand, breakthrough pressure was not clearly
defined when testing samples of SF-120 with an expanding
agent. As soon as the bypass line through test cell was opened,
the top pressure decreased gradually and, simultaneously, a low
leak rate was observed. The top pressure became constant after
the test cell reached the differential pressure ranging from 0.03-
3 bar. This behavior could be explained by the pressure
difference between the setup and the cement plug. After the
cement set, the pressure within the cement plug might be reduced
because of the shrinkage that provokes pore contraction and
dropped below the setup pressure. As a result, gas flow into the
plug was observed at the beginning of the test. Because this
flowing gas initially had not fully-displaced fluids within the
plug, the automatic pressure regulator could not maintain a
constant top pressure. The following event masking the
observation of breakthrough pressure.

DISCUSSIONS

Effect of curing temperature

Results from samples cured at different temperature were
plotted altogether in Figure 7. The difference of curve slope
between plugs cured at different temperatures is distinct. Sharp
reduction of curve slope from SF-66 samples indicates that these
plugs produced smaller leak rate at each applied differential
pressure compared to leak rate from SF-120 samples. At a
differential pressure of 2.5 bar/m, the averaged leak rate of plugs
cured at 66° C is 2.12 ml/min, which was almost ten times
smaller than that of plugs cured at 120° C (22.5 ml/min).

To understand where the leak was originated, we inspected
the flow source by placing a +2 cm column of water at the top
side of the plug after the test was finished. By flowing the gas

from the bottom side until reaching a pressure of £10 bar, the
location of the leak path was observed from the top surface by
the presence of gas bubbles in the water column. A continuous
flow of gas bubbles was observed in several locations at the
interface of cement plug and casing. Meanwhile, no gas bubbles
was visible from the cement body after flowing gas for a long
period. This observation confirmed that leak indicated in the
integrity test was flowing through the leak path at the
cement/casing interface instead of the cement body.

The discontinuity at the cement/casing interface was also
observed in several studies [11, 17-19]. The leak path at the
interface was most likely formed due to the shrinkage after the
cement was hardened, or so-called autogenous shrinkage [20].
Contraction in the cement body due to shrinkage, ultimately,
leads to cement to debond from steel, forming of microannuli
surrounding the cement plug. This presence of microannuli in the
cement plug can be critical for the well integrity because it will
increase the effective permeability, even though the true
permeability of the plug is small.

Increasing curing temperature accelerates the hydration and
the setting time. As a result, the development rate and the
amplitude of autogenous shrinkage increase rapidly at the
beginning of the setting. At this early period, the shrinkage value
of cement paste cured at elevated temperature is larger than that
of paste cured at low temperature, even though it reduces at later
age [21, 22]. Not only cement hydration, but also the pozzolan
reaction rate of silica flour are highly dependent in curing
temperature in a similar manner. It has been investigated that the
pozzolan reaction could also intensify the system shrinkage
alongside with the cement hydration [21, 23, 24].

Cement plugs of SF-66 and SF-120
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Figure 7. Results of samples SF-66 and SF-120
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In our experiment, faster cement hydration and pozzolan
reaction was expected in samples SF-120, therefore, the
contraction at the cement/casing interface would be greater than
that in samples SF-66. Consequently, the microannuli at the
interface could be affected either by: (a) increase in the
connectivity of the debonded sections, or (b) increase in the
averaged width. This explained the high leak rate in the tests.

Effect of expanding agent

In general, samples of SF-120 with expanding agent
produced an extremely small leak rate, less than 0.25 ml/min at
the maximum differential pressure (20 bar). For comparison,
leak rates from samples SF-120 without expanding agent were
extrapolated linearly, and the average leak rate of these samples
is 127.3 ml/min at 10 bar/m. With addition 2% of expanding
agent, the leak rate was reduced considerably to 0.12 ml/min at
10 bar/m. Visual inspection to locate leak source was conducted
in a similar method as described in the previous discussion. No
visible continuous flow of gas bubble was observed at the surface
of samples. The large reduction in leak rate and the absence of
gas bubbles in visual inspection indicated that the microannuli
was reduced significantly by adding an expanding agent.

The largely improved sealing performance of the expanding
cement was due to the presence of magnesium oxide, which was
the main component of the current expanding agent. The
expansion in cement body was due to the internal pressure
exerted upon the formation of a crystal of magnesium hydroxide
on the surface of the cement matrix. This internal pressure can
displace cement components to a certain extent and counteracts
the natural condition of cement shrinkage upon setting. Several
past studies have also proven the improvement in sealing from
expanding cement, in term of reduction in microannuli size and
water permeability [4, 11], and an increase in bond strength [25,
26].

CONCLUSION

On the basis of the current small-scale laboratory study
conducted on cement plug made of silica cement systems, the
following conclusions can be drawn:

e Cement plugs cured at elevated temperature has a reduced
sealing performance. High curing temperature promotes
cement shrinkage that is unfavorable for cement sealing
properties. This shrinkage can also be enhanced due to the
presence of silica flour in the cement mixture.

o Addition of expanding agent to silica cement increases the
sealing performance of the cement plug as indicated by the
considerable reduction of gas leak rate.

NOMENCLATURE

BWOC = by weight of cement

API = America Petroleum Institute
Ra = roughness average
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ANNEX A
GAS FLOW RATE CORRECTION

Flowmeters installed in the setup measure the mass flow rate of where:
gas at standard condition (pressure of 1 atm and temperature of Qav = average volumetric flow rate of nitrogen at inlet
20° C). Because they are not sensitive to the change of pressure pressure and temperature during testing, m%/s,
and temperature in the test cell, a correction of the volumetric Q = flow of nitrogen into the specimen at STP' from the
flow rate is required. The average volumetric flow rate of flowmeter, m’/s,
nitrogen flowing through the cement plug, Qay, is calculated as P, = inlet pressure, Pa,
follows: Ps = reference pressure at STP, Pa,
_ BT (A-1) T = reference temperature at STP, Kelvin,
Qv =0 P T T = test temperature, Kelvin.
ANNEX B

PIPE ROUGHNESS MEASUREMENT

Surface roughness instrument

The instrument for surface roughness measurement was
MarSurf PS10 (Figure B- 1). It contains a probe with a stylus to
pick-up the roughness of the convex side of a pipe.

(a)

(b)

Figure B- 1. MahrSurf PS 10 Drive

Ra parameter

The roughness average (Ra) is the most commonly used
parameter to describe surface roughness. Ra is the arithmetic
average of the absolute ordinate values Z; within the sampling
length (Figure B-2), expressed mathematically as:

1= (B-2)
R, = —Z|Zi|
n

i=1

7 2z,

|
| L
I

Figure B- 2. Illustration of Ra calculation [28]

1 STP stands for the standard pressure and temperature at which the flowmeter is calibrated. Typically, the pressure is 1.013 x 10° Pa (1 atm) and

the temperature is 20° C.

8 Copyright © 2019 by ASME



Appendix D
Paper lll

Anisa Noor Corina, Nils Opedal, Torbjorn Vrélstad, Ragnhild Skorpa, Sigbjorn
Sangesland

The Effect of Casing Pipe Roughness on Cement Plug Integrity

This paper was accepted by SPE Drilling and Completion on 24 September 2019.

69



Appendix D
Paper III

This paper is not included due to copyright
available at https://doi.org/10.2118/194158-PA






89

Appendix E
Paper IV

Anisa Noor Corina, Ragnhild Skorpa, Sigbjorn Sangesland, Torbjgrn Vralstad

Fluid Flow Analysis of Different Fluid Types Flowing Through Real
Microannuli

This paper will be submitted for journal publication.



Appendix E
Paper IV

This paper is awaiting publication and is not included in NTNU Open



Doctoral theses at NTNU, 2020:30

Anisa Noor Corina

Cement Plug Integrity for Well
Abandonment

el
wn
Q
e
|_
(O
C
o
)
O
@
()

ISBN 978-82-326-4423-0 (printed version)
ISBN 978-82-326-4427-8 (electronic version)

ISSN 1503-8181

= 25 52¢
o Z>o.—3
(9] = &= < 0
— =05 o =
o Z v co0o
3 o £ €5
Q > O 5o

— = 0
— c = c o
> D_D'-'J'g

[0} c =
3 5528
= )
6 g3
c 35S
= 258
2 05

o 5 LW
5 zZo ¢
)
z O
< G
N -—
c
S )
2 £
W ©
o a
)
(]

@NTNU @NTNU

Norwegian University of Norwegian University of
Science and Technology Science and Technology

NNIN @



	153053 Anisa Noor Corina_Innmat
	153053 Anisa Noor Corina_Innmat



