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Abstract

Deep wells are an essential component of the global energy infrastructure. However, well integrity
issues — the failure of wells to effectively seal and isolate subsurface formations — are widespread
and can lead to severe environmental consequences such as aquifer contamination and greenhouse
gas emissions. Avoiding leakage by maintaining well integrity is therefore critical throughout
the entire lifecycle of wells. In this context, the cement-filled annulus between steel casings
represents a key barrier system, as the cement—steel compound constitutes a common weakness.
The complexity of the processes governing well integrity suggests the need for a multi-scale
approach. Accordingly, this study links material property characterization at the sub-millimeter
scale, meter-scale cyclic loading experiments, and field-scale operational practices to improve the
understanding of well integrity.

Understanding the mechanisms responsible for leakage is a prerequisite for well integrity man-
agement. These mechanisms were therefore investigated experimentally, with a focus on the
cement—steel compound in wells used for underground gas storage. These wells experience
cyclic loading due to repeated gas injection and extraction and may therefore be particularly
susceptible to integrity degradation. To investigate this, a total of 256 large-scale autoclave
experiments were conducted on five 2-meter-long cement-filled steel casings designed to represent
the casing-cement interface in wells. These specimens were subjected to cyclic pressure and
thermal loading simulating underground gas storage operations. The system permeability of
the cement-filled casing and its evolution with successive loading cycles and over time were
determined from pressure changes associated with gas flow through the casing. These large-scale
experiments were complemented by small-scale laboratory investigations on cement samples to
characterize properties such as matrix permeability, porosity, and mineralogy before and after
cyclic loading.

To quantitatively interpret the experiments, a numerical finite-difference model was developed to
simulate gas flow through an annular gap between cement and steel and to derive effective gap
apertures after each loading cycle. The model accounts for Hagen—Poiseuille gas flow as well as
pressure—temperature coupling. This coupling is important because adiabatic gas compression
and expansion during flow cause temperature changes in the gas. The resulting temperature
difference between the gas and the surrounding autoclave steel induces heat transfer between gas
and steel under approximately isochoric conditions, which superimposes the adiabatic temperature
evolution driven by gas flow. This heat transfer in turn affects the gas pressure, thereby changing
pressure gradients and consequently influencing gas flow.

The results demonstrate that interpreting gas flow and pressure evolution requires consideration
of pressure—temperature interactions, which are often neglected. Furthermore, repeated pressure
loading resulted in increased system permeabilities, most likely due to progressive debonding
at the cement—steel interface and the development of an annular gap. Gas flow through the
cement matrix can be ruled out due to its low matrix permeability. Thermal loading caused
temporary permeability reductions, which are interpreted as condensation of water within the gap.
Consequently, maintaining a fluid column in the annulus and selecting fluids with appropriate
density and viscosity may contribute to improved sealing performance. Generally, the modeled



annular gap apertures stabilized between approximately 25-45 pm after a limited number of
loading cycles, indicating that the gap aperture approaches a quasi-stable maximum.

The numerical model is further applied to diagnostic well integrity testing scenarios, suggesting
that annular gaps generated by cyclic loading alone are unlikely to produce major leaks as defined
by the American Petroleum Institute (2006). These findings indicate that, under conditions of
high-quality cementation, the likelihood of major leakage is low, although minor leaks may still
pose long-term risks, particularly for abandoned wells that are not monitored. Ultimately, the
use of hybrid sealing concepts that combine cement with additional barrier materials, such as
bentonite, rock plugs, bitumen, or metallic alloys, could further enhance long-term well integrity.

Beyond insights into leakage mechanisms gained from laboratory and modeling investigations,
maintaining well integrity also requires appropriate diagnostic procedures and regulatory frame-
works for the detection and management of leakage in the field. Because downhole integrity
is difficult to assess directly, regulations often focus on manifestations of leaks at the surface.
A typical manifestation of leakage within an annulus is pressure build-up at the wellhead that
reoccurs after pressure release. This phenomenon is known as sustained casing pressure (SCP).
If the leaking annulus is open to the atmosphere, pressure cannot build up and instead gas
continuously flows to the atmosphere, which is referred to as casing vent flow (CVF).

Consequently, SCP and CVF can be used to infer the integrity condition of a well from pressure
build-up or gas flow measurements at the wellhead and therefore often form the basis of
regulatory requirements. To evaluate how different countries address these phenomena, well
integrity regulations as well as industry guidelines in major gas-producing countries are reviewed,
including the United States, Russia, China, Canada, Norway, and Australia. The analysis
reveals substantial differences in regulatory approaches. While the United States, Canada, and
Russia mainly apply direct and prescriptive requirements, Norway and Australia rely on indirect,
risk-based frameworks that place greater responsibility on operators. A common shortcoming of
prescriptive regulations is the lack of comprehensive workflows that span the entire process from
the detection of pressure or flow to effective remediation. A minimum workflow for SCP and
CVF management is therefore proposed, beginning with monitoring, i.e., the measurement of
pressure build-up or flow in annuli. If pressure build-up or flow is detected, diagnostic testing
must be performed to determine whether leakage is present or if, for example, the pressure is
induced by temperature variations. If leakage is confirmed, appropriate remediation measures
must be implemented. Monitoring and follow-up actions should continue throughout the post-
abandonment phase. In addition, well integrity data should be thoroughly documented and made

publicly available whenever possible.

By adopting a holistic multi-scale approach, this study contributes to a more comprehensive

understanding of well integrity in deep wells.



Kurzfassung

Tiefe Bohrungen sind ein wesentlicher Bestandteil der globalen Energieinfrastruktur. Integritéts-
probleme von Bohrungen — das Versagen, Bohrungen wirksam abzudichten — sind jedoch weit
verbreitet und konnen zu schwerwiegenden Folgen wie Grundwasserkontamination und Treib-
hausgasemissionen fithren. Die Vermeidung von Leckagen durch die Aufrechterhaltung der
Bohrungsintegritat ist daher iiber den gesamten Lebenszyklus von Bohrungen hinweg von
entscheidender Bedeutung. In diesem Zusammenhang stellt der zementgefiillte Ringraum zwis-
chen Stahlverrohrungen ein zentrales Barrieresystem dar, da der Zement—Stahl-Verbund eine
h&ufige mechanische Schwachstelle bildet. Die Komplexitat der Prozesse, die die Bohrungsin-
tegritdt bestimmen, erfordert einen Multi-Skalen-Ansatz. In dieser Studie werden Skalen von der
Materialcharakterisierung im Labormafistab tiber grofiskalige zyklische Belastungsexperimente
bis hin zu Feldpraktiken und regulatorischen Rahmenbedingungen betrachtet.

Das Verstandnis der fur Leckagen verantwortlichen Mechanismen ist eine grundlegende Voraus-
setzung fiir ein zuverldssiges Bohrlochintegritdtsmanagement. Daher wurden diese Mechanismen
experimentell untersucht, wobei der Schwerpunkt auf dem Zement—Stahl-Verbund in Bohrungen
fiir die Untergrundgasspeicherung lag. Aufgrund der wiederholten Gasinjektion und -entnahme
sind diese Bohrungen zyklischen Belastungen ausgesetzt und konnten daher besonders anféllig
fiir eine Verschlechterung der Integritat sein. Hierzu wurden insgesamt 256 grofimaflstabliche
Autoklavenexperimente an fiinf je zwei Meter langen, zementgefiillten Stahlrohren durchgefiihrt,
die die Grenzflache zwischen Stahlverrohrung und Zement reprasentieren. Die Versuchskorper
wurden zyklischen Druck- und Temperaturbelastungen ausgesetzt, um den Betrieb von Unter-
grundgasspeichern zu simulieren. Die Systempermeabilitit der zementgefiillten Stahlrohre sowie
ihre Entwicklung wihrend der Belastungszyklen wurden anhand von Druckénderungen infolge des
Gasflusses durch das Rohr bestimmt. Erganzend wurden Laboruntersuchungen an Zementproben
durchgefiihrt, um Parameter wie Matrixpermeabilitdt, Porositdt und Mineralogie vor und nach
der zyklischen Belastung zu charakterisieren.

Zur quantitativen Interpretation der Experimente wurde ein numerisches Finite-Differenzen-
Modell entwickelt, das den Gasfluss durch einen Ringspalt zwischen Zement und Stahl simuliert
und die effektive Spaltweite nach jedem Belastungszyklus bestimmt. Das Modell beriicksichtigt
sowohl Hagen—Poiseuille-Gasfluss als auch Druck—Temperatur-Kopplung. Diese Kopplung
entsteht, da die adiabatische Kompression und Expansion des Gases wahrend des Flusses
Temperaturdnderungen verursacht. Die daraus resultierende Temperaturdifferenz zwischen Gas
und umgebendem Autoklavenstahl fiihrt unter ndherungsweise isochoren Bedingungen zu einem
Warmeaustausch, der die adiabatische Temperaturentwicklung aus dem Gasfluss iiberlagert.
Dadurch werden der Gasdruck, die Druckgradienten und folglich der Gasfluss beeinflusst.

Die Ergebnisse zeigen, dass die Interpretation von Gasfluss und Druckentwicklung die haufig
vernachlassigte Druck—Temperatur-Kopplung erfordert. Wiederholte Druckbelastung erhohte die
Systempermeabilitdt, was hochstwahrscheinlich auf ein fortschreitendes Ablésen an der Zement—
Stahl-Grenzfliche und die Ausbildung eines Ringspalts zuriickzufiihren ist. Ein Gasfluss durch die
Zementmatrix kann aufgrund ihrer geringen Permeabilitat ausgeschlossen werden. Temperaturbe-
lastung verursachte voriibergehende Permeabilitatsverringerungen, die als Kondensation von



Wasser im Ringspalt interpretiert werden. Dementsprechend kénnten die Aufrechterhaltung einer
Flissigkeitssdule im Ringraum sowie die Auswahl geeigneter Fliissigkeiten hinsichtlich Dichte
und Viskositat die Dichtwirkung verbessern. Die modellierten Ringspaltweiten stabilisierten sich
nach wenigen Belastungszyklen zwischen etwa 25 pm und 45 pm und naherten sich damit einem
quasi-stabilen Maximalwert.

Das numerische Modell wurde zudem auf Szenarien diagnostischer Bohrlochintegritatstests
angewendet. Die Ergebnisse deuten darauf hin, dass ausschliefllich durch zyklische Belastungen
entstandene Ringspalte mit geringer Wahrscheinlichkeit zu erheblichen ("major”) Leckagen
fithren, wie sie vom American Petroleum Institute (2006) definiert werden. Bei qualitativ
hochwertiger Zementation erscheint die Wahrscheinlichkeit erheblicher Leckagen daher gering,
wenngleich auch geringfiigige Leckagen langfristige Risiken darstellen konnen, insbesondere
bei nicht iiberwachten stillgelegten Bohrungen. Hybride Dichtungskonzepte, die Zement mit
zusatzlichen Barrierematerialien wie Bentonit, Gesteinsstopfen, Bitumen oder metallischen

Legierungen kombinieren, kénnten die langfristige Bohrlochintegritat weiter verbessern.

Neben den Erkenntnissen aus Laboruntersuchungen und numerischer Modellierung erfordert
die Aufrechterhaltung der Bohrlochintegritit geeignete Diagnoseverfahren und regulatorische
Rahmenbedingungen zur Erkennung und zum Management von Leckagen im Feld. Da die
Integritdt im Bohrlochinneren nur eingeschrankt beurteilt werden kann, konzentrieren sich
regulatorische Vorschriften haufig auf Leckagemanifestationen an der Oberflache. Eine typische
Manifestation ist ein Druckaufbau am Bohrlochkopf, der nach einer Druckentlastung erneut
auftritt (sustained casing pressure, SCP). Ist der undichte Ringraum zur Atmosphére hin offen,
baut sich kein Druck auf. Stattdessen stromt kontinuierlich Gas aus (casing vent flow, CVF).

SCP und CVF ermoglichen Riickschliisse auf den Integritatszustand einer Bohrung anhand von
Druckaufbau- beziehungsweise Gasflussmessungen am Bohrlochkopf und bilden daher héufig die
Grundlage regulatorischer Anforderungen. Hierzu wurden Bohrlochintegritatsvorschriften und
Industrierichtlinien bedeutender Gasforderlénder, darunter die Vereinigten Staaten, Russland,
China, Kanada, Norwegen und Australien, untersucht. Die Analyse zeigt erhebliche Unterschiede
in den regulatorischen Ansdtzen. Wéhrend die Vereinigten Staaten, Kanada und Russland
iiberwiegend direkte und préskriptive Vorschriften anwenden, verfolgen Norwegen und Australien
indirekte, risikobasierte regulatorische Ansatze mit groflerer Betreiberverantwortung. Eine haufige
Schwéche préskriptiver Vorschriften ist das Fehlen eines durchgidngigen Arbeitsablaufs von der
Leckageerkennung bis zur Sanierung. Daher wird ein Minimalstandard fiir das Management
von SCP und CVF vorgeschlagen: Uberwachung von Druckaufbau oder Gasfluss, diagnostis-
che Untersuchungen zur Bestatigung einer Leckage und anschlielende Sanierungsmafinahmen.
Uberwachung und geeignete FolgemaBnahmen sollten auch nach der Stilllegung fortgefiihrt
werden. Dariiber hinaus sollten Bohrlochintegritiatsdaten umfassend dokumentiert und mdéglichst
offentlich zugénglich gemacht werden.

Durch die Anwendung eines ganzheitlichen Multiskalenansatzes tragt diese Arbeit zu einem

umfassenderen Verstdndnis der Integritat tiefer Bohrungen bei.
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1 INTRODUCTION

1 Introduction

1.1  Well integrity

Deep wells are an essential component of the global energy infrastructure as they are
required for most subsurface energy projects, including hydrocarbon production, geothermal
energy operations and the geological storage of gases and liquids such as hydrocarbons,
carbon dioxide and hydrogen (Economides and Wood, 2009). Wells are created by drilling
boreholes into the Earth’s crust with the aim of providing controlled access to deep
subsurface formations. A properly functioning well provides zonal isolation along its depth,
preventing the migration of fluids between formations along the wellbore (ISO 16530-1,
2017). This isolation is essential because leaks and unintended fluid migration inside
or outside the well can lead to environmental contamination of groundwater or surface
water, greenhouse gas emissions, or safety hazards, for example due to pressure build-up
or the presence of sour gas (e.g., Goodwin et al., 2015; Ingraffea et al., 2014; Jackson and
Dusseault, 2014; Kinik and Wojtanowicz, 2011; Morais et al., 2024; Wisen et al., 2020).

To prevent such unintended fluid migration, maintaining well integrity is essential. In
this study, well integrity refers to the condition of a well in which all technical barriers
remain functional and capable of fulfilling their intended purpose. As such, well integrity
management ensures that fluids are contained within the well and do not leak into the
surrounding environment by maintaining the condition of components such as steel pipes
and cement (e.g., Colborn et al., 2014; Kiran et al., 2017). According to the NORSOK
D-010 standard, achieving well integrity involves implementing technical, operational,
and organizational measures to minimize the risk of uncontrolled release of formation
fluids throughout the entire lifespan of the well (Norwegian Oil Industry Association and
Federation of Norwegian Manufacturing Industries, 2021).

Ensuring the long-term integrity of oil and gas wells will continue to be crucial for
maintaining a strong and reliable energy infrastructure, even with an expected decrease
in natural gas and oil consumption (e.g., Claessens, 2023; Zhou et al., 2022). Subsurface
energy applications such as geologic carbon dioxide storage, compressed air and hydrogen
storage, and geothermal energy utilization play a key role in reducing greenhouse gas
emissions, and all of them rely on robust well integrity management (e.g., Bai et al., 2016;
Carroll et al., 2016; Iyer et al., 2022; Ugarte and Salehi, 2022; Wood, 2024). The sealing
components of wells used in these operations will be exposed to fluids and subsurface

conditions, which can lead to multiple leakage pathways.

Figure 1 illustrates the main components of a drilled and completed well with four casings,
which are tubular pipes installed during drilling operations to stabilize the borehole and
isolate geological formations, as shown for example by Feder (2001). Casings are typically
manufactured from specialized steel. The conductor casing is a short pipe driven into the
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ground to stabilize unconsolidated near-surface sediments, prevent collapse, and isolate
shallow aquifers during the initial drilling stage. The next inner casing string is referred
to as the surface casing. The innermost casing is the production casing. Any casing
strings installed between the surface casing and the production casing are referred to as
intermediate casings. Inside the production casing lies the tubing, a slim steel pipe used to
transport fluids either to or from the reservoir during production or injection operations.
The commonly used term tubular refers collectively to all steel pipes installed in the well,
including all casing strings and the tubing.

Vent
Annulus A > ¥

Annulus B
Annulus C Wellhead
Annulus D Surface Casing Vent

Conductor
Casing

Cement

Surface
Casing

Intermediate
Casing

Production
Casing

Fluid

Tubing

Packer

Open Hole

Figure 1: Illustration of a borehole and potential leakage pathways based on Feder (2001) and
Gasda et al. (2004), modified after Schulz et al. (2025). The fluid leakage pathways shown are: a) fractures
or mud channels in the cement, b) casing corrosion and thread leak, ¢) microannulus between rock and
cement, d) microannulus between cement and steel, and e) cement matrix flow.
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The spaces between adjacent casings, between tubing and casing, and between borehole wall
and casing are referred to as annuli. Annuli are conventionally designated alphabetically
from the inside outward, beginning with annulus A for the innermost annulus, followed
by annulus B, and so forth. In order to seal the annular space and thereby prevent
uncontrolled fluid migration along the wellbore, annuli are typically fully or partially filled
with cement (Figure 1).

However, the space between the tubing and the production casing (annulus A) is typically
filled with a corrosion-inhibiting liquid instead of cement, so the tubing can be exchanged
when necessary, for example due to corrosion (e.g., Ma et al., 2022). A seal (the packer) is
placed at the bottom of annulus A to prevent reservoir fluids from entering this annulus
(e.g., Bellarby, 2009).

Although Figure 1 depicts a typical well configuration, actual well designs vary consider-
ably depending on geological conditions and operational requirements, with substantial
differences between onshore and deepwater wells (e.g., American Petroleum Institute, 2006;
Jiang, 2021; Wan, 2011). For instance, wells may contain more or fewer casing strings. In
addition, annuli are not always fully cemented. In some designs, only the lower sections are
cemented, whereas the upper sections are filled with a liquid (e.g., Nelson, 2006, ch. 6-2.3.2,
9-6.1, C-3.6).! Furthermore, hanging liners are used in some wells, which are casing strings
that do not extend to the surface but are instead hung from the next outermost casing
string. In line with API RP 90, a liner is considered part of the casing into which it is
installed in this study, since the annulus between the liner and the casing does not extend
to the wellhead (American Petroleum Institute, 2006). Figure 1 further highlights several
types of structural failures within the well barrier system that may potentially act as

leakage pathways for reservoir fluids.

1.2 Well integrity failure
1.2.1 Physical reasons for well integrity failure

Well integrity failure refers to the loss of a well’s ability to sufficiently contain fluids,
allowing them to migrate into surrounding formations or to the surface (King and King,
2013). Various factors can compromise the integrity of a well. However, some of the main
causes of leakage during underground operations lie within the wellbore sealing system —
either through cracks in the cement, the pore space of the cement, or through the interfaces
between rock, cement and steel (e.g., Opedal et al., 2014), as depicted in Figure 1. As one
of the main reasons for cement failure is poor cement design, the composition must be
selected carefully so that the cement fulfills both rheological and mechanical requirements

Leh. refers to chapters in the cited literature.
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(Yousuf et al., 2021). In most wells, Class G cement or its coarser variant, Class H cement,
are used (Nelson, 2006, ch. 2-7). Class G cement is based on the four Portland cement
clinker phases® (Ghabezloo, 2011):

a) Alite: C&gSiOg, (CgS)
b) Belite: C&QSiO4 (CQS)
¢) Tricalcium aluminate: CazAl,Og (C3A)

d) Brownmillerite: Cay(Al, Fe)y05 (C4AF)

When water is added to the ground cement powder, hydration occurs. The following
hydration reactions of the four clinker phases are described by Stark and Wicht (2013):
Alite and Belite react to form calcium silicate hydrates (the amorphous C-S-H phases) and
portlandite (Ca(OH)s). The reaction of C3A, the fastest-reacting clinker phase, depends
on the presence of sulfate. Without sulfate, thin plates of calcium aluminate hydrates are
formed. With sulfate, ettringite is formed first. Once the sulfate is consumed, ettringite
slowly transforms into monosulfate, depending on pressure and temperature. C4AF reacts

in a similar manner, but more slowly, and additionally forms iron-containing compounds.

A wide range of additives is available to fine-tune the properties of cement according to
specific rheological and mechanical needs (e.g., Broni-Bediako et al., 2016; Fink, 2011;
Nelson, 2006, ch. 3). Given the complexity and sensitivity of cement behavior under
downhole conditions?, the formulation must be carefully tailored to the specific geological
and operational context. An improper cement formulation increases the likelihood of
failure (Yousuf et al., 2021).

Another critical factor besides the composition is the water-cement ratio during mixing.
According to Dusseault et al. (2000), cement slurry with an excessively high water content
can lose water to the surrounding porous rock because the hydrostatic pressure gradient in
the cement column is typically higher than the adjacent pore pressure gradient. Since the
cement suspension has already developed a small shear strength, this water loss may not
be compensated by settling, which in turn causes shrinkage. This may lead to debonding
between the cement and either the casing or the rock. In turn, debonding results in
the formation of an annular gap? (Figure 1c,d), creating a potential flow path (Hachem
and Kang, 2023). Similarly, salt-rich formation brines or rock salt can cause water to be

2The abbreviations in brackets follow the cement chemistry (Bogue) notation, in which C = CaO,
S = SiOQ, A= A12037 and F = F6203.

3For example, downhole conditions may involve high pressures, high temperatures, and complex fluid
chemistries.

4An annular gap refers to a separation between the cement and the adjacent surface (casing or rock)
with an aperture on the order of micrometers, while its lateral extent may be much larger. This feature is
also commonly referred to as a microannulus.
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withdrawn from the cement slurry, leading to shrinkage of the cement and the formation
of fractures or a gap between rock and cement, as shown in Figure la,c (e.g., Chenevert
and Shrestha, 1991; Dusseault et al., 2000; van Kleef, 1989).

Additionally, Portland cement shrinks during the curing phase because hydration products
require less volume than the original slurry (e.g., Nelson, 2006, ch. 8-3.10; Powers, 1935).
While this shrinkage can be partially compensated by additives (e.g., Dusseault et al.,
2000; Fink, 2011), it may still lead to debonding (e.g., Yousuf et al., 2021). Finally,
debonding between the cement and the formation may also occur if the filter or mud cake,
which prevents drilling fluid from entering the formation, is not removed properly before
cementation (e.g., Kremieniewski et al., 2021; Siddig et al., 2020).

Another common issue during cementation is the formation of mud channels (e.g., Bittleston
et al., 2002; Pelipenko and Frigaard, 2004). If the drilling mud is not properly displaced,
residual mud can create channels within the cement sheath. This issue is particularly
common when a casing is eccentrically positioned, as the mud tends to accumulate on the
narrower side of the annulus, forming a potential leakage path (Daccord et al., 2006).

Apart from issues during or shortly after cement slurry placement, leakage pathways may
also form after the cement has cured. One frequent cause of leakage is the formation of
cracks in the hardened cement (e.g., Hachem and Kang, 2023; Yousuf et al., 2021). Radial
or longitudinal cracks may develop as a result of cyclic loading over time, or due to sudden
pressure changes, such as those occurring during hydraulic stimulation (Yousuf et al.,
2021). Radial cracking and debonding can also be triggered by temperature increases (e.g.,
Goodwin and Crook, 1992; Yousuf et al., 2021). Eccentric casings also increase the risk of
crack development during hydraulic fracturing or other high-pressure operations, as stress
concentrates at the thinnest sections of the cement, and even comparatively low pressures

can lead to cement failure (Liu et al., 2018a).

Generally, cements with a higher Young’s modulus or greater compressive strength are
also more prone to fracturing due to pressure or temperature fluctuations than more
elastic formulations (e.g., Goodwin and Crook, 1992; Yousuf et al., 2021). According to
Nygaard et al. (2014), cements with higher Young’s modulus or Poisson’s ratio are also
more susceptible to debonding and tensile fracturing due to cooling induced reductions in
near-wellbore compressive stress. However, cements with a lower Young’s modulus may
facilitate the upward propagation of failures (Kim et al., 2016).

Although leakage is often caused by the previously described cracks in the cement or
debonding at the cement—casing or cement—formation interface (e.g., Bachu, 2017; Hachem
and Kang, 2023; Watson and Bachu, 2009), additional well integrity failure mechanisms can
also contribute to leakage. Packer and tubing failures are relatively common in injection
wells due to the high pressures involved, but these are typically straightforward to detect
and remediate when appropriate monitoring systems are in place (Bachu and Watson,
2009). Casing failure is another potential leakage cause, with around 90% of such failures
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occurring at the connection joints between individual casing sections, primarily driven
by high thermal and mechanical loads (Cirimello et al., 2017; Maharaj, 1996). Casing
wear can also contribute to structural failure, as during drilling operations, tool joints
may abrade the casing wall and reduce its mechanical integrity (Lin et al., 2016). Finally,
fractures in the caprock can create pathways for fluid migration. Although such fractures
may occur due to natural processes (Tao et al., 2023), drilling-induced fractures in the
near-well zone can also lead to leakage pathways (Opedal et al., 2018).

1.2.2 Chemical reasons for well integrity failure

In addition to the physical failure mechanisms related to pressure, stress, and temperature

variations, chemical reactions can also compromise the integrity of casings and cement.

Casing corrosion is often caused by corrosive fluids containing carbon dioxide (COy),
hydrogen sulfide (H,S), oxygen, salts, or organic acids (Bertness et al., 1989). Corrosion
due to microbiological activity, particularly involving sulfate-reducing bacteria such as
Desulfovibrio® species, is also common (Baumgartner, 1962). However, CO, and H,S are
generally considered the most critical agents for casing corrosion (Obot et al., 2023).

Mubarak et al. (2023) describe the mechanism of COs-induced corrosion as follows, which
is still subject of ongoing research. When CO, comes into contact with water, carbonic acid
(HyCOg3) forms. Depending on the pH value, H,COj3 dissociates into hydrogen ions (H™)
and either bicarbonate (HCOj ) or carbonate ions (CO3™). The H* ions can subsequently
be reduced to molecular hydrogen (Hsy), consuming electrons, while iron (Fe) is oxidized

to Fe?*, releasing electrons and forming iron carbonate or hydroxycarbonate phases.

While the mechanisms of HyS-induced casing corrosion are not yet fully understood as
well, the following reactions are widely accepted (Mubarak et al., 2023): Fe is oxidized to
Fe?T, which reacts with HyS to form iron sulfide (FeS) and H'. The generated H* ions
are then reduced to Hy. This overall process can be expressed as Fe + HyS —— FeS + Ho.

However, as HoS hampers the formation of molecular hydrogen, some hydrogen ions may
diffuse into the steel and form molecular hydrogen there. This can, for example, lead to
hydrogen-induced cracking or hydrogen blistering (Mubarak et al., 2023).

Beyond casing corrosion, cement degradation due to chemical interactions can also lead
to the formation of leakage pathways. COy not only corrodes casing steel but also reacts
with cement. These reactions are described by Song et al. (2024) as follows: The carbonic
acid (HyCOj3) generated from CO, and water dissociates into H* and carbonate (CO3")

Besides Desulfovibrio, numerous other species and mechanisms contribute to microbiologically influ-
enced corrosion. For example, sulfur-oxidizing bacteria can oxidize sulfide or sulfur to highly corrosive
sulfuric acid (Gao and Fan, 2023). Nevertheless, HoS-producing Desulfovibrio species are considered
responsible for the majority of microbiological casing corrosion (Baumgartner, 1962).
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or bicarbonate (HCOj3) ions, creating an acidic environment. Portlandite in the cement
renders the pore solution alkaline, which neutralizes the acid and causes calcium carbonate
(CaCO3) to precipitate. In parallel, the C-S—H gel reacts with hydrogen and carbonate ions
to form CaCOj3 as well, which leaches calcium out of the C—S—H gel. The calcium carbonate
can further react in the acidic environment to form more soluble calcium bicarbonate.
Song et al. (2024) emphasize that these reactions weaken the mechanical stability of the

cement and increase its permeability.

Another common cement degradation process is known as sulfate attack. This occurs
when sulfate-rich fluids, for example from anhydrite-bearing formations, penetrate the
cement matrix (Loizzo et al., 2020). Sulfate ions react with calcium to form gypsum, which
subsequently reacts with hydrated calcium aluminates (such as monosulfate phases) to
form secondary ettringite (Sun et al., 2019). This process results in volumetric expansion,
which may induce fracturing and create potential leakage paths (Zhang et al., 2024a).

1.3 Underground gas storages in Germany

One application in which well integrity considerations are particularly relevant is under-
ground gas storage (UGS), where large quantities of natural gas or other gases are injected
into the subsurface and withdrawn when required. Globally, two main types of UGS
account for almost all storage capacity (e.g., Cornot-Gandolphe, 2019; Al-Shafi et al.,
2023):

1. Pore storages: Gas can be stored in porous rock formations provided the reservoir
has sufficient permeability and is sealed by a geological trap®. The vast majority of
global pore storages, and UGS in general, are depleted gas or oil fields repurposed
for gas storage (e.g., Cornot-Gandolphe, 2019; Al-Shafi et al., 2023). Since these
reservoirs have already been proven to be tight for millions of years while being porous,
permeable and well explored, they are relatively straightforward to operate while
providing large storage volumes. In addition to depleted reservoirs, (saline) aquifers
are also used as UGS sites, provided they are sufficiently permeable and adequately
sealed by a geological trap (e.g., Uliasz-Misiak and Misiak, 2024; Witherspoon et al.,
1962).

2. Caverns: Almost all operational cavern-type UGS are salt caverns (e.g., Cornot-
Gandolphe, 2019; Al-Shafi et al., 2023). These are created by drilling into a salt
formation and leaching the salt with freshwater, gradually forming caverns that can

SA geological trap is a combination of impermeable boundaries and structural or stratigraphic features
that confine hydrocarbons both vertically and, to some extent, laterally. For example, gas can be trapped
in an anticline structure if a permeable reservoir layer is overlain by an impermeable cap rock layer
(Grotzinger and Jordan, 2017).
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reach several hundred meters in height and typically measure 50-100 m in diameter
(Michalski et al., 2017). Because salt is highly impermeable and self-healing, salt
caverns — which offer high injection and extraction rates and maintain high gas

purity — are an attractive alternative to pore storages (Fibbi et al., 2022).

The wells for these UGS facilities are not fundamentally different in concept from those
used in conventional oil and gas operations. However, the cyclic injection and withdrawal
of gas impose additional challenges, as the wells must withstand repeated loading cycles.
A specific high-frequency cycling application is currently being discussed and investigated
in Germany (SAMUH, consortium, 2022; SUBI consortium, 2017). With the planned
decarbonisation and the expansion of wind and solar power, the ability to supply constant
baseload power is diminishing. Consequently, it becomes increasingly important to store
and withdraw energy on demand. While batteries might seem the obvious choice for
such buffering, Germany’s stationary battery capacity by the end of 2022 was estimated
at only 7GWh, with an additional 65 GWh stored in electric vehicles (Figgener et al.,
2022). To put these numbers into perspective: Germany’s annual energy consumption is
approximately 2.3 PWh, of which around 1.2 PWh is used for heating and approximately
0.5 PWh for electricity (Umweltbundesamt, 2025a,b,c).

UGS could instead play an important role as large-scale buffer systems, particularly since
Germany possesses the fifth largest working gas” volume worldwide, corresponding to
a natural-gas energy content of 251 TWh (Cornot-Gandolphe, 2019; Gas Infrastructure
Europe, 2026). The simplest buffering concept involves injecting and withdrawing natural
gas according to demand. There are also innovative concepts, such as power-to-gas, where
excess electricity — e.g., from wind or solar power — is used to produce hydrogen via
electrolysis, enabling chemical energy storage and potential injection into UGS facilities
(Ozturk and Dincer, 2021).

Historically, UGS were typically filled during the warm months and gas was withdrawn
during the cold months, resulting in an annual loading cycle (Federal Network Agency,
2026). Driven by the need to balance fluctuating renewable energy supply, future operation
may involve significantly increased cycling frequencies, with frequent short-term injection
and withdrawal cycles superimposed on the seasonal cycle. Since most of Germany’s
existing UGS facilities are several decades old (DVV Media Group GmbH, 2023) and were
not designed for such cycling, their suitability for this purpose has to be evaluated. While
the failure rates of rocks and well infrastructure are comparable for UGS, the discharge
rate in the event of an infrastructure failure is approximately 10° times higher (Keeley,

"The working gas volume is the amount of gas that can be withdrawn and reinjected during operation,
as opposed to the cushion gas that must remain in the storage for stability. In Germany, pore storages
contain about 8.6 x 10° m? and cavern storages about 14.1 x 10° m? of working gas (DVV Media Group
GmbH, 2025). These values are given for standard conditions (surface pressure and temperature).
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2008), placing particular emphasis on the integrity of cement and steel components within
the well.

Thus, experimental investigations and numerical modeling are carried out in this study to
assess the effects of cyclic loading on a cement—steel composite, represented by a casing
filled with cement. This configuration can be interpreted either as a plugged well in a
depleted oil or gas reservoir repurposed for UGS, which must remain leak-tight under
cyclic loading as well, or as the outer cement—steel interface of a cement-filled annulus.

1.4 Sustained casing pressure: A well integrity issue indicator
1.4.1 Mechanisms and consequences

Although underground gas storage represents one application in which well integrity is of
particular importance, integrity failures are a widespread concern throughout the oil and
gas industry and affect many wells worldwide. It is estimated that there are approximately
six million active and inactive oil and gas wells in the United States and Canada alone
(WellDatabase, 2025; WellWiki, 2021). Managing the integrity of these wells, along with
millions of others worldwide, is a major challenge, as each well represents a potential
pathway for fluid migration and requires ongoing monitoring.

While there are many methods for monitoring the integrity of a well, jurisdictions® with
regional well integrity management programs typically rely on operators to report the
occurrence of sustained casing pressure (SCP). This phenomenon refers to the build-
up of annular pressure from leaking well components and is an indicator of integrity
issues (Yao and Wojtanowicz, 2017). By definition, SCP rebuilds after it has been
vented?, distinguishing it from operator-induced pressures and those caused by temperature

fluctuations (American Petroleum Institute, 2006).

When the annulus between two casings is open to the atmosphere, SCP cannot build
up. Instead, the gas flows out of the annulus, which is referred to as casing vent flow
(CVF), or more specifically surface casing vent flow (SCVF) when occurring in the annulus
between the surface casing and the next innermost casing. Both SCP and CVF result
from undesirable gas leakage through a well annulus and may indicate either developing

or already existing well integrity issues.

Pressure build-up associated with SCP is particularly concerning, as it can cause failure

at reservoir depth or at the surface, potentially resulting in a catastrophic well blowout,

81n this study, the term jurisdiction refers to the geographical area in which a regulation applies. It
may correspond to a sub-national unit (e.g., a state, province, or territory) or to an entire country.

9Venting refers to the intentional release of gas and associated pressure from an annulus through the
designated wellhead vent (Figure 1).
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especially in offshore wells (Kinik and Wojtanowicz, 2011). For onshore wells with lower
pressures, SCP can lead to the contamination of aquifers: If there is a leakage path that
causes gas to escape from the well to the surrounding subsurface, this is referred to as gas
migration (Lackey et al., 2022). Gas migration can pollute aquifers, surface waters, and
the atmosphere (e.g., Ingraffea et al., 2014; Jackson and Dusseault, 2014; Morais et al.,
2024; Wisen et al., 2020).

In contrast, CVF usually leads to direct greenhouse gas emissions into the atmosphere,
exacerbating global warming. This also applies when SCP is released to the atmosphere
to avoid the aforementioned risks. Sherwin et al. (2024) estimated that, on average, 3% of
the natural gas produced from wells in the USA is lost through controlled (venting) or
uncontrolled (leakage) emissions. These so-called fugitive emissions from the oil and gas
sector contributed 4% of global greenhouse gas emissions in 2016 (Ritchie, 2020). Although
it is difficult to estimate the contribution from specific sources, such as SCP/CVF from
leaking wells (Boettcher et al., 2019), Bowman et al. (2023) estimated methane emissions
from abandoned wells in Canada to be 85-93 kilotonnes per year, of which SCVF emissions
accounted for 75-82%. Since SCP and (S)CVF are both indicators for well integrity issues,
regulatory monitoring and testing requirements can be part of an effective risk reduction

strategy.

1.4.2 Reported cases across regions

Reports of SCP and CVF are widely documented in oil and gas wells worldwide. Based
on a review, Davies et al. (2014) concluded that 1.9% to 75% of wells experience barrier
element failure, with 6.3% of wells in Pennsylvania affected by such failures. Furthermore,
a high incidence of SCP is documented in offshore wells. In the Gulf of Mexico, up to 30%
of wells exhibited SCP in some areas (Bourgoyne et al., 1999). In Norway, well integrity
issues were documented in up to 18% of the offshore wells (Vignes and Aadnoy, 2008)
and 31.3% of all wells on the Northern Continental Shelf (Rgd, 2017). Due to differences
between the studies, their results are not necessarily directly comparable.

The occurrence of SCP and/or CVF varies widely in onshore wells (Figure 2). Lackey
et al. (2021) identified integrity problems in wells across Colorado, New Mexico, and
Pennsylvania. Currently, monitoring for SCP or CVF is mandatory for all wells in Pennsyl-
vania (Pennsylvania Department of Environmental Protection, 2017). While compliance
issues have been identified in this state, it is estimated that 14.1% of Pennsylvania wells
monitored prior to 2018 experienced SCP and/or CVF (Lackey et al., 2021; Figure 2).
The percentage of wells that exhibited SCP varied between 0.2% and 26.5% among five

regions considered in Colorado and New Mexico.

10



1.4 Sustained casing pressure: A well integrity issue indicator 1 INTRODUCTION

13.0 SCP Gulf of Mexico, USA!
14.1 BN SCVF Pennsylvania, USA?
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Figure 2: The percentage of wells showing SCP was up to 30% in some locations of the Gulf of
Mexico, such as the Mississippi Canyon (*Bourgoyne et al., 1999), while 20.8% of wells in Colorado,
9.8% in New Mexico, and 14.1% in Pennsylvania showed SCP or CFV (?Lackey et al., 2021). The
reported percentage of wells with SCVF in Alberta and British Colombia are 5.5% and 15.2%, respectively
(3Seymour et al., 2024). However, Bowman et al. (2023) estimated that 32% of the abandoned wells in
Alberta show SCVF based on 238 wells. A survey of seven companies, 12 facilities and 406 wells in Norway
revealed that 18% of offshore wells showed integrity issues or uncertainties (*Vignes and Aadngy, 2010).

Due to differences in sample sizes and study designs, the results are not necessarily directly comparable.
Figure modified after Schulz et al. (2025).

Similar observations are available for Canada. In British Columbia, a study of 21,525
wells found that 10.8% (2,329 wells) experienced leakage during their operational lifespan
(Wisen et al., 2020). In Alberta, 4.9% of wells experienced SCVF, while 0.7% showed gas
migration (Bachu, 2017). Seymour et al. (2024) estimated that 2.8% of wells in Alberta
and 12% of wells in British Columbia exhibited SCVF. Despite testing requirements for
58.2% of wells in Alberta, only 6.2% had reported SCVF data, indicating compliance issues
(Abboud et al., 2021). The focus of these studies is on SCP and CVF because detecting
and measuring gas migration outside the casing is more challenging than measuring gas
flow or pressure inside the casing. This is because, outside the casings, gas may disperse
over a large area in the shallow subsurface around the well (Bachu, 2017).

Studies estimating greenhouse gas emissions from SCVF have primarily focused on Cana-
dian jurisdictions. In British Columbia, SCVF emissions have been estimated at approxi-
mately 75 kt per year (Bowman et al., 2023). In contrast, Seymour et al. (2024) estimate
methane emissions from SCVF at 1-10 kt in British Columbia and 22-166 kt in Alberta.
Combined, this corresponds to approximately 1.7-11.4% of methane emissions from the
upstream sector in both provinces (Seymour et al., 2024). However, such estimates remain
highly uncertain as SCVF emission are likely underreported (Bowman et al., 2023).

11
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1.4.3 Collection of regulatory information

As SCP and CVF are important well integrity issue indicators, regulations and industry
practices from different countries were compared to complement the experiments on
various scales with a regulatory perspective. To review SCP and CVF regulations, publicly
available documents were collected. Where documents were not publicly accessible or
difficult to locate, government agencies, researchers, and industry specialists were contacted.
Chinese and Russian documents were translated either by native speakers or using neural
machine translation tools, with native speakers consulted for quality assurance. Among
the evaluated materials, the documents considered relevant and used in this study are:

e Title 30 of the U.S. Code of Federal Regulations (CFR), Part 250, Subpart E —
Casing Pressure Management (Bureau of Safety and Environmental Enforcement,
2010)

e USA regulations for individual states (Supplementary Material 2 of Schulz et al.,
2025)10

e API RP 90 (American Petroleum Institute, 2006)
e API RP 90-2 (American Petroleum Institute, 2016)

e Russian Federal Service for Environmental, Technological and Nuclear Supervision:
Safety Rules in the Oil and Gas Industry (Rostekhnadzor, 2020)

e Standards of Chinese state-owned oil and gas companies (China National Offshore
Oil Corporation, 2018; China National Petroleum Corporation, 2022)

e Directive 087 — Well Integrity Management (Alberta Energy Regulator, 2022)

e British Columbia Oil and Gas Activities Act — Drilling and Production Regulation
(Government of British Columbia, 2023)

e Oil and Gas Activity Operations Manual (British Columbia Energy Regulator, 2023)

e Canadian regulations for individual provinces and territories (Supplementary Material
2 of Schulz et al., 2025)°

e DACC IRP 27: Wellbore Decommissioning (Energy Safety Canada, 2022)

e Petroleum and Geothermal Energy Resources Regulations 2015 of Western Australia
(Government of Western Australia, 2015)

190n the journal homepage, the download link for Supplementary Material 2 is currently mislabeled
as Supplementary Material 1, which may be corrected in the future. Here, the material is referred to as
Supplementary Material 2, consistent with the designation in the table header.

12
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e NOPSEMA Guidance Notes on Well Operations Management Plans (NOPSEMA,
2020a,b)

e Offshore Petroleum and Greenhouse Gas Storage Regulations 2011 of Australia
(Office of Parliamentary Counsel, Canberra, 2023)

e Petroleum and Gas (Production and Safety) Act 2004 of Queensland (Queensland
Government, 2004)

e Norwegian Regulations Relating to Petroleum Activities (Petroleum Safety Authority
Norway, 2023a,b,c)

e NORSOK Standard D-010 (Norwegian Oil Industry Association and Federation of
Norwegian Manufacturing Industries, 2021)

e Offshore Norge (117) - Recommended Guidelines for Well Integrity (Norwegian Oil
and Gas Association, 2017)

e SO 16530-1 (2017) and ISO 16530-2 (2014)

1.5 State of the art

Effects of cyclic loading on annular gaps

Regarding experimental work, Jackson and Murphey (1993) investigated how cyclic varia-
tions in casing pressure affect the development of an annular gap between the pressurized
casing and a cement sheath surrounding the casing. Chu et al. (2015) modeled the devel-
opment of such gaps using the Mohr-Coulomb yield criterion, based on the experiments
by Jackson and Murphey (1993). Li et al. (2021) conducted similar experiments, cyclically
pressurizing a casing inside a cement sheath. While Jackson and Murphey (1993) observed
gap formation after high differential pressure loading, Li et al. (2021) reported only cracking
within the cement sheath and no gap formation, likely because compressive stresses acted
continuously on the interfaces during their tests. These configurations, however, are only
loosely comparable to the experiments in this work, where gas pressure is applied directly

to the cement rather than via casing pressurization.

Xi et al. (2021) performed related cyclic casing pressure experiments combined with
numerical modeling to simulate multistage hydraulic fracturing. They also investigated
pre-stressed cementation, in which additional pressure is applied to the cement slurry
during curing through wellhead and casing pressure. They concluded that this approach
can prevent the formation of an annular gap and SCP, and found that gas leakage typically
initiates once the gap opening reaches approximately 40 pm. However, the observation
period for gas flow was not specified, which is relevant because low volumetric flow rates

13
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may remain undetected over short durations. Li et al. (2020) used the same autoclave
system and observed annular gap formation between cement and casing under cyclic
loading. The same setup was also used in cyclic loading tests by Zeng et al. (2019), who
reported cement failure under repeated high pressure loading applied to the inside of the

casing.

Zhang et al. (2017) modeled annular gap formation between cement and rock under cyclic
thermal loading. They identified the temperature difference between the injected fluid
and the formation and the sequence of loading cycles as key parameters, and derived gap

apertures on the order of tens of micrometers.

Effects of cyclic loading on cement

While the previous studies focus on annular gaps at the cement—casing interface, other
work investigated the behavior of bulk cement under cyclic loading to understand micro-
crack accumulation and mechanical failure. In addition to their annular cement sheath
experiments, Li et al. (2021) conducted triaxial cyclic loading tests on cuboidal well cement
specimens. They observed that cyclic loading led to microcrack accumulation, subsequent
macrocrack formation, and ultimately cement failure. Zhou et al. (2019) performed cyclic
loading tests on cylindrical well cement samples under both high and low temperature
conditions, concluding that low temperatures increased stiffness and brittleness with
limited deformation capacity, while high temperatures reduced stiffness but enhanced
deformability, resulting in a more elastoplastic-like behavior.

Well integrity experiments without cyclic loading

In contrast to the cyclic loading studies discussed above, several experimental investigations
have examined annular gap behavior under static or quasi-static pressure conditions.
Schilling et al. (2015, 2016) evaluated three experiments conducted with the same autoclave
system used in this work, but with COy and without cyclic loading. They modeled the
experiments using a pure Hagen—Poiseuille approach and obtained a gap aperture of
approximately 13 pm. Klose et al. (2021) analyzed the same three experiments using three
numerical models: one based on Hagen—Poiseuille flow, one based on Darcy flow, and one
combining both. Their analysis yielded gap apertures of approximately 5 pm.

Moghadam et al. (2022) carried out large-scale experiments on a 2-meter-long cemented
annulus between casing and a rock analogue. Although cyclic loading was not applied,
they tested various casing pressures from 0 to 40 MPa and found that the annular gap
between cement and casing remained open under all applied pressures. Similarly, Stormont
et al. (2018) applied both internal casing pressure and external confining pressure to a

cement sheath surrounding a casing and observed that the gap aperture between cement
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and casing decreased with increasing confining and casing pressures. However, the gap

never fully closed in their experiments once debonding had occurred.

Manceau et al. (2015) performed in-situ well integrity experiments under varying temper-
atures and pressures, without cyclic loading. They observed well permeability from the
start, likely due to an existing annular gap between rock and cement, which increased
with higher pressures and decreased with elevated temperatures.

Other related experiments

Additional studies share certain similarities with the experimental configuration used in
this work (e.g., Anya et al., 2023; Gomez et al., 2017; Kuanhai et al., 2020; Meng et al.,
2024; Moghadam et al., 2022; Wang et al., 2024; Xi et al., 2020). However, as illustrated
by the examples above, experimental and modeling efforts on cyclic loading often focus
on casing pressure. In other cases, cyclic loading is applied to cement specimens without
particular attention to annular gap formation (e.g., Hao et al., 2024; Yang et al., 2024;
Yuan et al., 2013; Zhang et al., 2022; Zhang et al., 2024b).

Beyond cement and steel, the effect of cyclic loading on the geological formations sur-
rounding wells is a well-established research topic (see, e.g., Chen et al., 2016; Fan et al.,
2017, 2016; Fuenkajorn and Phueakphum, 2010; Khaledi et al., 2016; Liang et al., 2012;
Song et al., 2016; Wang et al., 2015). Other related studies examine the behavior of
cement—steel composites in above-ground infrastructure (e.g., Cao et al., 2020; Koloo et al.,
2018; Liu et al., 2018b). Since wellbore environments differ fundamentally from surface
conditions, such results cannot be directly transferred to downhole applications.

Well integrity reviews

With respect to SCP, most reviews focus on technical aspects, such as integrity challenges
associated with SCP (Ibukun et al., 2024), as well as its diagnosis and remediation
(Wojtanowicz et al., 2001). Other reviews address broader topics, such well integrity issues
and failure mechanisms (e.g., Ahmed and Salehi, 2021; Allahvirdizadeh, 2020; Jackson,
2014; Kiran et al., 2017; Ugarte and Salehi, 2022), well integrity technology (Ma et al.,
2020), active integrity management processes (Wallace et al., 2008), post-abandonment
integrity (Vralstad et al., 2019), among other technical aspects.

Regulatory reviews on well integrity mainly focus on specific contexts or applications. For
example, Thomas and Johnson (2019) reviewed well integrity regulations for unconventional
wells. Yakoot et al. (2021) examined common well integrity practices for mature oil and
gas fields, partly referencing widely adopted guidelines. Syed and Cutler (2010) analyzed
regulations for COs injection wells; while Morais et al. (2019) investigated the influence of
non-prescriptive, indirect regulations on well integrity practices.
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Research gap and contribution

Most laboratory studies on annular gap formation under cyclic loading apply pressure
through the inside of the casing, thereby loading the cement sheath indirectly. In contrast,
cyclic loading that acts directly on the cement-casing interface, as occurs for example

during gas storage operation, has received little attention.

Moreover, thermal effects associated with gas pressurization and depressurization are
usually not considered in the interpretation of pressure evolution, despite their measurable
influence. For example, depressurization in a constant-volume vessel not only decreases
pressure but also lowers the gas temperature. Conversely, pressurization increases both
pressure and temperature. Likewise, heat transfer processes do not only affect temperature,
but also influence pressure. Due to this bidirectional coupling between pressure and
temperature, changes in one variable inevitably affect the other. Consequently, a correct
interpretation of pressure evolution might require that pressure-temperature interactions
are taken into account. These aspects are neglected in models developed for comparable
experiments (Klose et al., 2021; Schilling et al., 2015), but are explicitly addressed in the
numerical models developed in this thesis.

Finally, while numerous regulatory reviews address specific well types, a comprehensive
global assessment of SCP regulations had been lacking. This gap was addressed by Schulz
et al. (2025), which is incorporated into this thesis.

1.6 Objectives

Ensuring the long-term integrity of wells, including beyond their active operational lifetime,
represents a major challenge for subsurface energy extraction, storage, and utilization.
This challenge is closely linked to environmental protection and climate-change mitigation,
which contribute to maintaining conditions favorable for human societies. Against this
background, this study investigates how cyclic thermo-mechanical loading influences well
integrity and which approaches may contribute to improving the long-term safety of wells.
Because the mechanisms governing well integrity span multiple spatial and temporal
scales, a holistic multi-scale approach is adopted, with particular focus on the cyclic
thermo-mechanical loading of cement—steel barrier systems and regulatory aspects. The
following hypotheses are tested:
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e First hypothesis: Cyclic thermo-mechanical loading of cement—steel composites alters
the effective permeability of the composite more strongly than it would be expected

from aging of cement alone.

To test this hypothesis, processes acting on different spatial and temporal scales
are investigated. Small-scale laboratory experiments were conducted on cement
samples to characterize age-dependent changes in material properties, particularly
permeability. These observations were subsequently compared with large-scale
experiments on cement—steel composite samples subjected to cyclic loading under

representative underground gas storage conditions.

e Second hypothesis: Thermally and mechanically coupled processes must be considered

when evaluating leakage behavior in large-scale experiments.

While existing interpretation methods often account for gas compressibility, they
neglect the temperature changes that pressure changes during gas flow inevitably
induce through gas compression and expansion. These temperature changes lead to
heat transfer between the surrounding autoclave system and the gas inside, which
affects both temperature and pressure evolution. To account for these coupled
thermo-mechanical processes, a finite-difference model was developed to simulate gas
flow through annular gaps at the cement—steel interface and to explicitly incorporate
bidirectional pressure-temperature coupling. Simulations with and without thermo-
mechanical coupling were compared to assess the impact of thermal effects on pressure

evolution.

e Third hypothesis: Sustained casing pressure (SCP) and casing vent flow (CVF) can
serve as effective indicators for assessing well integrity if appropriate monitoring,

diagnostic, and evaluation procedures are applied.

To investigate this hypothesis, international regulations and industry practices
related to SCP and CVF were reviewed and compared. Based on the advantages and
limitations of different regulatory and industry approaches, a minimum workflow
for SCP and CVF management was developed to support systematic well integrity
assessment strategies. This challenge is closely linked to environmental protection
and climate-change mitigation, which contribute to maintaining conditions favourable

for human societies.
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2 Experimental procedure

2.1 Autoclave system

In order to simulate cyclic loading on cement-filled casings, the CO5 borehole research
apparatus (COBRA) autoclave system type I was modified and used (Schilling et al., 2015,
2016). This autoclave system was originally designed in the context of geological COs
storage to investigate the influence of chemical reactions on cement aging (Schilling et al.,
2015, 2016) and repurposed for cyclic loading experiments.

As used in this work, the autoclave system mainly consists of an upper chamber, a
lower chamber, a cement-filled casing connecting these chambers, and an inflow control
system (Figure 3b). The inflow control system comprises a piping assembly connected to
exchangeable gas cylinders equipped with a pressure reducer. From there, the gas passes
through a controlled compressor (pressure booster) and enters the lower chamber of the
autoclave. The target pressure is defined via a computer-controlled system, and the gas

inflow into the lower chamber is automatically controlled using a pneumatic needle valve.

Upper
Chamber

H’ Valve Computer Control Unit

Pressure
Lower Booster

Control
Cahinet
| |

Chamber

Figure 3: COBRA autoclave system used in the experimental study. (a) Photograph of the setup
without thermal insulation, showing the externally mounted orange heating mats. (b) Schematic rendering
of the system, illustrating the lower and upper pressure chambers, the connecting flow path (2-meter-long
casing), the gas pressure booster, and the nitrogen supply. The schematic is simplified and does not
include gaskets, detailed fittings, sensors or other auxiliary components.
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A connecting pipe links the lower chamber to the upper chamber, enabling simultaneous
pressurization of both chambers as well as pressure equilibration. This connection can be
closed using a valve. At full capacity, pressure build-up rates of up to 6 bar/min can be
achieved, while the lowest electronically controllable pressurization rate is 0.1 bar/min. The
maximum allowable operating pressure of the autoclave system is 100 bar. Both chambers
are equipped with spring-loaded emergency relief valves and additional rupture discs set
to 100 bar to ensure safe operation. Furthermore, the lower chamber is connected to an
electronically controlled valve that automatically releases pressure when a user-defined
threshold is exceeded.

Both chambers and the casing are equipped with external heating mats (Figure 3a),
allowing temperatures of up to 100 °C. The temperature of each of the seven heating mats
is controlled within +1 °C and can be adjusted individually to achieve either uniform
temperature conditions or temperature gradients within the system (Schilling et al.,
2015). In addition, the autoclave system is thermally insulated to promote homogeneous
temperature distribution and reduce heat loss. Pressure and temperature are continuously
monitored and automatically recorded for each chamber at a minimum sampling interval

of 2 s. The system is sealed using rubber O-rings and annular PTFE plug seals.

2.2 Sample preparation

A total of five casings were used in the experiments described here, which were installed
sequentially in the autoclave system and tested one after another. These casings were 2-
meter-long K55 steel casings with an outer diameter of approximately 139.7 mm (5.5 inches)
and a wall thickness of approximately 6.2 mm. The only exception was casing 0 with
a wall thickness of approximately 9.2 mm. Casing 0 had been used during the former
COBRA project and was therefore already filled with cement (Schilling et al., 2015, 2016).
Casings 1-4 were newly prepared from sections cut from a single 9-meter-long casing
originally manufactured for field applications. These casings were filled with fresh cement

slurry immediately prior to each experimental series.

Casings 1-4 were filled with a slurry made from deionized water and Dyckerhoff Class G
deep drilling cement powder from the same batch. The oxide composition of cement
powder from this batch is given in Table 1, as determined by Dyckerhoff GmbH.

Table 1: Major oxide composition of the cement powder determined by X-ray fluorescence (XRF).
The analysis was performed by Dyckerhoff GmbH.

SOg SIOQ A1203 F8203 CaO P205 MgO KQO NaQO
2.7% 20.6% 45% 57% 63.0% 0.09% 0.9% 0.71% 0.10%
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Water, cement powder and casing were stored in the room where the casings were filled
with cement to ensure a comparable temperature. The same quantity of components
with a water/cement powder ratio of 0.44 was used to fill casings 1-4 with cement. To
achieve good homogeneity, the slurries for casings 1-4 were mixed in an [5-38-F colloidal
mixer from GERTEC Maschinen- und Anlagenbau GmbH. The casings were filled from
bottom to top to minimize air entrapment, following a procedure comparable to standard
field cementation practices. In contrast, casing 0 had been filled three years prior with a
Class G-based cement slurry optimized for minimal shrinkage (Schilling et al., 2016).

For later comparison with the casing samples, cylindrical 1-liter containers were filled with
the same slurry. To maintain high and constant humidity during curing, these samples
were stored in sealed containers together with water, without direct contact between water
and cement. The casings were sealed with foam rubber on the bottom and a combination
of plastic foil and adhesive tape on the top to prevent moisture loss of the cement. The
cement, both inside the casings and 1-liter containers, cured according to Table 2. After
completion of the respective curing period, each casing was installed in the autoclave
system, and the corresponding experimental series was initiated on the same day.

Table 2: Experimental boundary conditions for the used casings. Curing time refers to the period
during which the cement cured before being placed into the autoclave system. Total time denotes the
duration from filling the casing with cement until completion of the experimental series.

Sample  Curing time Total time Additional treatment

Casing 0 >3 years >3 years  Reused casing from former project?®
Casing 1 154 days 312 days -

Casing 2 28 days 304 days -

Casing 3 28 days 683 days Scale layer inside the casing removed®
Casing 4 28 days 479 days -

& Casing 0 was filled with cement during the former COBRA project (Schilling et al., 2015,
2016). The cement was optimized for minimal shrinkage and more than 3 years old when
the experiments of this study were performed. The casing and cement had already been
heated and pressurized. Previous experiments involved CO; and saline fluids.

b Mill scale is a layer of iron oxides that forms on steel surfaces during hot rolling in the
manufacturing process (Benchiheub et al., 2010). This scale layer on the inner surface of
casing 3 was removed by sandblasting to study whether cement bonding improves on a
cleaner and slightly roughened steel surface.
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2.3 Cyclic loading experiments

With the autoclave setup described in Section 2.1, system permeability changes of the
cement-filled casing after cyclic pressure and thermal loading were studied. In this context,
system permeability includes any flowpath inside the casing between lower and upper
chamber (Figure 3). This definition is distinct from the term matriz permeability as
introduced in Section 2.5, which refers exclusively to flow through the cement matrix itself.
The two terms are used consistently throughout this thesis to clearly differentiate between
flow through the bulk material and flow through the overall system, including potential
interfacial leakage paths. These definitions of system and matrix permeability are specific
to the experimental framework and may differ from terminology used in other studies.

In order to simulate pressure variations in an UGS, pressure can be released and rebuilt
within the autoclave system (pressure loading). Similarly, temperature variations can
be imposed by controlling the heating mats (thermal loading). For the cyclic loading
experiments, each cement-filled casing was installed in the autoclave system after the
respective curing time listed in Table 2 had elapsed. Immediately after installation, the
entire system was pressurized with Ny to approximately 60 bar (gauge pressure) and
heated to approximately 70 °C. Both pressure and temperature increases were applied
gradually over several hours while the valve connecting the upper and lower chambers
(Figure 3b) remained open. All five cement-filled casings listed in Table 2 subsequently
underwent cyclic loading phases. In this thesis, cyclic loading refers to repeated variations
in gas pressure (a), temperature (b), or a combination of both.

(a) Pressure loading: A pressure loading cycle was initiated by opening a vent valve in
the lower chamber while both chambers were connected. The pressure was reduced
over several hours from 60 bar gauge pressure to atmospheric pressure. Subsequently,
the pressure was rebuilt by pumping nitrogen into the lower chamber while both
chambers were connected. The build-up rate was typically set to 0.2 bar/min. A
pressure loading cycle was considered complete once the pressure had rebuilt to
60 bar.

(b) Thermal loading: A thermal loading cycle was initiated by deactivating all heating
mats while both chambers remained connected. The temperature then decreased
from approximately 70 °C to approximately 30 °C over the course of several hours,
typically overnight. As the system cooled, thermal contraction of the gas resulted in
a pressure decrease of approximately 7 bar. Subsequently, the heating mats were
reactivated, causing the temperature to increase again to approximately 70 °C within
a similar timeframe. During reheating, the pressure also returned to its pre-cooling
level. A thermal loading cycle was considered complete once the temperature had
stabilized again at approximately 70 °C.
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2.4 Determination of the system permeability

After each loading cycle (pressure and/or thermal), and occasionally after periods without
loading, the system permeability of the cement-filled casing was evaluated to assess the
impact of the preceding loading or aging. To determine the system permeability, gas flow
through the cement-filled casing was deliberately induced:

First, the valve connecting the upper and lower chambers was closed. Then, a small
amount of gas was released from the upper chamber by opening a needle valve for 1-2 s.
This resulted in a pressure drop of approximately 3 bar in the upper chamber, thereby
creating a pressure difference between the lower and upper chambers. Gas then flowed
from the lower chamber to the upper chamber through the cement-filled casing, which
constituted the only available flow path, in order to equilibrate the pressure difference.
Depending on the system permeability of the cement-filled casing, the resulting pressure

build-up in the upper chamber occurred at a faster or slower rate.

Pressure and temperature in both chambers were recorded at intervals of 2-3 s. Dur-
ing permeability testing, the pressure in the lower chamber was actively controlled to
compensate for pressure loss caused by gas flow towards the upper chamber. In most
system permeability testing experiments, the objective was to restore the upper chamber
pressure to its pre-release level. These experiments were conducted only after pressure

and temperature had stabilized following the preceding loading cycle.

The experiments did not directly yield system permeability values, but instead produced
pressure—time data for the upper chamber, i.e., the pressure evolution, due to gas flow
through the cement filled casing. This already provides qualitative insight, as faster
pressure increases indicate higher system permeabilities.!! For quantitative evaluation,

the pressure evolution was further analyzed using a finite difference model (see Section 3).

2.5 Determination of cement properties

To support the interpretation of the cyclic loading experiments, key properties of the
cement slurry and the hardened cement were determined. In this context, the term cement
slurry refers to the freshly mixed suspension of water and cement powder, while hardened
cement or cured cement describes the hardened material that forms from the hydration
of the cement powder over several days. Throughout this work, the term cement refers
exclusively to hardened cement that has cured for at least 28 days.

UFor example, if an experiment conducted after a loading cycle exhibits a faster pressure increase than
the corresponding experiment conducted before loading, this may indicate that the loading cycle increased
the system permeability.
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Cement slurry properties

First, the properties of the cement slurry used for casing 1 were determined to characterize
the material prior to curing. Immediately after casing 1 was filled with cement, the
spreading rate, density, and air content of the remaining slurry were measured. These
measurements were performed by personnel of the Institute of Concrete Structures and
Building Materials of the Karlsruhe Institute of Technology.

For the spreading rate, DIN EN 1015-3 (2007) was used as a guideline. A truncated cone
funnel with a height of 6 cm, an upper diameter of 7 cm, and a lower diameter of 10 cm
was placed on a flat table and filled with the sample slurry. The funnel was then lifted,
allowing the slurry to spread, and the spreading diameter was measured twice with a 90°
offset.

The slurry density was determined based on DIN EN 1015-6 (2006). The slurry was filled
into a 1-liter container without compaction and weighed. The density was calculated from

the measured mass and the known container volume.

The air content was determined using the pressure equalization method described in DIN
EN 12350-7 (2022). The slurry was filled into a 5-liter pressure vessel, compacted, and
leveled flush with the rim. Water was then injected through a valve until it exited through
a second valve to ensure complete removal of residual air. Subsequently, air pressure was
applied until a reading was obtained on the manometer. The pressure was adjusted to
atmospheric level by releasing or injecting air as necessary. After tapping the vessel to
release entrapped air, the resulting pressure was read from the gauge and recorded as the

alr content.

Properties of the hardened cement

Simultaneously with the installation of a casing in the autoclave system, the following
properties of the corresponding 1-liter cured cement samples (see Section 2.2) were
determined: Mineralogy, carbonate content, dry, wet and grain density, water content,
porosity, pore size distribution and matrix permeability. These samples represent the
cement properties prior to exposure to cyclic loading and are therefore referred to as initial

samples.

While the cement in the casing was exposed to cyclic loading in the autoclave system
as described in section 2.3, the remaining 1-liter samples!? were stored at atmospheric
pressure and approximately 20 °C without any loading. After completion of the cyclic
loading experiments, the same properties as for the initial samples were determined for

both the casing cement samples from the autoclave system (autoclave samples) and some

12The preparation of the 1-liter samples is described in Section 2.2.
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of the remaining 1-liter samples (control samples) stored outside the autoclave. The
autoclave samples represent cement that was exposed to cyclic loading, while the control
samples serve as a reference representing cement that has experienced the same aging as
the autoclave samples, but at atmospheric pressure, at a temperature of approximately
20 °C, and without cyclic loading.

To determine the cured cement properties, the initial, autoclave, and control samples of
casings 1-4 underwent an identical testing routine described in the following paragraphs.

Sample processing

Before the determination of the cement properties, the cylindrical cement samples (see
Section 2.2) were first crushed and dried, and then measured at different stages of processing.
The cylinders underwent the following stages:

S1) Cylinder (wet): Cylindrical cement sample as described in Section 2.2, freshly
removed from the sealed container (initial and control samples) or from the autoclave
system (autoclave samples).

S2) Coarse fragments (wet): The cylinder (S1) was broken into coarse fragments

using a bench vise.

S3) Fine fragments (wet): The fragments (S2) were further reduced to finer fragments

using a jaw crusher.

S4) Fine fragments (dry): The fragmented sample material (S3) was dried at 105 °C
to constant weight.

S5) Coarse powder (dry): Fine fragments (S4) were ground by hand to a coarse

powder using a ceramic mortar.

S6) Fine powder (dry): Fine fragments (S4) were milled to a fine powder in a disc
mill (Siebtechnik GmbH Scheibenschwingmiihle TS) equipped with an agate grinder.

To determine the cement properties, two cylinders were used per sample type!®. One
cylinder was used exclusively for determining the matrix permeability and did not undergo
stages S2-S6 described above. The other cylinder underwent stages S1-S6 and was used
to determine the remaining properties (mineralogy, carbonate content, dry, wet, and grain
density, water content, porosity, and pore size distribution). Each measurement was
performed on all twelve sample types, i.e., casings 1-4 with an initial, autoclave, and

control sample each.

13Tn this context, sample type refers to a specific combination of casing and treatment condition (initial,
control, or autoclave). For example, the control samples of casing 2 represent one sample type.
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Mineralogy

For X-ray diffraction (XRD) analysis, 1.8 g of the powder sample (S6) was mixed with 0.2 g
of a 99.5% pure crystalline silicon powder (-325 mesh), used as an internal standard, in a
planetary ball mill with agate grinding jars and balls. A Bruker D8 Discover instrument
with a LYNXEYE XE-T detector was used for the XRD measurement. The X-ray source
was a copper tube powered by a generator operating at 40 kV and 40 mA. The scanning
parameters included a dwell time of 0.6 seconds and a step width of 0.01° over a range of
2° to 82° 26. Samples were rotated during the measurement to obtain more representative
diffraction data by averaging over particle orientation and local inhomogeneities. Air
scattering was minimized by short beam paths, anti-scatter screens, and a compact,
automatically aligned detector geometry. The measured data were analyzed using the
Rietveld refinement method.

Carbonate content

In addition to the XRD measurement, the carbonate content of each sample was determined
separately according to DIN 18129 (2011). 3.7 g of the powder sample (S6) and 10 mL
hydrochloric acid (2 mol/L) were placed in a calcimeter according to Scheibler (referred to
as a COq gasometer in DIN 18129, 2011). Temperature and atmospheric pressure were
documented before the experiment. Subsequently, the powder sample and the aqueous
acid solution were mixed to trigger the reaction depicted in Equation 1, while a magnetic

stirrer ensured proper mixing throughout the experiment.
CaCOs (s) + 2HCl (aq) — CaCl, (aq) + HyO (1) + CO» (g) (1)

During the reaction, the carbon dioxide (COs) released from the carbonates of the sample
was captured in the Scheibler apparatus. The produced COs volume was determined
and adjusted to standard conditions with temperature and atmospheric pressure readings.
This allowed for the determination of the carbonate content in the sample according to
Equations 2 and 3 (DIN 18129, 2011).

According to DIN 18129 (2011), calcite and dolomite content can be determined separately,
as calcite reacts primarily within the first 30 seconds, while dolomite reacts more slowly.
However, this was not possible for the tested cement samples due to an exothermic reaction
at the start of the experiments, which altered the temperature conditions. As a result, only
the total carbonate content was determined after 30 minutes. Further details regarding
the experiment and its evaluation are provided in DIN 18129 (2011). For each sample
type, two separate experiments were conducted on different powder subsamples of the
same type,'* and the arithmetic mean of the results was determined.

For example, crushed material from an initial sample of casing 2 was first pulverized, and subsequently
two experiments were conducted on different portions of that powder.

25



2.5 Determination of cement properties 2 EXPERIMENTAL PROCEDURE

Pabs * VG
Vo= 2
O (2734 T)-8 2)
V *Pa -’ Mmo a
Ve, = 0°p 1 _ Mc (3)
mq mq
o Released CO, volume at normalized conditions of 1 bar and 0 °C [cm?]

Pabs  Absolute air pressure at the test site [hPa]

Vo Measured gas volume [cm?|

DPn Standard air pressure of 1 bar = 1000 hPa

T Temperature at the test site [°C|

15} Expansion coefficient for COy with 8 = ﬁ[( -1

Vea  Mass fraction of total carbonates mc, in the sample [%)]

Pa Density of CO; at 1 bar and 0 °C with p, = 0.001977 g/cm?

M0 Ratio of the molar masses of CaCO3 and COy with M, = 2.274 [-]
maq  Mass of the dry sample material [g]

mca  Mass fraction of total carbonates [g]

Wet density

ISO 17892-2 (2014) was used as a guideline to determine the wet density of the cements.
First, cylindrical (S1) cement samples (see Section 2.2) with heights and diameters of
approximately 10 cm (initial and control samples) to 12.5 cm (autoclave samples) were
weighed. Then, the height and diameter of each sample were measured four times, with
height measurements taken at 90° intervals and diameter measurements taken at 45°
intervals. The arithmetic means were used to determine each sample’s volume, and the
wet density was determined according to Equation 4.

Meyet,cyl Myet,cyl
Pwet, = T - Tgyl -};Lcyl B chly (4)
Pwet Wet density of the cement [g/cm?]
Myetcyt  Wet mass of the cylindrical sample [g]
Teyl Radius of the base of the cylindrical sample [cm]
eyt Height of the cylindrical sample [cm]
Vsl Volume of the cylindrical sample [cm?]
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Grain density

To determine the grain density, ISO 17892-3 (2015) was followed as a guideline. A series
of weight measurements was performed using capillary pycnometers - plugged flasks with
precisely defined internal volumes of approximately 100 mL. First, the empty pycnometer
was weighed (m,). Approximately 20 g (mq) of the pulverized sample (S5) were then
placed into the pycnometer, and both were weighed together (m;). The pycnometer,
still containing the sample, was partly filled with deionized and deaerated water. It was
heated on a heating plate until the water boiled for at least 20 minutes, without losing
sample material. After boiling, the pycnometer was stored unplugged in a desiccator
below ambient pressure overnight to cool. Once cooled, the pycnometer was completely
filled with deionized and deaerated water, weighed again (ms), and the water temperature
was recorded (T3). The pycnometer was then emptied, cleaned, filled with deionized and
deaerated water only, and weighed again (mg), along with another water temperature
recording (73). The grain density of the sample was then determined according to
Equation 5 (ISO 17892-3, 2015). For each sample type (e.g., the initial samples of
casing 2), two separate experiments were conducted on different powder subsamples of the

same type'®, and the arithmetic mean of the results was determined.

Perain = Tms=my) (ma—ma) (5)

Pw3 Pw2

Perain  Grain density of the sample [g/cm?]

mq Mass of the dry sample material (m; - my) [g]

o Mass of the empty pycnometer [g]

my Mass of the pycnometer filled with the dry sample (m, + maq) [g]

Mo Mass of the pycnometer completely filled with the sample and water [g]
ms Mass of the pycnometer completely filled with water [g]

Pw2 Density of water at temperature Ty [g/cm?]
Pw3 Density of water at temperature T3 [g/cm?]
15 Water temperature measured when my was determined [°C]
15 Water temperature measured when mgz was determined [°C]

5For example, crushed material from an initial sample of casing 2 was first pulverized, and subsequently
two weight measurement series were performed on different portions of that powder.
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Water content

Following the determination of the wet density, material was removed from the cylindrical
cement sample (S1) with a bench vise and fragmented further by a jaw crusher. The
resulting wet fragments (S3) were weighed, dried at 105 °C to a constant weight (S4) and
weighed again according to ISO 17892-1 (2014). Then, the water content was determined
according to Equation 6 (ISO 17892-1, 2014).

Myet,frag — Mdry,f
Wi,o = wet,frag ry,frag 100 (6)
Myyet, frag
WH,0 Water content of the cement [%]

Muyet.frag et mass of the sample fragments (S3) [g]

Maryfrag ~ Dry mass of the sample fragments (S4) [g]

Dry density

The dry density of the cement was determined according to Equation 7 (DIN 18125-1,
2010), using the wet mass and volume of the cylindrical sample determined during the wet
density calculation, as well as the water content (Equation 6). Since the sample needed to
be fragmented for drying, the dry mass of the cylinder was determined indirectly from the
wet mass of the cylinder using the water content (Equation 7), as it was impractical to

measure the complementary volume of the fragmented sample.

Mdry,cyl mwe,cl_mwe,cl'wHO'O-Ol
Pery = Vyy _ t,cy ‘;y 2 (7>
cyl cyl
Pdry Dry density of the cement [g/cm?]

Myet,cyl  Wet mass of the cylindrical sample [g]

Mary,cyl  Dry mass of the cylindrical sample [g]

WH,0 Water content of the cement [%)]
Veyl Volume of the cylindrical sample [cm?]
Porosity

The percentage of pore volume was calculated with the previously determined dry density

and grain density of the cement according to Equation 8.
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¢=<1—ﬂ)-100 (8)

Pgrain

o) Porosity of the cement [%)]
pary  Dry density of the cement [g/cm?]

Perain  Grain density of the cement [g/cm?]

Pore size distribution

The pore size distribution of the samples was determined using mercury porosimetry
based on DIN 66139 (2012). First, sections of the fragmented cylindrical samples (S2)
were dry-sawed into cuboids with an edge length of approximately 5 mm. Since the
samples needed to be free of pore water for the measurement, they were freeze-dried by
applying liquid nitrogen over them and storing them below ambient pressure for a week.
The measurement was then conducted with an Autopore III mercury porosimeter from
Micromeritics Instruments Corporation, which allows determination of pore diameters
between 360 pm and 3 nm. During the measurement, mercury was forced into the pore
structure under stepwise increasing pressure. The method relies on the principle that
the pressure required to intrude mercury into a round pore is inversely proportional to
the pore’s diameter (Webb and Orr, 1997). Based on the applied pressures and mercury
volumes, the pore size distribution was derived. For each sample type (e.g., the control
samples of casing 2), two to three separate experiments were conducted on different
subsamples of the same type'S.

Matrix permeability

In this work, the term matriz permeability refers to the permeability of the cured cement
itself, including flow through the pore space and microcracks within the cement matrix. It
explicitly excludes any leakage pathways along the cement—casing interface.

The matrix permeability measurements were conducted based on a German Committee
for Reinforced Concrete standard (DAfStb, 1991). To prepare the cylindrical samples (S1)
for matrix permeability measurement, cores with a diameter of 7.5 cm were drilled and
then wet-sawed into discs with a thickness of 3 cm. Since water was used in the sawing
process, the samples required conditioning at controlled humidity and temperature to
equilibrate the pore water content. Conditioning until mass constancy ensures that the

16For example, material from a control sample of casing 2 was sawed into 15 cuboids, which were then
divided into three subsets. Subsequently, one measurement was performed on each subset.
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water content of all samples is comparable, which is essential for obtaining comparable

matrix permeability measurements.!”

The original objective was to continue conditioning until mass constancy was achieved.
However, this process was time-consuming for some samples, and achieving mass constancy
had to be balanced with concerns about cement aging during the drying phase. Due to
the iterative nature of this process, conditioning times were not uniform across samples
(Table 3). The conditioning time was reduced from 120-130 days to 3-5 days during the
measurement of the autoclave and control samples of casing 2. On these two samples
types, both old and new conditioning regimes were tested to detect potential deviations in
results. The two samples first underwent the newer, shorter conditioning (3 days, Casing
2a samples) and then the original, longer conditioning (4 months, Casing 2b samples).

For the measurement, each sample was installed in an S0 2000 H test cell from Sommer
Mefs- und Feinwerktechnik. The sample was sealed laterally, and a defined inlet gas pressure
P; was applied to the underside of the sample using oxygen. Atmospheric pressure was
maintained at the top of the sample, forcing the gas to flow upward through the sample.
A bubble counter was connected to the top of the sample as a gas flow meter to measure
the time required for a specific gas volume to pass through it. The capillary tubes for the
bubble counter defining the specific gas volume were selected to measure the specific gas
volume within 20-60 seconds. Once a steady gas flow was established, the time required
to reach the specific gas volume was recorded three times. The volumetric flow rate V'
was then determined by dividing the specific gas volume by the arithmetic mean of the
three recorded times. This procedure was repeated for two to three additional, higher
inlet pressures. The inlet pressures were chosen based on the sample’s matrix permeability
KDarey t0 keep the measurement time within the 20-60 second range. For each inlet
pressure, a separate matrix permeability was determined according to Equation 9 as shown
in DAfStb (1991). As the final result for each sample type, the arithmetic mean of the
resulting matrix permeability values was determined, as the matrix permeability showed

negligible pressure dependence in these experiments.

2.V Pyl
Krneas — . 9
Darcy n A- ([)12 _ POQ) ( )
KPses Specific matrix permeability coefficient [m?]
A Cross-sectional area of the test specimen [m?|
v Volumetric flow rate of the oxygen gas [m?/s]
! Length (thickness) of the test specimen in flow direction [m)]

ITThis is due to the fact that water occupying the pores must be displaced by gas flowing through the
pore network, which requires more time than in the absence of water.
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n Dynamic viscosity of the gas (oxygen in this case) at the test temperature
[Pa - s]

P, Inlet pressure applied to the bottom of the sample [Pa]

P, Outlet pressure applied to the top of the sample; here equal to the

atmospheric pressure [Pa]

Py Pressure at which the flow rate is measured, here equal to P, [Pa

Table 3: Sample preparation and testing conditions for matrix permeability measurements. Samples
were conditioned before the measurements for the specified duration at the indicated temperature and
relative humidity. If no humidity is shown, the samples were dried in an oven. The listed pressure steps
are the inlet overpressures applied to the bottom of each sample during the measurement. For example,
a value of 0.5 bar represents an absolute inlet pressure of approximately 1.5 bar, accounting for the
atmospheric pressure of ~1 bar. a and b represent repeated measurements of the same sample at different
times, while 7 and 2 indicate different samples from the same batch. The sample Casing 2 Initial broke
during installation and could not be measured, therefore no pressure was applied.

Sample conditioning Measurement,
Cement Samples Duration Temperature Humidity Pressure
[days] [C] (%] [bar]
Initial 1 40 20 65  0.5/1.0/1.5/2.0
Initial 2 40 20 65  0.5/1.0/1.5/2.0
Autoclave 1a 121 20 65 0.5/0.75/1.0
Casine 1 Autoclave 1b 125 20 65 0.5/0.75/1.0
e L Autoclave 2a 121 20 65 0.5/1.0/1.5
Autoclave 2b 125 20 65 0.5/1.0/1.5
Autoclave 3 121 20 65 0.5/1.0/1.5
Control 121 20 65 1.0/1.5/2.0
Initial 121 20 65 -
Autoclave a 3 40 - 1.0/1.5/2.0
Casing 2 Autoclave b 130 20 65 1.0/1.5/2.0
Control a 3 40 ; 0.2/0.4/0.6
Control b 130 20 65 0.5/1.0/1.5
Initial 3 40 . 0.2/0.4/0.6
Casing 3 Autoclave 5 40 - 3.0/3.5/4.0
Control 5 40 - 1.5/2.0/2.5
Initial a 3 40 ; 0.5/1.0/1.5/2.0
. Initial b 7 40 . 0.5/1.0/1.5
Casing 4 1 oclave 3 40 ; 0.5/1.0/1.5
Control 3 40 - 0.5/1.0/1.5
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While the previously described determinations of cement properties were conducted largely
by the author, the matrix permeability measurements were performed by personnel of
the Institute of Concrete Structures and Building Materials of the Karlsruhe Institute of
Technology.
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3 Numerical modeling

3.1 Conceptual model

The pressure build-up experiments described in Sections 2.1-2.4 form the basis for the
numerical modeling approach developed in this study. During the experiments, gas release
from the upper chamber created a pressure difference between the lower and upper chamber,
inducing gas flow through the cement-filled casing. As a result, the pressure in the upper
chamber increased over time until it approached the pre-release level.

A one-dimensional finite-difference model was developed to simulate gas flow through
the cement-filled casing and the associated pressure and temperature evolution in the
upper chamber. It is assumed that gas flow from the lower chamber to the upper chamber
occurs exclusively through an annular gap at the cement-casing interface (Figure 4a).
This assumption is supported by previous experiments using COs, in which carbonation
was observed along the cement-casing interface but not within the cement matrix itself
(Schilling et al., 2016).

(a) (c)

Figure 4: The annular gap (blue-grey volume) depicted as (a) a gap between the casing (sectioned
for visibility) and cement; (b) an isolated gap; and (c) a straightened gap as used in the model. Dimensions
are not to scale: | =& 2 m, w =~ 200 mm, and h is on the order of pm. Due to the small values of h,
the following assumption is made in the model: w; = ws = w. The gap is not assumed to span the
entire width of the interface between cement and steel at full aperture. Instead, it is assumed to cover
approximately 50% of the interface, as portrayed in the figure. Consequently, a width of w ~ 200 mm was
adopted in the model.
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Accordingly, the pressure build-up in the upper chamber at constant chamber volume is
primarily controlled by the geometry of the annular gap and by thermal effects associated
with gas flow. The objective of the model is to infer the effective annular gap aperture
by calibrating the simulated upper-chamber pressure evolution to the experimentally
measured pressure data.

The annular gap is represented as a three-dimensional domain characterized by an inner
circumference wy, an outer circumference ws, and a length [, corresponding to the length of
the cement column inside the casing (Figure 4b). The radial difference between the inner
and outer circumferences defines the aperture h of the annular gap, which is assumed to vary,
for example as a result of cyclic loading. Given circumferences of approximately 200 mm
and apertures below 0.1 mm, the difference between the inner and outer circumferences is
negligible. Therefore, the annular gap is approximated as a rectangular channel, in which
one side of the base corresponds to the circumference w and the other to the aperture h
(Figure 4c). The model allows simulation of either a continuous gap extending over the
entire cement-casing interface or a partial gap covering only a specified fraction of the
circumference, as illustrated in Figure 4. In this study, w represents half of the casing

circumference, corresponding to a gap extending over 50% of the interface.

To simulate gas flow through the gap, the Hagen—Poiseuille equation for rectangular flow
channels according to Bruus (2008) is applied (Equations 10 and 11). In the model, the
annular gap is divided into multiple segments, and the flow from segment to segment, and
finally into the upper chamber, is calculated step-wise in small time steps.

. KHP . h3 W
V=——— AP, 10
12-n-1 (10)

- 1 192 h T w
Kip=1- = — = tanh (20 = 1) - 2+ ) 11
HP ;(271—1)5 o w o (2n —1) 2 h (11)
v Volumetric flow rate [m?/s]

Kyp Shape factor accounting for the channel geometry [-]; since w is 4-5

orders of magnitude greater than A in this work, Kyp ~ 1.

w Width of the straightened annular gap [m], see Figure 4

h Aperture of the annular gap [m], with h < w; see Figure 4

l Length of the annular gap [m], see Figure 4; in the model, [ is spatially
discretized

n Dynamic viscosity of the flowing fluid [Pa-s]

AP.s Pressure difference between both ends of the channel [Pa]
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In addition to the Hagen—Poiseuille flow, pressure-temperature interactions in the gas

phase are also considered in the model. All pressure and temperature changes resulting

from different processes are calculated individually and then combined for each time step.

These processes are:

(1) Temperature decrease due to gas release: When gas is released from the

(2)

(3)

upper chamber, the remaining gas expands, and its temperature is consequently
reduced. For this temperature decrease, it is assumed that the gas release occurs
rapidly enough to neglect any heat exchange between the gas remaining in the upper
chamber and the surrounding steel during the release phase. The process is modeled
as an adiabatic'® expansion of the gas, with a constant amount of substance and
an expanding volume (Figure 5). This temperature decrease occurs only once at
the start of an experiment and is therefore not recalculated during subsequent time

steps.

Figure 5: Conceptual model of the adiabatic cooling process in the upper chamber: To
illustrate the process, a bag containing the gas to be released (V;) is assumed. Once this gas is
released, the gas remaining in the chamber expands from V, to V},, while the pressure drops from
P.x to Pyin and the amount of substance remains constant. It holds that V, + V, =V},

Pressure increase due to gas flow: Gas flow, calculated according to Equation 10,
leads to pressure changes in the upper chamber and in the annular gap.

Temperature increase due to heat transfer from steel to gas: The temperature
decrease caused by the gas release (1) results in a lower gas temperature in the upper
chamber at the start of the subsequent pressure build-up compared to the surrounding
steel. This temperature difference leads to heat transfer from the autoclave steel to

18 Adiabatic refers to a process without heat exchange. Isentropic refers to the reversible case of an
adiabatic process in which no entropy is produced, i.e., there are no dissipative effects such as friction
or turbulence. Since such effects are neglected in the present model, adiabatic temperature changes are
approximated using isentropic relations.
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the gas, heating the gas inside the upper chamber during the experiment. Due to the
use of heating mats and the much larger thermal mass (total heat capacity) of the
steel autoclave compared with the enclosed gas, the steel temperature is assumed to
remain constant at the value prior to gas release.

Pressure increase due to heat transfer from steel to gas: In addition to gas
flow (2), heat transfer from steel to gas (3) causes a secondary pressure increase in
the upper chamber. For this, isochoric heating is assumed, as the volume of the
upper chamber remains constant. Only the pressure increase resulting from heating
is considered in this step of the calculation, with the amount of substance assumed
to remain constant in this step. The pressure increase due to gas flow (2) is excluded
from this step of the calculation, as it is addressed independently in the model.

Temperature increase due to gas flow: Additionally, the gas flow into the upper
chamber increases the pressure, which in turn slightly increases the gas temperature
due to compression. This temperature increase is considered in the model because
it influences a) the heat transfer from the surrounding steel to the gas (3) and
consequently b) the pressure inside the upper chamber. The temperature increase
resulting from the pressure increase due to gas flow is calculated under the assumption
of an isentropic volume change, following an approach analogous to the gas release
process (Figure 5). However, in the case of the temperature increase, gas flows into
the upper chamber rather than out of it (Figure 6).

Figure 6: Conceptual model of the adiabatic heating process caused by gas flow into the
upper chamber. As an illustration analogous to Figure 5, the inflowing gas is treated as a separate
volume that pushes a piston into the chamber, while the amount of substance remains constant
above the piston. With each time step, the piston advances incrementally. The process starts with

volume V}, at pressure P, and ends with volume V, at pressure Py.. V; is equivalent to the
released gas volume, such that V, + V;, = V.

In contrast to the relatively fast gas release (1), gas flow into the upper chamber occurs
over a period of minutes to hours, making the process inherently non-adiabatic due to
heat exchange with the surrounding steel and cement. Despite this, the temperature
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change in the upper chamber due to the pressure increase caused by gas flow is
calculated assuming adiabatic and isentropic conditions over a short time step. This
result is then combined with the non-adiabatic temperature change due to heat
transfer from steel to gas (3), which is calculated for the same time step. This
ensures that the non-adiabatic nature of the process is represented in the model,
even though one of the contributing sub-processes in each time step is treated as
adiabatic.

The pressure change due to gas flow (2) is calculated both within the gap and the upper
chamber. The thermal effects'® (1 and 3-5), however, are only considered for the upper
chamber in the main model. Within the gap, it is assumed that the temperature of the
flowing gas equilibrates immediately with the surrounding steel and cement due to the
relatively small gap volume and the large contact surface area. The temperatures of the
surrounding cement and steel are assumed to remain unchanged because their thermal
mass is much larger than that of the gas within the gap. It is further assumed that the
cement and steel adjacent to the upper chamber have approximately the same temperature
as the gas inside the upper chamber. Consequently, the gas entering the upper chamber
is assumed to have the same temperature as the gas already present in the chamber. To
assess the impact of this assumption, different scenarios for the temperature of the gas in
the gap were evaluated, as described in Section 3.3.4. This sensitivity analysis indicates
that gas temperature variations in the gap have a negligible influence on the results.

When considering the experiment as a whole, gas predominantly flows from the annular gap
into the upper chamber, leading to increases in both temperature and pressure. Similarly,
heat transfer between the steel of the upper chamber and the gas typically occurs from the
steel to the gas, increasing the gas temperature and pressure. However, at specific points
during an experiment, both processes can also occur in reverse: gas may flow from the
upper chamber into the gap, and the steel may cool the gas in the upper chamber if the
respective temperature and pressure differences occur.?’. The model explicitly allows for
these reversed processes, but they have never dominated the overall system behavior. For
the sake of readability, the following subsection therefore mainly describes the processes
as if only the non-reversed gas and heat flow occured.

19Tn this work, the term thermal effects refers to all processes in which temperature changes influence
the pressure evolution or pressure changes influence the temperature evolution in the upper chamber. In
other words, thermal effects include all temperature—pressure couplings that contribute to the pressure
evolution. If thermal effects are not considered, only the purely mechanical gas flow and the associated
pressure changes are taken into account.

20For example, reversed gas flow may occur due to pressure variations in the lower chamber. If the lower
chamber pressure falls below the upper chamber pressure, gas flows from the upper towards the lower
chamber. A similar reversal can occur for heat flow. When gas flows rapidly into the upper chamber, the
associated pressure increase causes gas heating. If the gas temperature then exceeds the steel temperature,
heat flow will occur from gas to steel. Such conditions are more likely once the pressure and temperature
in the upper chamber have largely equilibrated.
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The conceptual model represents a first-order abstraction of the governing physical processes
and forms the basis for the numerical implementation described in the following chapter.
Consequently, both the conceptual and numerical models constitute approximations of the
underlying physical processes. The associated assumptions, limitations, uncertainties, and
sensitivities of the modeling approach are discussed in Sections 3.3 and 5.3.

3.2 Numerical model
3.2.1 Hagen—Poiseuille flow

Based on the conceptual framework described above, a numerical model was developed
to simulate the pressure evolution within the system. This implementation requires the
specification of several input parameters, including the viscosity and compressibility of
the flowing fluid, the total simulation time, and the number of discrete segments used to
represent the annular gap. In addition, geometric parameters such as the inner diameter
of the casing, the length of the annular gap, and the volume of the upper chamber must
be defined. Furthermore, the pressure in the upper chamber is required. The annular gap
aperture h serves as the fitting parameter, allowing the modeled pressure build-up curve

to be matched to the experimental observations.

The numerical model focuses on the pressure build-up phase, which begins immediately
after the gas release has ended. For the simulation, all measured pressure values from
the upper chamber are normalized according to Equation 12, scaling the pressure to a
dimensionless value between 0 and 1. A normalized pressure of 0 corresponds to the
minimum pressure reached during the gas release. A normalized pressure of 1 represents
the equilibrium pressure of the system, after the pressure build-up has concluded, which
is approximately equal to the pressure level prior to release. Intermediate values reflect
the proportion of pressure rebuilt. For example, a value of 0.3 indicates that 30% of the
released pressure has been rebuilt.

In the subsequent calculations, a pressure P always represents the physical pressure in
pascals, whereas the complementary P’ refers to the unitless, normalized pressure according
to Equation 12. Outside the model and thus before normalization, the arithmetic mean
of the measured pressure values was calculated, typically over groups of five, to reduce
fluctuations in the measured data. Values temporally close to the pressure release were
excluded from averaging to preserve the lowest measured minimum pressure, and to

enhance the temporal resolution during the phase of rapid pressure build-up.
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P, s Prnin
pl="Ps _min (12)
Pmax - Pmin
P’ Normalized, dimensionless pressure value [-]
P,uys  Physical, non-normalized pressure value [Pa]
Poin Measured minimum pressure in the upper chamber reached due to the

gas release [Pa]

Poax Measured maximum pressure in the upper chamber reached during the
pressure build-up [Pa

In the model, calculations are performed over discrete spatial intervals. The annular gap is
divided into N intervals for the calculation, with N + 1 grid points (representing segment
volumes?!) located at the interval boundaries (Figure 7). The gas flow is calculated from
one point to the next, with 7 referring to the grid point (and thus segment volume) index,
taking values from 0 to N. A value of N = 2 was used in this work, as it could be shown
that this discretization yields almost identical results compared to finer spatial resolutions

under certain conditions (see Section 3.3.2).

For example, for ¢ = 2, ng is the volumetric flow rate through flow interval 2, from grid
point 1 to grid point 2, and thus from segment volume 1 to segment volume 2, at time
step j (Figure 7). The pressure P;, represents the pressure in segment 2 after gas flow
during time step j has been completed.

The lowermost grid point 0 is located at the interface between the bottom end of the
annular gap and the lower chamber. Accordingly, the pressure P; at grid point 0 represents
the pressure in the lower chamber at the end of time step j. It is assumed that a small
portion of the annular gap is strongly influenced by the lower chamber pressure. Therefore,
the volume of half a gap segment adjacent to the lower chamber is considered to share the
same pressure as the lower chamber (Figure 7). In principle, this half-segment volume
should be added to the lower chamber volume. However, because the lower boundary is
prescribed as a pressure boundary condition, only the lower chamber pressure enters the
calculations. Since the lower chamber volume is not used in the model, this adjustment

was omitted.

Similarly, the pressure P; x corresponds to the pressure in the upper chamber at the end
of time step j. Analogously, the volume of half a gap segment adjacent to the upper

21Flow calculations are performed between discrete grid points, which define the distances over which
fluid transport is evaluated. As grid points themselves do not have a physical volume, the term segment
is introduced to refer to the corresponding control volume used in pressure calculations. Each grid point ¢
represents the center of segment ¢, and both share the same index. Consequently, the terms grid point
and segment refer to closely related entities and may, where appropriate, be used interchangeably.
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chamber is considered to share the same pressure as the upper chamber (Figure 7). Thus,
this half-segment is added to the volume of the upper chamber for calculations within the
model. Consequently, segment 0 can be referred to as the lower chamber segment, segment
N as the upper chamber segment, and all intermediate segments as gap segments.

Upper Champer

kg3 |
~O(0)

ower Chambe

Figure 7: Spatial discretization of the annular gap. Numbers next to the points indicate the
corresponding grid points and associated segment volumes. For example, the blue segment corresponds to
i = 1 and is represented by grid point 1 located at its center. V;; denotes the volumetric flow rate at time
step j between segments ¢ and i — 1. s, is the length of a segment and [ is the total length of the casing,
with lsg = [/N. The distance between adjacent grid points is equal to lss.

Similar to the calculations performed across discrete spatial intervals, the model also
operates in discrete time steps. In this context, ¢ represents the time in seconds that has
passed since the beginning of the experiment (after the gas release) at the integer time
step 7. In the model, an experiment is considered to begin once P, is reached at t = 0 s
and 7 = 0. All calculations then start at j = 1. For example, with a time step width At
of 0.02 s, t would be 0.08 s at j = 4. J is the total number of time steps.

For each experiment, At is determined according to Equation 13 (derived from Equation 10).
This ensures that the outflow per time step from a segment does not exceed its available
volume, thereby preventing numerical instabilities and potential program termination due

to unphysical flow rates resulting from excessively large time steps. The factor 0.25 in
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Equation 13 serves as a fixed safety margin to reduce the risk of instabilities, while the
variable Fa; allows for manual adjustment of At. The maximum allowed value for At was
set to 0.1 s.

025 12-n I
'S e WBow N (13)
l

At Time step width [s]

Fa; Variable that can be set above 1 to manually decrease At [-]

h Aperture of the annular gap [m]; see Figure 4
w Width of the straightened gap [m]; see Figure 4
n Dynamic viscosity of the flowing fluid [Pa-s]

[ Length of the annular gap [m]; see Figure 4

N Number of flow intervals [-]

Vie  Volume of a gap segment [m?

K Compressibility?? of the flowing fluid [Pa ]

To initialize the flow calculation, F; is set to 0 for the upper half of the segments, covering
both the upper chamber and adjacent gap segments. This simulates the pressure drop
caused by the bleed-down in the upper chamber at the start of the experiment. In contrast,
Fy; is set to 1 in the lower half of the gap, representing a higher initial pressure for grid
points farther away from the upper chamber. In the lower chamber (i = 0), the pressure
was intended to be maintained at a constant level (Ppax). Thus, P}, would ideally remain

equal to 1 for all time steps j.

However, a constant pressure in the lower chamber was not always ideally achieved by
the pressure control unit. Consequently, the measured pressure values from the lower
chamber were utilized in the model. They were normalized according to Equation 12 and
implemented as P]{,o- Since pressure measurements were recorded at 2-second intervals,
while a much smaller time step width is used in the model (e.g., 0.02 s), intermediate
pressure values in the lower chamber need to be estimated for time steps between recorded
intervals. For each time step, the pressure in the lower chamber is approximated by using
the closest available recorded pressure value.

22Termination due to excessive flow is primarily an issue in gap segments, where the isothermal
compressibility is used (see Section 3.1). A constant compressibility of 1.8 - 1077 Pa~! is used in
Equation 14, which approximately corresponds to the isothermal compressibility of nitrogen shortly
after gas release. The time step width At is calculated with sufficient safety margins to ensure that
volumetric flow rates remain low enough to prevent termination due to excessive flow - even if the actual
compressibility deviates slightly from the constant value.
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Next, the flow through each interval i and the corresponding pressure change at each grid
point i (representing segment i), from bottom to top, are calculated for every time step j.
The calculations begin with P ;, followed sequentially by P, and continue point by point
until P/ y is reached. After completing all calculations of the first time step, the algorithm
advances to the next time step, beginning with P, ;. In this sequence, Equation 15 is
applied to calculate the volumetric gas flow through each gap interval at each time step.
Equation 15 is a modification of Equation 10, adapted for the finite difference approach.

h3 s w AF)J/J

V! = Kyp -
127 lsg

Jye

(15)

i Volumetric gas flow rate (pressure-normalized) between point i — 1 and

point ¢ during time step j; can be positive (gas flow from point ¢ — 1 to
m3 ]

point ¢) or negative (gas flow from point ¢ to point i — 1) [5—

Vi (Pax = Puin) = Vi

Kyp Shape factor accounting for the channel geometry according to Equation 11
[-]; in this study Kyp ~ 1

w  Width (circumference) of the annular gap [m]; see Figure 4

h Aperture of the annular gap [m]; see Figure 4

ls;  Length of an annular gap segment, equals [/N [m]

n Dynamic viscosity of the flowing fluid [Pa-s]

AP}, Normalized pressure difference between segment i and i — 1 (point i and

— ]Dj{,i

i — 1) at the beginning of time step j [-]; equals Pj; ,

After calculating V;’ ;» the corresponding pressure changes resulting from gas flow between
the grid points are determined according to Equations 16-18. Here, AP]{,iinﬂow represents
the pressure change in segment 7 (and thus at grid point ) due to gas inflow from segment
i — 1 at time step j. Analogously, AP;E“tﬂOW denotes the pressure change in segment ¢ due
to gas outflow from segment 2 to segment 7 + 1 at time step j. These two pressure changes,

calculated according to Equations 16 and 17, are only determined for values of ¢ ranging
from 1 to N — 1.

For the uppermost segment N, only the pressure change AP}}Z{}ﬁ"W due to inflow from
segment N — 1 must be considered. Since the final segment N represents the upper
chamber, there is no outflow from segment N to a subsequent segment. Furthermore,
the upper chamber’s volume is distinct from that of a gap segment and considerably

larger. Thus, the upper chamber pressure change due to gas flow is calculated according to

42



3.2 Numerical model 3 NUMERICAL MODELING

Equation 18 instead of 16. Reverse flow from upper to lower segments is mathematically

possible in the form of negative inflow and outflow values.

. V! . At
APJ{,lz‘nﬂow = V“ (T) (16>
sg * Fjq
V,’A - At
APj{gutﬂow _ ‘j:l-FlK(T) (17>
sg " vy
. V! At
Appiior = N (18)
Vuc * K‘LN

AP;;“HOW Normalized pressure change in segment ¢ due to gas flow from seg-
ment/grid point ¢ — 1 to i at time step j [-]

A]DJ{;“tﬁOW Normalized pressure change in segment ¢ due to gas flow from seg-
ment/grid point i to ¢ + 1 at time step j [-]

AP/ Normalized pressure change in segment N (upper chamber) due to
gas flow from segment/grid point N — 1 to N at time step j [-]

V;’ ; Volumetric gas flow rate (pressure-normalized) between grid point
i — 1 and grid point ¢ during time step j; can be positive (gas flow
from point ¢ — 1 to point i) or negative (gas flow from point i to
point i — 1) [222]; V7, - (Puax — Puin) = Vi

At Time step width used in the model [s]; e.g., 0.02 s

Vg Volume of a gap segment according to Equation 14 [m?]

Vie Volume of the upper chamber segment [m?]

/35-? Isothermal compressibility of the gas at grid point ¢ (in segment )
and time step j [Pa™!]

/fgsjzf Isentropic compressibility of the gas at grid point N (in segment N)

and time step j [Pa™!]

The isothermal compressibility is used for calculations within the gap, because immediate
heat exchange is assumed there. In contrast, the isentropic compressibility is applied in the
upper chamber, where heat exchange is assumed to be non-instantaneous (see Section 3.1).
(T

j,i) and KES& are calculated for each segment and time step. This was
achieved by deriving a function to compute KD

ji
RET]\), can be converted into /@fﬁ,, as both are directly related through the adiabatic index

The compressibilities x

within the gap. For the upper chamber,

v (Fleming, 2025). The following paragraphs provide a more detailed description of this
procedure.
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First, 22 isothermal compressibility values at typical pressure and temperature conditions
observed in the experiments were determined outside of the model using Equation 19,
which numerically approximates the isothermal compressibility from the compressibility

factor (Dehli et al., 2023; Heintz, 2017). The required compressibility factors were obtained
from Wischnewski (2007).
1 1 [ AZ
D = — - = (19)
P,  Z\APz ),

x(T)  Isothermal compressibility of nitrogen at pressure Py and temperature T
[Pa™]

Py Pressure at which the compressibility is calculated [Pal

Z Compressibility factor of nitrogen at the pressure P; and temperature T’

at which the compressibility is calculated [-]
AZ  Change in compressibility factor of nitrogen corresponding to APy [-]

AP; Pressure difference over which AZ is determined [Pa

Within the small temperature range of the measurements, the temperature dependence

of £ is minor, while the pressure dependence dominates (see Section 3.3.5). Therefore,
(T)
Jse
values?® using a linear regression based on pressure alone. This approach was further

a function describing «,” at different pressures was derived from the 16 compressibility
justified by the uncertainty regarding the temperature in the gap and yielded a coefficient
of determination of 0.998.

The resulting Equation 20 is used in the model to estimate /@;TZ-) for all segments, while
Equation 21 is subsequently applied to determine ligsjz, specifically for the upper chamber.
The adiabatic index v is approximated according to Equation 22 (Cengel et al., 2019,

ch. 7.9).

kY = —2.973239 - 10 bar ' Pa™" - Pj_y; + 3.42476357 - 1077 Pa™ (20)
(1)
K.
K = —JV’N (21)
C
7= (22)

P;_1; Pressure in segment 7 at the end of time step j — 1 and thus at the

beginning of time step j [bar]
/i;:l;) Isothermal compressibility of the gas in segment ¢ and time step j [Pa_l]

23The compressibility values were determined at pressures between 55 bar and 62 bar, with temperatures
at either 60 °C or 70 °C.
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S)

/ig" v Isentropic compressibility of the gas in segment N (the upper chamber)

and time step j [Pa™!]
~y Adiabatic index, heat capacity ratio of the gas [-]

c Heat capacity of the gas at constant pressure [J/(kg-K)]

P
Cy Heat capacity of the gas at constant volume [J/(kg-K)]

Following the calculation of pressure differences according to Equations 16 - 18, the pressure
in segment ¢ at the end of time step j is determined in the model using Equation 23.
However, Pj’ ~, the pressure in the upper chamber, cannot be fully determined at this
stage, as it also depends on thermal effects (see Section 3.1). Consequently, Equation 23
is only applied for indices ¢ ranging from 1 to N — 1, which represent the annular gap
where thermal effects are neglected. PJ’ ~ 1s calculated separately at a later stage using
Equation 35, which accounts for the pressure increase due to gas flow (Equation 18) as
well as the pressure increase due to heat flow from the steel of the upper chamber to the
gas within. Modeling the heat transfer requires considering several thermal effects, whose

numerical implementation is described in the following sections.

Pj{;i — F)J{fl,i + APJ{,iinﬂow o AP]{;)utﬂow (23)

P Normalized pressure in segment ¢ at the end of time step j, after the
gas flows V;,; and V,;,; have concluded [-]

P;_M Normalized pressure in segment ¢ at the end of time step j — 1, and

thus at the beginning of time step j [-]

AP;;“HOW Normalized pressure change in segment i due to gas flow from segmen-
t/grid point ¢ — 1 to i at time step j [-]

AP](,‘jutﬂOW Normalized pressure change in segment ¢ due to gas flow from segmen-
t/grid point ¢ to i + 1 at time step j [-]

3.2.2 Thermal effects

The Hagen—Poiseuille flow and the resulting pressure changes are calculated for both the
upper chamber and the annular gap. In contrast, thermal effects are treated differently.
It is assumed that within the gap, the gas temperature equilibrates immediately with
the surrounding materials (see Sections 3.1 and 3.3.4). Consequently, temperatures and

temperature-related pressure changes are only calculated for the upper chamber.

Ideally, both temperature and pressure values before and after the gas release would be
available for accurate temperature modeling. However, the temperature data recorded
after the gas release cannot be interpreted quantitatively, as the relatively large thermal
mass of the temperature sensor allows accurate temperature tracking only during slow
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processes. For rapid gas temperature changes in the upper chamber, such as the decrease
during gas release or the increase caused by the heating of the surrounding steel, the
sensor response is too slow to capture the actual gas temperature. To compensate for this
limitation, the temperature T,,;, of the gas in the upper chamber immediately after the
gas release is estimated using the temperature-pressure relationship shown in Equation 24
(Cengel et al., 2019, ch. 7.9), assuming isentropic expansion (Figure 5).

1—y

Pmax R
Tmin = Tmax - 24
( Pmin ) ( )

Twmin  Calculated temperature in the upper chamber immediately after gas release
K]

Thax  Measured temperature in the upper chamber before the gas release [K]

v

win Measured pressure in the upper chamber immediately after gas release
[Pa]
Prax  Measured pressure in the upper chamber before gas release [Pa]

y Adiabatic index, (Equation 22), heat capacity ratio of the gas |-]

The temperature values following T,,;, are also necessary to model the temperature influence
on the pressure curve. As the temperature sensor could not capture rapid temperature
changes accurately, recorded temperature data during the heating process are not used in
the model as they are considered highly incorrect. Instead, the temperature evolution in
the upper chamber is modeled using fundamental thermodynamic principles. However, the
temperature readings show a small dip shortly after gas release, confirming qualitatively

that a short-term temperature decrease followed by an increase occurs after gas release.

To model the temperature evolution in the upper chamber, a factor that characterizes the
rate of heat transfer from the steel to the gas over time was derived from experimental
pressure data. The procedure is briefly outlined below in steps I-IV and described in more
detail afterwards. To ensure methodological transparency and clarity, selected intermediate
results and brief explanatory remarks are included in this section.

I Derive temperatures from pressure changes: During gas release, the remaining
gas in the upper chamber cooled due to adiabatic expansion. Subsequently, heat
flow occured from the warmer cement and steel to the gas inside the upper chamber.
Experiments were identified where, due to low volumetric flow rates, the gas in the
upper chamber was nearly fully heated by the surrounding steel before any substantial
gas flow occurred. In other words, the amount of substance in the upper chamber
stayed nearly constant during this short time span, while the pressure increase was

almost exclusively caused by heat flow. This condition is met in ten experiments,
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IT

I1I

IV

which allow the heating process caused by the temperature difference between steel
and gas to be observed in near isolation. In these cases, pressure changes can
be directly converted into temperature changes, resulting in ten temperature-time
curves.

Derive heat transfer factor: From each of these ten temperature curves, a factor

¢ characterizing the rate of heat transfer from steel to gas over time was derived.

Transfer to other experiments: Since the procedure described above was per-
formed only for the ten experiments with low volumetric flow rates, c-values for

experiments with higher flow rates were estimated based on the results.

Transfer to model: Steps I-1I1 were performed as preparatory steps and are not
part of the main model. Within the model, the heating of the gas caused by the
warmer surrounding steel is simulated using the c-values derived in step III.

As described in step I, experiments were first identified in which the early measured

pressure increase occurs almost exclusively due to the heat transfer from the steel to

the gas, while the influence of gas flow is negligible. However, in most experiments, the

pressure increase results from an overlap of these two processes, making it difficult to

separate their individual contributions. Nevertheless, in experiments with low gas flow

rates due to low permeabilities and thus generally slow pressure increases, a steep initial

rise is observed (Figure 8a), which reaches a plateau after approximately 100-200 seconds

(Figure 8b). This early plateau suggests that the initial steep pressure increase (e.g., up to

0.4 in Figure 8) is almost exclusively caused by heat flow from the surrounding steel to

the gas, while the subsequent increase (from 0.4 to 1.0) is mainly attributed to gas flow

into the upper chamber.

(a)

(b)
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Figure 8: Measured and normalized experimental pressure data for Casing 3, Experiment 4: In (a),
the entire runtime is shown. In (b), only the first 250 seconds are shown and a plateau is reached after
approximately 150 seconds.
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This behavior was observed in the first four experiments of casing 4, the first four
experiments of casing 3, and experiments 8 and 10 of casing 1. For these ten experiments
with low gas flow rates, the pressure induced temperature curve was derived according to
Equation 25 (Cengel et al., 2019, ch. 3.6), which converts each pressure value during the
initial steep increase into a temperature value under the assumption of isochoric conditions.

The time steps m used in Equation 25 differ from the time steps j used in the model,
as the measured pressure data of Equation 25 use a different temporal resolution than
the modeled data. The calculation begins at m = 1. Note that Equation 25 can only be
applied if the measured pressure increase in the upper chamber is solely caused by heat
transfer from the surrounding steel to the gas, with negligible influence from gas flow.

(25)

T,  Calculated temperature in the upper chamber at time step m [K]; To = Tin

P,,  Measured pressure in the upper chamber at time step m [Pa]; Py = P

For each of the resulting ten calculated temperature curves, a factor was derived that
characterizes the rate of heat transfer from the steel to the gas over time (step II). It
is assumed that the temperature evolution of the gas heated by the surrounding steel
follows a bounded growth behavior according to Equation 26 (Kreyszig et al., 2011). For
each of the ten temperature curves derived from Equation 25, the parameters a and b
were determined from the experimental data. Subsequently, a modeled curve based on
Equation 26 was adjusted to best approximate each calculated curve from Equation 25,
using c¢ as the fitting parameter. The result was a c-value for each of the ten calculated
curves. In this context, c represents the growth rate constant and thus determines the rate
of thermal exchange between the steel of the upper chamber and the gas inside. Within
the scope of this thesis, it is therefore interpreted as a heat transfer factor.

T{t)=a—b-e (26)

T(t) Temperature in the upper chamber at time ¢ [K]

a Maximum temperature that can be reached during the heating process as
t — oo [K]; equals the temperature before the gas release (Tinax) and after
the full heating process is completed

b Difference between the temperatures immediately before and after gas
release, defined as b = a — T'(0) = Tinax — Tmin [K]

& Growth rate constant/heat transfer factor [1/s]

t Time that has passed since 7'(0) = Ty y = Tmin at ¢ = 0 s was reached [s]

48



3.2 Numerical model 3 NUMERICAL MODELING

Since c-values were derived for only ten of the 256 experiments so far, an approach was
developed to estimate the missing c-values for the remaining 246 experiments (step I1I)
based on the following assumptions. The parameter c reflects the rate of thermal exchange
between the steel and the gas in the upper chamber. It is therefore assumed that c
primarily depends on the geometry and volume of the upper chamber. The chamber itself
remained unchanged. However, variations in cement filling height and the placement of
additional material in the upper chamber caused differences in upper chamber volume
and geometry between casings?*. As long as the geometry of the upper chamber remains
constant, ¢ is assumed to be approximately constant as well.

Based on these considerations, the following procedure was used to determine a fixed
c-value for each casing:

Casings where ¢ could be directly derived from experiments

— Casing 1: Two experiments (8 and 10) exhibited low enough gas flow rates so
that c-values could be derived from the initial pressure increase as described
above. The arithmetic mean of these three c-values was used as the representa-
tive c-value for all experiments of casing 1, assuming ¢ primarily depends on
the upper chamber geometry.

— Casing 3: The same procedure as for casing 1 was applied (based on four
experiments instead of two), resulting in one representative c-value for all

experiments of casing 3.

— Casing 4: The same procedure as for casing 1 was applied (based on four
experiments instead of two), resulting in one representative c-value for all
experiments of casing 4.

A cuboidal cement sample was placed in the upper chamber during this ex-
perimental series. This likely introduced additional heat flow from the cement
sample to the gas. Consequently, the c-values of casing 4 are not directly
comparable to the c-values of the other casings.

Casings where ¢ could not be directly derived from experiments

— Casing 2: None of the experiments exhibited a sufficiently low volumetric
flow rate to separate the pressure increase caused by heating from the pressure
increase due to gas inflow. Consequently, no c-value could be derived directly

for casing 2.

24Tn this context, a casing refers to the experimental series conducted on the casing, where experiments
generally share identical geometries. For readability, the term is occasionally shortened to simply casing
throughout the text, even though it technically denotes the experimental series.
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To derive a representative c-value for casing 2, a regression-based approach was
applied. The six c-values obtained from experiments with steep initial pressure
increases in casings 1 and 3 were correlated with their respective upper chamber
volumes, whereas casing 4 was excluded because of the cuboidal cement sample
placed in the upper chamber during this experimental series. Assuming a
linear dependence of ¢ on the upper chamber volume, a linear regression was
performed based on these six data pairs, each consisting of c-value and chamber
volume (Figure 9). The resulting Equation 27 expresses ¢ as a function of the
upper chamber volume and was used to derive a single c-value for casing 2.

— Casing 0: As with casing 2, none of the experiments exhibited slow gas flow.
Therefore, ¢ was calculated analogously using Equation 27. However, a pipe
connected to the upper chamber was replaced during the experimental series of
casing 0. Consequently, the chamber volume changed, resulting in two slightly

different c-values for the experiments of casing 0.

c=—0.00121s'L7" -V, +0.03657* (27)

c Growth rate constant of the bounded growth equation (Equation 26); con-
trols the rate at which heat is exchanged between the steel of the upper
chamber and the gas inside and can therefore be regarded as a heat transfer
factor [1/s]

Vie Volume of the upper chamber, including the top volume of the casing not
occupied by cement and adjacent pipes [L]

The c-values derived according to the described methods and used in the model are shown
in Table 4 and Figure 9.

Table 4: Upper chamber volumes and c-values used in the model. The c-value of casing 4 is
relatively high due to an additional cement sample placed in the upper chamber, which appears to enhance
heat transfer to the gas. Two values are listed for Casing 0 because a pipe was exchanged during this
experimental series, which caused a change in volume.

Casing Volume [L] c-value [1/5]
Casing 1 6.4554 0.02822
Casing 3 5.9590 0.0288%
Casing 4 4.8650 0.0424*
Casing Oa 5.0605 0.0299°
Casing 03 4.8382 0.0302°
Casing 2 4.9290 0.0300P

& c-values of casing 1, 3 and 4 were derived from experimental data.
b c-values of casing 0 and 2 were derived from Equation 27.
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Figure 9: The six c-values used in the model are plotted against the volume of the upper chamber
(Vae)- Filled symbols indicate values representing the arithmetic mean of multiple values originally derived
from experimental data. The error bars denote the range of values used to calculate the mean. Open
symbols indicate c-values calculated using Equation 27, based on c-values of casings 1 and 3. A cuboidal

cement sample was placed in the upper chamber during the experimental series of casing 4, making the
resulting c-values not directly comparable to those of the other casings.

While the previous paragraphs described how the c-values were determined outside of the
model, the following paragraphs explain how c is incorporated into the internal model
calculations (Step IV).

In principle, the temperature evolution for each experiment could be calculated using
Equation 26, since the parameters a, b, and ¢ are known. However, the stepwise temperature
calculation within the numerical model is based on Equation 28. Although both equations
produce identical temperature curves when the temperature in the upper chamber only
depends on heat transfer between steel and gas, Equation 28 provides greater flexibility
for incorporating additional thermal effects, such as temperature changes induced by gas

flow into the upper chamber.

Equation 28 is advantageous because the temperature evolution depends on the temperature
difference (Equation 29) rather than on time. The discrete heat transfer factor & is derived
directly from the continuous heat transfer factor ¢ and additionally accounts for the time
step width At (Equation 30).

TN =Tjan + AN -k (28)

Ajjj,N = Tnae — 71jfl,N (29)
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k=1—e A (30)

T™  Gas temperature in the upper chamber (segment N) at time step j,
accounting for heat flow from steel to gas during time step j. The
temperature change caused by the gas flow at time step 7 is not included
K]

T;—1 n Gas temperature in the upper chamber at the end of time step j — 1 and
thus at the beginning of time step j, calculated according to Equation 36
[K]; To,v = Tin

AT; y Difference between the saturation temperature 7,, and the last modeled
temperature 7;_; y; decreases with increasing j [K]

k Discrete heat transfer factor based on ¢ and At [-]

Trnax Measured temperature in the upper chamber before the gas release [K]

c Growth rate constant of the bounded growth equation (Equation 26);
controls the rate at which heat is exchanged between the steel of the
upper chamber and the gas inside and can therefore be regarded as a
continuous heat transfer factor [1/s]

At Time step width used in the model [s]; e.g., 0.02 s

The discrete heat transfer factor k describes the fraction of the remaining temperature
difference that is transferred in a single time step At and can be derived as follows. If the

bounded temperature growth (Equation 26) is expressed as

warm ctj

N =a—b-e, t;=7 At

the temperature change between two successive time steps is

warm warm __ warm —c At
Nt = TN = (a = TMR) (1—e ).

Comparing this with the following formulation derived from Equation 28,
j\:y%rm - irjvzalr’rjr\lf + (Tmax - Jvzaf:%) -k 9
and considering a = Ty,.y, it follows directly that

k=1—e

The calculated temperature from Equation 28 is subsequently used to derive a corresponding
pressure value using Equation 31, which is a modification of Equation 25. The resulting
pressure value, Pi"™, is then normalized according to Equation 12 and the corresponding

normalized pressure change, A ]f’VJ(,arm, is calculated according to Equation 32.
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warm

P'Warm — 5N . P‘,l N 31)
7N ,Z_‘j—l,N J—4 (
AP = P — Pl (32)
Py Pressure in the upper chamber at time step j, including the pressure

increase from heating at time step 7, but not the pressure increase due
to gas flow from the lower chamber at time step j [Pa]; the difference
between Pi™ and Pj_; v is solely caused by the heating of the gas
due to the warmer surrounding material; Pofvj%rm = P

TN Gas temperature at time step 7, accounting for heating by the chamber
steel during time step j. The temperature change caused by gas flow

at time step j is not included. [K]

TN Gas temperature in the upper chamber at the end of time step 7 — 1
and thus at the beginning of time step j [K]; 7o v = Tmin

Pi_1n Pressure in the upper chamber at the end of time step 7 — 1 and thus
at the beginning of time step j [Pa]; Po v = Prin

APJ("]’VVMm Normalized pressure increase in the upper chamber due to heat flow
from steel to gas at time step j [-]

P Normalized value of P [-]; '™ =0
P;_L N Normalized pressure in the upper chamber at the end of time step

j — 1 and thus at the beginning of time step j [-]; Pony =0

In the next step, the temperature in the upper chamber, attributed to the pressure change
caused by gas flow during time step j, is determined according to Equation 33, assuming
isentropic conditions within time step j (Cengel et al., 2019, ch. 7.9). Subsequently, the
temperature change due to the pressure change resulting from gas flow during time step j,
AI}?]%W, is calculated according to Equation 34.

1_7-\/
P; 1 n !
T‘ﬂow —T. . J—4 i 33
7,N Jj—LN <]Djl,N 4 Apjtrjl\glow> ( )
AT =T/ —Ti v (34)
Y}?IQ,W Temperature in the upper chamber at time step j, including the

temperature increase from gas flow at time step j, but not the tem-
perature increase due to heat flow from steel to gas at time step j [K];
Tﬁow =T .

0,N — +min
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7}717]\[
P]717N

inflow
A R] b N

f)/

flow
AT77N

Gas temperature in the upper chamber at the end of time step j — 1
and thus at the beginning of time step j [K]; Toxn = Trin

Pressure in the upper chamber at the end of time step 7 — 1 and thus
at the beginning of time step j [Pal; Py n = Puin

Pressure increase in the upper chamber solely due to V] ~, the gas
flow from segment/grid point N — 1 into the upper chamber at time
step j [Pal; see Equation 18 for normalized form

Adiabatic index according to Equation 22; heat capacity ratio of the
gas []

Temperature increase in the upper chamber at time step 7, caused by
gas flow into the chamber and the resulting pressure increase [K]

As the concluding step at the end of each time step j, the pressure PJ’ ~ and temperature

T; y in the upper chamber are determined according to Equations 35 and 36. These

equations account for the effects of gas and heat flow on both pressure and temperature in

the upper chamber. All calculations are then repeated for the next time step.

/
Pj7N
AP/ inflow
j?N

/ warm
AP.77N

T~

warm

3N

flow
AT

! = Pl + AP 4 AP (3)

Normalized pressure in the upper chamber at the end of time step 7,
including both heat flow and gas flow shares [-]

Normalized pressure increase in the upper chamber due to gas inflow
from the annular gap at time step j [-]

Normalized pressure increase in the upper chamber due to heat flow

from steel to gas at time step j [-]

Tin =T %™ + AT/RY (36)

Temperature in the upper chamber at the end of time step 7, including
both heat flow and gas flow shares [K]
Temperature at time step j, accounting for heat flow from steel to
gas during time step j. The temperature change caused by the gas
flow at time step j is not included [K]
Temperature increase in the upper chamber at time step 7, caused

by gas flow into the chamber and the resulting pressure increase [K]

The code implementing the algorithm described above is provided in Appendix A.
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3.2.3 Matrix permeability

Based on the previous calculations, a matrix permeability value KJo%! is derived in the
model. This value represents the matrix permeability the sample would exhibit if gas
flow occurred through the cement, either through the pore space or cracks, rather than
through the annular gap. To determine the matrix permeability, the volumetric flow rate
expressions from Hagen—Poiseuille (Bruus, 2008; Equation 10) and Darcy’s law (Darcy,
1856; Wyckoff et al., 1933; Equation 37) were equated and rearranged to solve for KB“;Y%E;.
The resulting Equation 38 is used to derive matrix permeabilities from the model, which
are intended to be compared to the measured matrix permeabilities of the initial, autoclave

and control cement samples (see Section 2.5).

Kmodel A APcas

Darcy

V= 37
- 37)
1% Volumetric flow rate [m?/s]
KPodel Matrix permeability of the cement [m?]
A Base area of the cement column [m?|

AP.s Pressure difference between both ends of the cement column [Pa]

n Dynamic viscosity of the gas [Pa - s
l Length of the cement column inside the casing [m]
Kyp - h3 - w
model __ HP

KDarcy - 12 -7 - 72 (38)

Kggg‘;l Modeled equivalent matrix permeability assuming only cross-sectional
flow [m?]

Kyp Shape factor accounting for the channel geometry, close to 1 [-]
h Aperture of the annular gap [m]
w Width of the annular gap [m]
r Inner radius of the casing [m]
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3.2.4 Automated models

The model described in Sections 3.2.1-3.2.3 serves as a foundation for three different
automated models. These automated models vary fitting parameter values within certain
bounds to minimize the quadratic difference between the measured and modeled pressures.
The first automated model, H, uses only the aperture of the annular gap, h, as a fitting
parameter. In model H, h is allowed to vary between 1pm and 100 pm, while ¢ is set
according to Table 4.

The second model, HC', uses both h and the heat transfer factor ¢ (Equation 30) as fitting
parameters. The factor ¢ is used instead of k£ because k£ depends solely on ¢ and At. By
varying ¢, At can be set independently, while the change in c is still reflected in k. In

model HC', h is allowed to vary between 1pm and 100 pm, while ¢ is allowed to vary
between 0.001 s~ and 0.25 s~

The third model, HP, uses h, Py, and P, as fitting parameters, with A allowed to
vary between 1 pm and 100 pm, and ¢ set according to Table 4. In contrast to the other
models, P, and Py, influence the normalized measured pressure data rather than the
modeled data, as all measured pressure values are normalized based on P.;, and Py
(Equation 12). Consequently, a decrease in P,y leads to a decrease in the normalized
measured pressures, while a decrease in P,;, results in an increase.

Optimization of P, .. in model HP

Pax was selected as a fitting parameter to improve robustness against outliers, as the
normalization process defines P, based on a single measured value. If one of the pressure
values recorded after the main pressure increase exhibits an anomalously high outlier, the
normalization would be dominated by that outlier (Figure 10a). Allowing the model to
adjust Ppax counteracts this effect (Figure 10b): The model decreases Ppax by A Puax,
which is limited to the absolute value corresponding to a normalized value of 0.025.
Consequently, the lower bound for shifting P.x in model H P is defined as
plover — poriginal _ () o5 . (poriginal _ Porigina1)7

max max max min

where P°tgnal s the original measured maximum pressure value during the experiment,

max

and P8 ig the corresponding minimum. The upper bound of Paay equals Poriginal,

min max

In models H and HC', the adjustment of P, is approximated by upscaling all measured
pressure values by 1% after the normalization.
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(a) Ppax not adjusted (b) Puax adjusted
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Figure 10: Effect of adjusting Ppax to reduce the influence of outliers during normalization. This
figure shows an idealized example of pressure values after the main pressure increase has concluded and is
not based on real data. (a) Normalization dominated by an outlier; (b) optimal adjustment in model H P
by shifting Ppax, so that the normalization is not dominated by the outlier.

Optimization of P,;, in model HP

P is used as a fitting parameter because the 2-second recording frequency is insufficient
to ensure that the true minimum pressure is captured precisely. The actual minimum
pressure may occur at any time between two measurements. Consequently, the recorded
minimum pressure may already fall within the subsequent pressure increase and therefore
exceed the true minimum pressure. In the worst case, the true minimum pressure might be
missed by nearly two seconds. Depending on the experiment, 2 seconds can be sufficient
for a significant normalized pressure increase of 0.1 or more. By treating P, as a fitting

parameter, the model can attempt to account for this effect.

However, if the measured minimum pressure fails to capture the true minimum pressure, the
discrepancy would not only involve pressure but also time. The offsets of P,;, in pressure
and time are not independent but intrinsically linked, as a lower pressure corresponds to
an earlier time along the pressure evolution curve. To account for this relationship, the
model uses the first 20 measured pressure values of each experiment to derive a continuous

pressure-time function by regression, using P(t) = a — b- e ¢*

as the regression model.
This bounded growth function is based on Equation 26, but describes pressure P(t) instead
of temperature T'(t). When the model adjusts Py, the corresponding time associated

with P, is adjusted simultaneously according to this regression function.

In other words, treating P, as a free fitting parameter allows the model to shift the
starting point (P, and its associated time) along the pressure—time regression curve
within the constraints described below. This shift can improve the agreement between
measured and modeled pressure data. Two different scenarios are implemented for model
H P, each using a distinct regression approach:
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(a) The measured P, lies within the pressure-increase phase: This is the
more common scenario, illustrated in Figure 11. In this case, the measured value of
P.in can be regarded as a valid measurement, though not necessarily the absolute
minimum. The measured P,;, is therefore included in the regression as the origin of
the bounded growth function. In the fitting algorithm, P, is varied freely between
the following bounds, until the best agreement between measured and modeled

pressure data is reached.

As the true P, corresponds to a lower pressure at an earlier time (compared to
the measured P,;,) in scenario (a), the upper bound for varying Py, is defined by
the measured P,;,. The lower bound is the pressure calculated using the regression
curve at t = —2s. To avoid unrealistic bounds in cases of steep regression curves,
the model additionally compares the lower bound to the originally measured Pp;y,.
If this difference exceeds 0.05 (normalized), the model adjusts the lower bound to
limit the difference to 0.05.

With each variation of P,;,, the starting time is also adjusted according to the
regression curve. However, rather than shifting the newly modeled P, to a negative

time, all measured pressure values are shifted forward in time.

Figure 11 illustrates case (a). In this example, the model estimates a Py, significantly
lower than the measured value, with a pressure difference of 0.17 bar. Consequently,
the regression function applies the maximum time offset of 2s, positioning the
modeled P.;, at t = —2s with the the measured P,;, still at ¢ = 0s. However,
while the regression in Figure 11a depicts this shift from measured to modeled P,
backward in time for the original dataset, the actual model uses the modeled P,
as starting point at t = 0s (shifted dataset). Accordingly, all measured pressure
values are shifted forward by 2s in the depicted experiment, rather than shifting
the modeled starting point backward. Furthermore, all normalized pressure values
increase due to the lower P,;,, as Py, affects the normalization.
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(a) Original and shifted data (bar)

Original

58.5 ot | X e  Measured data
. os? 4 % Measured minimum pressure
—
= 58.0 P 24 ¢  Modeled minimum pressure
o P g Regression to model Py,
Z 57.5 o?
o » Shifted
& ¢

57.01 @ Measured data

% -
Measured minimum pressure
5%6.H————————— Modeled minimum pressure
0 4 8 12 16 20 24 28 32 36 40
(b) Original data (normalized) (c) Shifted data (normalized)

— 0.4 PR 0.41
t o®° !
z 0.3 oo 0.31
%} (N}
& °® ¢
A 0.21 ° 0.21
E o*
S | ° |
= 0.1 o 0.1
= °
5 007 = 0.01
Z. .

—0.1

0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40

Time ]

Figure 11: Effect of model HP determining a new P, on the pressure data. For the depicted
Experiment 1 of casing 2, the measured P, lies within the pressure-increase phase. Shifted denotes the
dataset after the adjustments in time and pressure performed by model H P, whereas original refers to the
unshifted dataset. The modeled minimum pressure is the value of Py, for which model H P determined
the best agreement between measured and modeled pressure data. The green point labeled as modeled
minimum pressure therefore represents the new starting point of experiment 1, in both pressure and time.
(a) Comparison of original and shifted pressure data (not normalized).

(b) Normalized original dataset, with the modeled minimum pressure occurring at negative values of time
and pressure.

(c¢) Normalized shifted dataset. Due to the new P, all data are shifted in pressure (Equation 12) and
time. The measured minimum pressure is still considered part of the pressure-increase phase.

(b) The measured Py, lies within the final phase of the gas release: This
less common scenario (illustrated in Figure 12) occurs only when a pressure P, is
recorded near the end of the gas release, when the pressure is already close to the
true minimum. If the pressure increase following the gas release is rapid enough that

the next recorded value Ps exceeds P,, P, is registered as the measured Ppy.

In this case, the measured P,;, cannot be considered part of the pressure-increase
phase. The measured P, is therefore excluded from the regression and not con-
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sidered a measured pressure in the fitting algorithm.?® Analogously to scenario (a),
the fitting algorithm varies P, freely between the following bounds, until the best

agreement between measured and modeled pressure data is reached.

In scenario (b), the true P, occurs at a lower pressure and at a later time compared
to the measured P.;,. Thus, the upper bound for varying P, is defined by either
the measured P, or the pressure at £ = 1s on the regression curve, depending on
which is lower. A 1-second interval was chosen because the pressure drop typically
occurs more rapidly than the subsequent increase and the recording frequency is
2 seconds. Thus, if the remaining pressure drop after the measured P,;, spans 1
second, the subsequent increase would require at least that amount of time - likely
more - to rise above the measured value. Otherwise, the measured P,;, would fall
within the pressure-increase phase.

The lower bound for varying Py, is defined as the pressure derived from the regression
curve at t = 0s. As case (b) applies to only 10 of the 256 experiments, restricting the
lower bound of P,;, by a normalized pressure difference of 0.05 was not necessary,
as all shifted P;,-values remained within a realistic range.

With each variation of P,;,, the starting time is also adjusted according to the
regression curve. However, rather than shifting the newly modeled P,;, forward in

time, all measured pressure values are shifted backward in time.

Case (b) is illustrated in Figure 12. In this example, the model estimates a Py, 0.7 bar
below the measured P, and applies the maximum time offset of 1s. Consequently,
the modeled P, is placed at ¢ = 1s with the the measured P,;, still at ¢ = Os.
However, while the regression in Figure 12a depicts this shift from measured to
modeled P,;, forward in time for the original dataset, the actual model uses the
modeled P, as starting point at ¢ = 0s (shifted dataset). Accordingly, all measured
pressure values are shifted backward by 1s in the depicted experiment, rather than
shifting the modeled starting point forward. The measured P;, is removed from
the shifted data, as it does not lie within the pressure-increase phase. Furthermore,
all normalized pressure values increase due to the lower P,;,, as Py affects the

normalization. The limitations of these methods are discussed in Section 5.3.3.

25In the algorithm, measured pressure values are compared to modeled pressure values to quantify the
agreement between measured and modeled values, as explained in more detail later in this subsection. In
scenario (b), the measured Py, is omitted from this comparison because it belongs to the gas release
phase, whereas the model only considers the pressure-increase phase.
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Figure 12: Effect of model HP determining a new P, on the pressure data. For the depicted
Experiment 58 of casing 2, the measured Py, lies within the final phase of gas release. Shifted denotes the
dataset after the adjustments in time and pressure performed by model H P, whereas original refers to the
unshifted dataset. The modeled minimum pressure is the value of Py, for which model H P determined
the best agreement between measured and modeled pressure data. The green point labeled as modeled
minimum pressure therefore represents the new starting point of experiment 58, in both pressure and
time.

(a) Comparison of original and shifted pressure data (not normalized).

(b) Normalized original dataset, with an arrow indicating that the measured minimum pressure lies within
the gas-release phase.

(c¢) Normalized shifted dataset. Due to the new P, all data are shifted in pressure (Equation 12) and
time. The measured minimum pressure is not considered part of the pressure-increase phase and therefore
not shown.

Error minimization

All models minimize the difference between the modeled and measured pressure in the form
of the weighted root mean square error (WRMSE), as defined in Equation 39 (e.g., Chai
and Draxler, 2014). The weighted RMSE was chosen over the regular RMSE to account for
the merging of data points and variations in the recording frequency. Weighting factors w,,
were assigned to each measured pressure data point based on the timespan it represents.
For example, if the interval between consecutive measurements is 2 seconds, each data point

is assumed to represent half of this interval before and after the measurement, resulting in
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a total span of 2 seconds and a weighting factor of 2. If a merged value represents 10 such
points, covering a timespan of 20 seconds, the corresponding weighting factor is 20.

WRMSE = \/Z%l me- (ym — gm)Q (39)
2

m=1 W,

WRMSE Weighted root mean square error [-]

Ym True (measured) normalized pressure in the upper chamber at time
step m [-]

Um Predicted (modeled) normalized pressure in the upper chamber at time
step m [-]

M Total number of time steps m [-]

Wy, Weight assigned to time step m [-]

Since the integer time values associated with time steps m of the measured data do not
typically correspond exactly to floating-point time values associated with time steps j
of the modeled data, an interpolated modeled pressure 7, is assigned to each measured
pressure ¥, in all three automated models. This is achieved by identifying the two modeled
pressure values closest in time to y,, and interpolating between them to determine ,,,
ensuring that values are compared at the same point in time.

The same minimization methods from scipy.optimize are used in all three model versions
(H, HC and HP) to automatically minimize the WRMSE. First, the differential_
evolution method according to Storn and Price (1997) is used to approximately locate
the global minimum of the WRMSE. The resulting fitting parameter value(s) at this
minimum serve as initial guesses for the L-BFGS-B algorithm (Limited-memory Broy-
den—Fletcher-Goldfarb—Shanno with Bounds), which performs a refined local optimization
(e.g., Byrd et al., 1995; Zhu et al., 1997). The motivation for this two-stage optimiza-
tion strategy, combining global and local minimization, is discussed in Section 5.3.3
(page 137 ff.).

3.3 Sensitivity analysis

3.3.1 Overview

In the following sections, a sensitivity analysis of several model parameters and settings is
presented. The goal is to identify the parameters and model settings that strongly affect
the modeling results and to quantitatively assess their impact. For example, if the model
is sensitive to a parameter that depends on pressure, it may be necessary to calculate this
parameter separately for each time step and segment at the corresponding pressure, rather
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than using a single fixed value for the entire experiment. The sensitivity analysis therefore
provides the rationale for several modeling decisions described in Section 3.2.

All sensitivity analyses were carried out using model H, which only employs the annular
gap aperture h as a fitting parameter and was also used to generate the main modeling
results in Section 4.1.2. Two different types of representations are used throughout the
sensitivity analysis for illustrative purposes:

1. Figures presenting pressure curves from generic modeled experiments. These simula-
tions only use minimum and maximum pressures, initial temperatures, c-values, and
lower chamber pressures from real experiments. In these cases, no fitting procedure
is applied and the simulations are performed using a fixed modeled gap aperture h.
Variations in the investigated parameters can therefore be visualized and compared

through changes in the modeled pressure evolution curves.

2. Tables present modeling results based on the non-generic, measured dataset of
experiments, for which the gap aperture h is treated as a variable fitting parameter.
This corresponds to the regular modeling procedure described in Section 3.2, with
the investigated parameters varied between individual model runs. In these cases,
variations in the investigated parameters have a negligible effect on the shape of the
modeled pressure curves, but instead influence the modeled value of h required to

provide the closest approximation to the experimental data.

3.3.2 Influence of the number of segments and time step width

While a discretization into finite segments and time steps is necessary for the model, it
introduces an error due to the more continuous nature of real processes. To assess this
error, model runs with different segment counts®® (N + 1) and time step widths At were
performed. While an arbitrarily fine discretization would in principle be possible, it would
come at the cost of substantially increased computation time. Therefore, the aim was
to choose a discretization that achieves the lowest possible computation time without
significantly altering the pressure evolution curves and gap apertures compared to results

from much finer resolutions.

With increasing values of N, the central portions of the pressure curves shift upward at
fixed gap apertures h (Figure 13), indicating an increase in volumetric flow rate. As a
result, models yield lower values of h for higher values of N. Since a higher number of
segments should better approximate the more continuous reality, larger values of N are
expected to be more accurate. Under this assumption, A tends to be overestimated for
low values of N. Generally, differences between results decrease with increasing values

26V = Number of flow intervals, N 4+ 1 = number of segments (see Section 3.2)
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of N. For example, the discrepancy between N = 2 and N = 4 is more pronounced than
between N = 32 and N = 64 (Figure 13). The results at N = 32 are considered sufficiently
accurate, provided that the temporal discretization is sufficiently fine as well.
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Figure 13: Modeled pressure development in the upper chamber for different interval counts N and
time step scaling factors Fa;. The experimental data provide the minimum and maximum pressures, initial
temperatures, c-value, and the pressure in the lower chamber used as boundary and initial conditions
for the model. Results are based on experiment 10 (a) and experiments 33 (b, c) of casing 1 with fixed
annular gap apertures. As a reference, two curves with a 10% increase and decrease in the annular gap
aperture are shown (Ah = £10%).

The influence of the temporal discretization is therefore examined by varying the time
step width At, which is controlled by the time step scaling factor Fj, and decreases as
Fa increases (Equation 13). Smaller time steps are generally expected to provide a better

approximation of the underlying processes, which are more continuous in reality.

Compared to increasing N, increasing values of Fa; have the opposite effect: the central
portions of the pressure curves shift downward (Figure 13). Consequently, the modeled gap
aperture h increases with increasing values of Fa;. This implies that h is underestimated
for low values of Fa;. Similar to N, the difference between results decreases as Fa;
increases. Thus, the results at Fa; = 16 are considered sufficiently accurate, provided
that the spatial discretization is sufficiently fine as well (N = 32). For small values of h
(Figure 13a), the results for different values of Fa; are grouped closer than for larger values
of h (Figure 13b,c).
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However, when high values are chosen for both N and Fj;, the resulting pressure curves
are predominantly controlled by the time step width, with the influence of N becoming
comparatively small. In other words, at sufficiently small time steps, further increases in

the number of segments only marginally affect the curve position.

As a consequence, and generally because the numerical effects of increasing N and increasing
Fa; act in opposite directions, an appropriate combination of segment count and time
step width can be selected that yields results almost equivalent to those obtained with
much finer discretizations, but at significantly reduced computational cost. As illustrated
in Figure 13, the curves at N = 32 and F; = 16 are nearly identical to those obtained
with N = 2 and Fa; = 8. Therefore, N = 2 and Fa; = 8 were chosen for the final model
runs to improve computational efficiency without a significant loss of accuracy.

3.3.3 Influence of the gap width

The width w of the annular gap is assumed to extend halfway around the circular interface
between steel and cement (Figure 4). However, the actual circumferential extent w of
the annular gap may differ from this assumption. The purpose of this section is to assess
the sensitivity of the modeled annular gap aperture h to variations in the assumed gap
width w.

It is important to note that the numerical model does not resolve the true three-dimensional
geometry of the gap, but instead operates with an effective (or apparent) gap geometry that
reproduces the observed pressure increase in the upper chamber. As a consequence, the
assumed gap width w and the modeled gap aperture h are not independent parameters. For
a given volumetric flow rate and unchanged gas properties, any change in the assumed gap
width must be compensated by a corresponding change in the gap aperture (Equation 15).
Due to the cubic dependence of the volumetric flow rate on the gap aperture, variations
in the assumed gap width w require only relatively small adjustments of A to maintain
the same flow rate. In other words, if the actual gap extends over a larger fraction of the

circumference than assumed, the modeled aperture h would be slightly smaller.

Using Equation 40, which is derived from the Hagen—Poiseuille equation (Equation 15),
the change in h can be determined for different assumptions of w. To describe the fraction
of the full perimeter that the annular gap extends around, a scaling factor v is introduced.
For example, v = 0.9 represents a gap width that extends around 90% of the circumference
of the steel-cement interface. The ratio of two v-values, v; /vs, expresses the relative change
in gap width, which is the only input needed for determining the corresponding percentage
change in h.
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Ah = ((Z—;) o 1) - 100 (40)

Ah  Percentage change in the annular gap aperture A when comparing two

different gap widths represented by v; and vy [%]

vy, Ve  Scaling factors representing the fraction of the perimeter occupied by the
annular gap [-]; For example, with v; = 0.9 and vy = 0.5, the equation

quantifies how h changes when increasing the gap width from 50% to 90%.

Table 5 summarizes values of Ah determined according to Equation 40 for different values
of v; and vy. Regarding the numerical model, vy represents the true value of v, while
vy is the assumed value used in the model. Overall, the choice of v; has a considerable
impact on the result. However, using v; = 0.5 in the model provides a common basis
for comparing results and limits the potential error in h to +27%, provided the actual
effective value of vy lies between 0.2 and 1. For smaller values of vy, the error increases.

Table 5: Percentage change in annular gap aperture Ah for different gap width scaling factors v
according to Equation 40

va[—] Ah [7]
forv; =05 forov; =1

1.0 26.0 0.0
0.9 21.6 -3.5
0.8 17.0 -7.2
0.7 11.9 -11.2
0.6 6.3 -15.7
0.5 0.0 -20.6
0.4 -7.2 -26.3
0.3 -15.7 -33.1
0.2 -26.3 -41.5
0.1 -41.5 -53.6
0.05 -53.6 -63.2

It should be noted that changing the assumed gap width w (and the corresponding modeled
aperture h) also alters the geometry and volume of the annular gap. In principle, this
could affect the pressure evolution, as the pressure change within the gap depends on the
segment volume (Equations 16 and 17). Deviations from the prediction of Equation 40
and Table 5 could therefore be expected.

However, model runs with different values of w (i.e., different scaling factors v) yielded
the same changes in h as those predicted by Equation 40. This indicates that, for the
investigated parameter range, the influence of the gap volume on the modeled pressure
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evolution is negligible. Consequently, Equation 40 provides a robust approximation of
the influence of the assumed gap width w on the modeled annular gap aperture h for the
parameter range and modeling approach applied here.

3.3.4 Temperature of the flowing gas

Although the model already accounts for several thermal effects, the temperature of the
gas entering the upper chamber may additionally influence the modeled pressure evolution
and, consequently, the inferred annular gap aperture h. This section therefore evaluates
the sensitivity of the modeled gap aperture to assumptions regarding the temperature of
the gas entering the upper chamber. The working hypothesis is that the temperature of
the inflowing gas does not significantly affect the results and can therefore be assumed to

be equal to the temperature of the resident gas.

If the temperature of the inflowing gas differs from that of the gas already present in the
upper chamber, both the temperature and pressure in the chamber are affected by mixing
between the inflowing and resident gases. In this section, the term mixing refers to the
spatial intermingling of the inflowing gas with the resident gas in the upper chamber and
the subsequent establishment of a common equilibrium temperature due to heat exchange
between them. Several approaches for estimating the temperature of the inflowing gas
were implemented, and their influence on the modeled results was quantified. The applied

calculation methods and their implications are summarized below.

Within the numerical model, the temperature of the gas flowing through the annular gap
is determined at the moment it enters the upper chamber. Subsequently, the temperature
change in the upper chamber due to mixing of the inflowing gas with the resident gas is
determined. This mixing step accounts exclusively for temperature differences between
the two gas volumes. Other temperature changes, such as those resulting from pressure
variations or heat transfer through the chamber walls, are determined separately as
described in Section 3.2 (page 45 ff.).

Since the temperature of the gas flowing through the gap cannot be measured directly
and depends on various unknown factors, three limiting scenarios are considered to bound
the physically plausible range:

(a) Immediate heat exchange: In this scenario, the temperature of gas flowing through
the annular gap is assumed to equilibrate instantaneously with the temperature of
the surrounding materials, i.e., casing and cement. This assumption is justified by the
small gas volume within the gap, the large surface-to-volume ratio, and the moderate
flow velocities, all of which promote rapid heat transfer. Furthermore, the casing
and cement adjacent to the upper chamber are assumed to have approximately the
same temperature as the gas already present in the upper chamber. Consequently,
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the inflowing gas enters the upper chamber at essentially the same temperature as

the resident gas, and no temperature difference occurs during mixing.

No heat exchange: In this scenario, heat exchange between the gas and its

surroundings is neglected entirely. The gas therefore enters the annular gap at

the temperature of the lower chamber and subsequently undergoes temperature

changes exclusively due to expansion associated with the pressure decrease along

the flow path. Two alternative formulations were used to quantify this expansion-

induced cooling. The Joule-Thomson effect (i) provides a limiting case for irreversible

adiabatic expansion with entropy increase. As a complementary extreme, reversible

adiabatic (isentropic) expansion of an ideal gas is considered in case (ii).

(i)

Joule-Thomson effect: The temperature decrease of the flowing gas due to
expansion is modeled according to the Joule-Thomson effect, as described by
Equation 41 (Joule and Thomson, 1852; Maytal and Pfotenhauer, 2013). The
resulting, typically negative, temperature difference AT#{ is then added to
the temperature of the lower chamber to determine the temperature of the
flowing gas. The required Joule-Thomson coefficient p; is determined at each
time step based on the current pressure and temperature conditions using
the Peng-Robinson Equation of State (Peng and Robinson, 1976). In this
approach, the annular gap is idealized as a single throttling element, which is
most likely inaccurate. Nevertheless, the Joule-Thomson effect is applied to

estimate expansion-induced cooling under extreme assumptions.
AT = py - (Pj-1,n — Pj-1)) (41)

ATfﬁp Temperature difference between the gas entering the upper chamber
from the gap and the gas already present in the upper chamber at
the moment of mixing during time step j [K]

4] Joule-Thomson coefficient: The rate of temperature change with
respect to pressure during a throttling process at constant enthalpy
[K/Pal

P;_1 Ny Pressure in the upper chamber at the beginning of time step j [Pa]

P;_19 Pressure in the lower chamber at the beginning of time step j [Pa]

Isentropic cooling: Additionally, the temperature evolution of the flowing
gas is determined assuming isentropic expansion. To achieve this, Equation 33,
which is normally used to calculate the gas temperature evolution in the upper
chamber, is applied analogously to each individual segment of the annular gap.

Consequently, the temperature evolution of the flowing gas could be resolved
along the entire flow path.
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(c) Constant temperature difference: In this purely hypothetical scenario, a constant
temperature difference AT 8P between the inflowing gas and the resident gas in the
upper chamber is assumed throughout the simulation. This approach was used to
evaluate the sensitivity of the model to unrealistically large temperature differences
and thereby establish an upper bound for the influence of temperature uncertainty.

After determining the temperature of the inflowing gas, the temperature in the upper
chamber after mixing is determined at each time step using a pressure-weighted arithmetic
mean. Specifically, the temperature of the inflowing gas is weighted by the pressure increase
caused by the inflow, while the temperature of the resident gas is weighted by the chamber
pressure prior to inflow. The resulting mixed temperature®” is then used to determine the
corresponding pressure change under isochoric conditions using Equation 25, rearranged
for pressure and applied at each time step j (modeled data) instead of m (measured data).
These temperature- and pressure-related contributions are subsequently combined with
all other thermal and flow-related effects described in Section 3.2. Results for constant
temperature differences are shown in Figure 14.
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Figure 14: Modeled pressure development in the upper chamber for four extreme values of AT 8P,
the constant temperature difference between the gas entering the upper chamber from the gap and the gas
already present in the upper chamber at the moment the two gas volumes mix, based on experiment 33 of
casing 1 with a constant annular gap aperture A of 30 pm. Similar behavior was observed for both smaller
and larger apertures (Table 6). The experimental data provide the minimum and maximum pressures,
initial temperature, c-value, and the pressure in the lower chamber used as boundary and initial conditions
for the model. As a reference, two curves with a 5% increase and decrease in the annular gap aperture
and no temperature difference are displayed (Ah = £5%).

2TThis mixing step accounts exclusively for the different temperatures of the two gas volumes. Other
temperature changes, such as those caused by pressure changes due to the inflowing gas, are treated
separately in the model according to Section 3.2, page 45 ff.
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Overall, the influence of the inflowing gas temperature on the modeled pressure evolution
is negligible unless unrealistically large temperature differences between inflowing and
resident gas are imposed (Figure 14). Even for extreme temperature differences of £10 K,
the resulting pressure curves remain closely clustered. Consequently, the immediate heat
exchange and no heat exchange scenarios yield nearly identical pressure curves and are
therefore not shown separately. Likewise, the corresponding modeled gap apertures differ
only marginally between the immediate heat exchange and no heat exchange scenario
(Table 6), with average deviations on the order of 0.05%.

Given the negligible influence of gap temperature assumptions within realistic bounds
and the physical plausibility of fast thermal equilibration, the immediate heat exchange
scenario for the gas in the gap was selected for the generation of the results, assuming
identical temperatures of the inflowing and resident gas. This assumption is supported by
the small volume of the annular gap, the large contact area with surrounding materials,
and the moderate flow velocities, all of which favor efficient heat transfer. Furthermore,
the thermal mass (total heat capacity) of the surrounding steel and cement is substantially
larger than that of the gas, such that any heat exchange is assumed to have a negligible

effect on the steel and cement temperatures.

Table 6: Modeled annular gap apertures h obtained with model H under different assumptions
for the temperature of the gas entering the upper chamber. Cas. denotes the casing number and Ezp.
the corresponding experiment number. h,os denotes the reference gap aperture obtained with standard
model H, assuming that the inflowing gas has the same temperature as the gas already present in the
upper chamber (immediate heat exchange). For scenarios without heat exchange with the surroundings,
Joule—Thomson assumes Joule-Thomson cooling of the gas during flow through the annular gap, while
Isentr. cool. assumes isentropic expansion and cooling. The case AT = 2K assumes that the inflowing
gas is always 2 K warmer than the resident gas in the upper chamber. For each scenario, the modeled
gap aperture h and the relative deviation Ah = 100 - (b — hyet)/hret are listed. The MAPE (Equation 56)
corresponds to the arithmetic mean of |Ah]|.

Joule-Thomson Isentr. cool. AT =2K
Cas. Exp. hyer [pm] & [pm] AR [%] h[pm] AR [%] h [pm] Ak [%]

0 2 23.00 2300 -0.01 23.01 000 2300 -0.03
0 28 3071 3071 -0.02 3071 -0.02 3071  -0.03
1 10  6.98 698  -0.05 698 -001 698  -0.04
1 17 1413 1413 -0.02 1413 -0.02 1413 0.1
1 18 2143 2143 000 2143 002 2143  0.00
1 33 3114 3114 -001 3114 000 3111  -0.12
2 3 3810 3807 -0.07 3808 -0.05 3807 -0.08
2 13 1953 1953 001 1953  0.00 1952  -0.02
2 23 4201  41.97 -0.09  42.00 -0.02 4196 -0.11
2 51 4234 4222 -0.27 4229 -0.11 4229  -0.11
38 13.75 1376 0.07 1375 003 1375  0.05
4 14 2814 2816 006 2816  0.09 2815  0.04
MAPE [%] 0.06 0.03 0.05
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3.3.5 Temperature and pressure dependence of input parameters

In the model, several parameters depend on pressure and temperature and would therefore,
in principle, vary between time steps and along the discretized segments of the annular
gap. However, treating these parameters as fixed values simplifies the model and reduces
computational effort. It is therefore necessary to assess which pressure- and temperature-
dependent parameters can be approximated as constants over the experimental pressure
and temperature range without affecting the modeling results, and which parameters must

be calculated at the pressure and temperature of each time step and segment.

To address this, a sensitivity analysis was performed for the following pressure- and
temperature-dependent properties of nitrogen, using values taken from or calculated based
on data from Wischnewski (2007):

(1) the heat capacity at constant pressure (c,),

(2) the heat capacity at constant volume (c,),

(3) the adiabatic index ~, calculated from ¢, and ¢, according to Equation 22,
(4) the dynamic viscosity 7, and

(5) the compressibility®® k, calculated according to Equations 19 and 21.

For ¢,, ¢y, 7, 1, and &, values at 70 °C and 60 bar were initially used in the model,
as pressure and temperature during the experiments typically fluctuate around these
conditions. To evaluate the validity of this assumption, a sensitivity analysis was performed.
Each parameter (cp, ¢y, 7, 1, k) was varied individually by using values at different
pressure—temperature conditions, while the remaining four parameters were kept at their
reference values (70 °C and 60 bar) and all other model settings (e.g., time step width At)
were kept constant.

The maximum temperature and pressure in the upper chamber typically occur before an
experiment is initiated by gas release, whereas the minimum values are reached immediately
afterward. For this sensitivity analysis, 70 °C and 60 bar were chosen as the maximum
conditions, while the minimum values were set to 60.6 °C and 55 bar, representing a
pressure drop of 5 bar and thus a relatively large pressure and temperature variation. The
parameter values at these two conditions are listed in Table 7.

28While Equation 19 approximates the isothermal compressibility (™) used within the gap, the
corresponding isentropic compressibility () for the upper chamber can be obtained from (™) through
the adiabatic index v (Equation 21).
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Table 7: Properties of nitrogen at different pressure (P) and temperature (T) conditions occurring
during the experiments: heat capacities at constant pressure (c,) and constant volume (¢, ), adiabatic
index (7), dynamic viscosity 7, isothermal compressibility (T, and isentropic compressibility (3. Values
were taken from or calculated using data from Wischnewski (2007).

Pbar] T[Cl o [x] o lgrl 7H  nfPas]  wO (5] w® (5]
60 70 11096 0.7544 14709 2.07-107° 1.639.107 1.114.1077

95 60.6 1.1084  0.7539  1.4703 2.02-107° 1.794-10~7 1.220-1077

Even between the maximum and minimum conditions (60 bar/70 °C and 55 bar/60.6 °C),
the difference in heat capacities remains around 0.1%, while the resulting difference in the
adiabatic index ~ is below 0.04%. Consequently, the modeled annular gap apertures for
both values of v are almost identical (Table 8). As variations in ¢, and ¢, at the given
temperature and pressure conditions have a negligible impact on the modeling results,
constant values for ¢, ¢y, and 7 at 60 bar and 70 °C are used in the model.

Table 8: Modeled annular gap apertures h obtained with model H for parameters at different pressure
and temperature conditions. Cas. denotes the casing number and Ezp. the corresponding experiment
number. o 79 denotes the reference gap aperture modeled with fixed values of v (and thus ¢, and ¢, ),
and k at 60 bar and 70 °C. The subscript 55/60.6 indicates that the corresponding parameter is assigned
its value at 55 bar and 60.6 °C, while the other parameters remain at 60 bar and 70 °C, analogous to
Figure 15. k refers to both x(T) and x(). For each parameter variation, the modeled gap aperture h and
the relative deviation Ah = 100 - (h — hgo/70)/heo/70 are listed. The MAPE (Equation 56) corresponds to
the arithmetic mean of |Ah|.

Reference Y 55/60.6 1155/60.6 K '55/60.6
Cas. Exp. heoro [nm] & [pm] Ah [%] b [pm] Ah [%] b [pm] Ah [%)]
0 2 22.89 22.89 0.02 22.71 -0.75 23.59 3.05
0 28 30.61 30.61 0.02 30.38 -0.76 31.54 3.04
1 10 7.02 7.02 0.02 6.97 -0.73 7.24 3.09
1 17 14.07 14.08 0.01 13.96 -0.79 14.51 3.06
1 18 21.29 21.29 0.00 21.13 -0.75 21.94 3.06
1 33 30.81 30.82 0.04 30.58 -0.72 31.76 3.09
2 3 38.15 38.15 0.01 37.86 -0.76 39.32 3.07
2 13 19.58 19.58 0.02 19.43 -0.77 20.18 3.04
2 23 42.05 42.06 0.02 41.74 -0.73 43.35 3.08
2 51 41.98 41.99 0.02 41.66 -0.76 43.26 3.05
3 8 13.68 13.68 0.03 13.57 -0.75 14.09 3.07
4 14 27.97 27.98 0.01 27.76 -0.74 28.83 3.06
MAPE [%] 0.02 0.75 3.06

In contrast, using the compressibility values (H(T) for the gap and £® for the upper cham-
ber) at minimum conditions results in a modeled gap aperture that is 3% smaller compared
to calculations based on maximum-condition compressibilities (Table 8). Likewise, the
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pressure curves corresponding to the compressibility at maximum and minimum conditions

differ considerably for fixed gap apertures (Figure 15).

Therefore, k™) and x®) are not treated as constants in the final model. Instead, com-
pressibilities are determined separately for each segment and time step according to
Equations 20 and 21. Both compressibilities are primarily pressure-dependent under the
experimental conditions, while their temperature dependence is minimal. For example,
the isothermal compressibility determined according to Equation 19 differs by only 0.2%
between 70 °C and 60.6 °C at constant 60 bar. Consequently, Equation 20 determines (™
solely as a function of pressure. Its applicability is therefore limited to the temperature
range (6070 °C) over which the regression was established.

With variable compressibilities according to Equation 20 and 21, the newly determined
gap apertures deviate by an arithmetic mean of 0.5% from those obtained using fixed
values of k(™) and £®) at maximum conditions. This suggests that incorporating variable
compressibilities eliminates an arithmetic mean error of approximately 0.5%. In these
new simulations, the deviation is 0.5% instead of the 3% observed in the extreme scenario
because the pressure and temperature in the upper chamber and gap increase over
time, leading to a decrease in compressibility. This effect is not present in the extreme
case calculations, where fixed maximum and minimum compressibility values were used.
Additionally, pressure drops in real experiments are typically less than 5 bar, which reduces
the deviation further.

Similarly, the variation of dynamic viscosity 7 leads to a slightly different pressure curve
at minimum conditions compared to maximum conditions (Figure 15). The difference in
the modeled gap apertures between both extreme scenarios remains below 1% (Table 8).
However, the error due to assuming a constant viscosity is expected to be considerably
smaller than the 1% deviation between the extreme cases. As pressures and temperatures
increase over time, the difference between a fixed viscosity and a pressure- and temperature-
dependent viscosity decreases. This would reduce the error caused by assuming a constant
viscosity to less than 0.15%, assuming that the relative deviations between using a fixed
viscosity at 60 bar/70 °C and using a variable viscosity are similar to the deviations
observed for compressibility. In contrast to the compressibility, however, the viscosity
depends not only on pressure but also on temperature. Since the temperature in gap
segments can only be determined with relatively high uncertainty, and because a constant
viscosity introduces a more negligible error than a constant compressibility, a fixed viscosity
at 60 bar and 70 °C is used in the model. Although Figure 15 shows parameter-dependent
curves only for an annular gap aperture of 30 pm, the same relative trends between the
parameter variations are obtained for larger or smaller gap apertures as well (Table 8).

73



3.3 Sensitivity analysis 3 NUMERICAL MODELING

104 k=30 pm
0.9 -
08 -
= 0.7 -
£06 -
[am
= 0.5
()
= 0.4 A ; z
g kS =1.114-10""Pa !, n=2.07-10Pa s
2 031 — £k =1114-10"Pa"!, p=2.02-105Pa-s
027, — K =1220.10Pa"!, 5 =2.07-10Pa-s
0.1/ Ah = +5%
0.0 I 1 I 1 1 1
0 50 100 150 200 250 300 350

Time [s]

Figure 15: Modeled pressure development in the upper chamber for different parameter variations
based on experiment 33 of casing 1 with a fixed annular gap aperture h of 30 pm. The experimental
data provide the minimum and maximum pressures, initial temperature, c-value, and the pressure in the
lower chamber used as boundary and initial conditions for the model. As a reference, two grey curves
with a 5% increase and decrease in the annular gap aperture and all parameters at 60 bar and 70 °C are
displayed (Ah = £5%). While the shown isentropic compressibility x8) was used in the upper chamber,
the corresponding isothermal compressibility x(T) at the same pressure and temperature (Table 7) was
used in the gap. The yellow curve shows compressibility and viscosity at the reference conditions of 60 bar
and 70 °C. The green curve shows the effect of varying compressibility (50 bar, 60.6 °C), while the red
curve shows the effect of varying viscosity (50 bar, 60.6 °C).

Additionally, the isothermal compressibility x(T) was determined using Equation 42 (Atkins
and de Paula, 2006, p. 62)* instead of Equation 19 to assess potential differences between
the results of these two equations. Both equations account for the non-ideal behavior of
nitrogen at higher temperatures and pressures: Equation 19 achieves this by incorporating
the compressibility factor Z, while Equation 42 uses real-gas densities according to
Wischnewski (2007). The differences in (™ between Equation 19 and Equation 42 within
the pressure and temperature range observed in the experiments range from 0.01% to

0.1%, making the choice of equation negligible.

29In Atkins and de Paula (2006, p. 62), the isothermal compressibility is defined as (™) = —
with V' = volume and P = pressure. Using the relation p o< 1/V, where p is the density, this
expressed as the discrete approximation given in Equation 42.
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(T) _ (M) (42)
k) =
p2+p1
2 AP, )

Pp2+Pp1
2

x(T)  Isothermal compressibility of nitrogen at the mean pressure and

constant temperature T [Pa™"']
p2  Density of nitrogen at pressure P, and temperature 7' [g/cm?]
p1 Density of nitrogen at pressure P,; and temperature 7' [g/cm?]
, Pressure difference P, — P,; [Pa]
P,  Pressure at which density p, was determined [Pa]

P,;  Pressure at which density p; was determined [Pa]

3.3.6 Heat transfer factor c

The heat transfer factor ¢ (Equations 26 and 30) controls the rate of temperature increase
due to heat transfer from the steel of the upper chamber to the gas within. Since values of
¢ were derived from ten experiments and the model uses arithmetic means of these values,
it carries inherent uncertainties. Similar uncertainties apply to model version HC', which
treats c as a fitting parameter. To assess the impact on the results, ¢ was varied within
specific bounds: the minimum and maximum values derived from the ten experiments
(0.025 s7! and 0.045 s7!), as well as the minimum and maximum values obtained when
allowing model HC' to vary c freely (0.001 s7! and 0.14 s71).

The influence of ¢ is most pronounced at the beginning of an experiment. In experiments
with low gas flow rates and thus small modeled gap apertures h, most variations in ¢
have little effect. An exception occurs only for extremely low values of ¢ (0.001 s™1), for
which heat transfer from the steel is substantially delayed, which in turn delays the steep
normalized pressure increase to approximately 0.3 at the beginning (Figure 16a). Since
these extremely low values of ¢ would introduce substantial WRMSE, model HC' does not

assign such low values of ¢ in experiments with low gas flow rates.

In general, explicitly accounting for heat transfer from the steel to the gas is essential,
particularly for experiments with low gas flow rates, as it is required to reproduce the
initial steep pressure increase (Figure 16a). However, because heat transfer is largely
completed within the first approximately 200 s (except for extremely low values of ¢), the
exact value of ¢ has only a minor influence on the pressure evolution in experiments with
very low gas flow rates, where gas inflow into the upper chamber occurs on much longer
timescales than the heat transfer.

In contrast, the influence of ¢ is very strong during the first approximately 200 s of
experiments with low gas flow rates, as only negligible gas inflow occurs over such short
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time intervals in these experiments and therefore the pressure build-up is almost exclusively
heat-flow controlled. While this does not affect the overall experiment, where the initial
normalized pressure increase to 0.3 appears near-vertical (Figure 16a), it does justify
deriving values of ¢ from this initial steep pressure increase in suitable experiments.

In experiments with higher gas flow rates and thus generally faster pressure increases
(Figure 16b,c), heat transfer from the steel to the gas temporally overlaps more strongly
with gas inflow from the annular gap. As a result, the value of ¢ has a more pronounced
influence on the overall shape of the pressure and temperature curves in the upper chamber.
This effect is particularly strong when heat transfer and gas inflow are completed on similar
timescales, typically of approximately 200 s (Figure 16b), such that both processes overlap
over most of the experiment duration.
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Figure 16: Modeled pressure and temperature development in the upper chamber for four values of
the geometry parameter ¢, based on experiment 10 (a) and 33 (b, ¢) of casing 1 with fixed annular gap
apertures h. The experimental data provide the minimum and maximum pressures, initial temperatures,
and the pressure in the lower chamber used as boundary and initial conditions for the model. P v denotes
the normalized pressure in the upper chamber, while T} x denotes the temperature in the upper chamber.
As a reference, two curves with a 5% increase and decrease in the annular gap aperture at ¢ = 0.03 s~!
are shown (Ah = +5%).

However, variations in ¢ have only a limited impact on the main results of model H. Even
the most extreme variations of ¢ as determined by model HP (0.001 s™' and 0.14 s71)
primarily affect the inferred gap aperture h within a range of approximately +5%. For the
most widely separated values of ¢ considered in model H (¢ = 0.025 s™' and ¢ = 0.045 s71),
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the resulting curves remain relatively close to each other (Figure 16). Moreover, the
arithmetic mean absolute difference in h between using ¢ = 0.025 s™! and ¢ = 0.045 s !,
calculated over all 256 experiments, is only 0.5% (0.1 pm). As these represent the most
extreme values of ¢ within model H, which is the primary model used for result generation,
it can be concluded that the modeling results are only weakly sensitive to the value of ¢

within the investigated parameter range.

Furthermore, model HC, treating c as a fitting parameter, requires an initial value for c.
Similar to the initial gap aperture, earlier estimates of ¢ were used as input values for the
final model run, ensuring that the input is already close to the result. Likewise, the initial
value of ¢ has little effect on the final result. For example, the difference in A between
model runs initialized with ¢ = 0.001 s~! and ¢ = 0.25 s~! is on the order of 0.02%.

3.3.7 Upper chamber volume

The volume V. of the upper chamber was determined based on a three-dimensional model
of the autoclave. The cement height in the casing, additional sample material in the upper
chamber, as well as pipes, sensors, and other attached components were incorporated into
the calculation. However, particularly with the latter elements, minor uncertainties may
have been introduced. To assess their impact, the influence of the upper chamber volume
on the results was analyzed (Figure 17).
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Figure 17: Modeled pressure development in the upper chamber for different volumes of the upper
chamber (V,.), based on experiment 33 of casing 1 with a fixed annular gap aperture h of 30 pm. The
experimental data provide the minimum and maximum pressures, initial temperature, c-value, and the
pressure in the lower chamber used as boundary and initial conditions for the model. For example,
Ve + 10% represents a 10% increase in V.. As a reference, two curves with a 15% increase and decrease
in the annular gap aperture and no volume change are displayed (Ah = £15%).
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In general, the volume considerably affects the modeled pressure curve at fixed annular gap
apertures and, consequently, the modeled gap aperture h when h is treated as a variable
fitting parameter. Varying V. by +25% results in a maximum deviation of approximately
10% in A, which occurs when V. is underestimated by 25%. If V. is misestimated by 5%,
the resulting error in h is on the order of 1.7% (Table 9). Thus, it cannot be ruled out
that the assumed value of V. inherits an error that affects h.

However, the upper chamber volume is known with relatively high accuracy due to the
precise manufacturing of the system. The main sources of uncertainty arise from the
determination of the cement filling height in the casing and from the volume of connecting
pipes, sensors and vents. Consequently, the resulting uncertainty in the estimated chamber
volume is expected to be low. Furthermore, experiments on the same casing share the same
value of V. and therefore exhibit the same systematic uncertainty, except for Casing 1,
where a tube was exchanged during the experimental series. While Figure 17 presents
modeled curves for an annular gap aperture of 30 jnm, variations in V. lead to identical
trends for larger or smaller gap apertures as well.

Nevertheless, these results highlight that the upper chamber volume is a critical parameter
and should be determined with particular care, especially in cases where additional sample
material is placed inside the chambers or where the effective volume is otherwise difficult

to estimate.

Table 9: Modeled annular gap apertures h obtained with model H for different assumptions of the
upper chamber volume V;.. Cas. denotes the casing number and Ezp. the corresponding experiment
number. h,.t denotes the reference gap aperture determined without changes in V.. For each scenario,
the modeled gap aperture h and the relative deviation Ah = 100 - (h — hyet)/hrer are listed. The MAPE
(Equation 56) corresponds to the arithmetic mean of |Ah.

V:JC - 1% ‘/;JC - 5% Vuc + 1% Vuc + 5%
Cas. Exp. et [nm] h[pm] AR [%] h[pm] A [%] h[um] Ah[%] h [pm] Ak [%]

0.00 2.00 23.00 2293 -0.34 22.62 -1.69 23.08 0.33 23.38 1.64
0.00 28.00  30.71 30.62  -0.31 30.19 -1.69 30.82 0.34 31.22 1.66
1.00 10.00 6.98 6.95 -0.46 6.86 -1.74 7.00 0.29 7.10 1.65
1.00 17.00 14.13 14.08  -0.35 13.89 -1.70 14.18 0.35 14.36 1.62
1.00 18.00  21.43 21.35  -0.35 21.06 -1.71 21.50 0.33 21.78 1.64
1.00 33.00 31.14 31.03  -0.36 30.62 -1.69 31.24 0.31 31.65 1.63
2.00 3.00 38.10 3797 -0.35 37.45 -1.71 38.22 0.32 38.72 1.63
2.00 13.00 19.53 19.46  -0.34 19.19 -1.71 19.59 0.34 19.85 1.64
2.00 23.00 42.01 41.86  -0.34  41.30 -1.68 42.15 0.35 42.69 1.64
2.00 51.00  42.34 4220  -0.33 41.62 -1.70 42.48 0.33 43.03 1.64
3.00  8.00 13.75 13.70  -0.32 13.51 -1.68 13.79 0.36 13.97 1.64
4.00 14.00  28.14 28.05  -0.33 27.66 -1.70 28.24 0.34 28.60 1.64

MAPE [%] 0.35 1.70 0.33 1.64
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4 Results

4.1 Cyclic loading experiments and gap modeling
4.1.1 Cement properties

Using the methodology described above, the results of the experiments and model evalua-

tions are presented in the following sections, beginning with the cement properties.

After mixing the slurry for casing 1, its properties were determined. The spreading
diameters measured in two orthogonal directions were 36 cm in both cases. A slurry
density of 1.92 g/cm? and an air content of 0.4% were measured.

In parallel with the cyclic loading experiments, several properties of the hardened cement
were determined as described in Section 2.5. The results are summarized in Table 10.

Table 10: Densities, water content, porosity and carbonate content of the cement samples obtained
from experiments described in Section 2.5.

Dry Wet Grain ~ Water Carbonate
Cement samples density density density content Porosity = content

[g/cm®]  [g/em®] [g/em®]  [%] %] %]

Initial 1.58 1.97 2.57 19.5 39 0.4

Casing 1 Autoclave 1.58 1.93 2.48 18.2 36 0.3
Control 1.67 2.01 2.45 16.9 32 0.3

Initial 1.58 1.94 2.56 18.6 38 0.4

Casing 2 Autoclave  1.54 1.88 2.57 17.8 40 0.2
Control 1.56 1.93 2.55 19.1 39 0.2

Initial 1.47 1.89 2.59 22.1 43 0.2

Casing 3 Autoclave  1.54 1.83 2.65 16.1 42 0.3
Control 1.54 1.93 2.67 20.2 42 0.3

Initial 1.52 1.92 2.58 21.0 41 0.3

Casing 4 Autoclave 1.54 1.92 2.59 19.8 41 0.3
Control 1.52 1.95 2.59 21.9 41 0.3

Samples typically show water contents of approximately 20%. Autoclave samples generally
exhibit slightly lower water contents and correspondingly lower wet densities compared to
initial and control samples. A notable exception is the control sample of casing 1, which
shows the lowest water content overall. This sample also exhibits the highest dry and wet

densities, as well as the lowest grain density and porosity.

Dry densities are largely comparable across all samples, with two exceptions: the control
sample of casing 1, which shows the highest value, and the initial sample of casing 3, which
exhibits the lowest. Wet densities and porosities display similarly limited variation among
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most samples, again with the control sample of casing 1 deviating from the overall trend.
Grain densities are generally consistent, except for the control and autoclave samples of
casing 1, which exhibit slightly lower values than the remaining samples.

In addition to total porosity, the pore size distribution was characterized by mercury

intrusion porosimetry, as described in Section 2.5. The results are presented in Figure 18.
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Figure 18: Mercury porosimetry results for different cement samples (see Section 2.5 for details).
dV/dlogD is the incremental pore volume per logarithmic pore diameter interval, normalized by the
sample mass. Thus, dV/dlogD indicates how much pore volume is associated with a specific range of
pore diameters (on a logarithmic scale) per gram of cement. Consequently, peaks in the curves indicate
the most common pore diameters in the respective sample. While multiple replicate measurements were
conducted with different subsamples of each sample type3?, only one representative curve per type is
shown, as the results are similar within each type.

All samples contain a small fraction of large pores with diameters on the order of 0.6 mm.
However, the majority of the pore volume typically begins at pore diameters between

30Tn this context, sample type refers to a specific combination of casing and treatment condition (initial,
control, or autoclave). For example, the autoclave samples of casing 2 represent one sample type.
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approximately 0.1 pm and 1 pm. An exception is casing 1, where the main pore volume is

associated with smaller pores, beginning at diameters around 0.05 pm.

Although differences are observable between casings and between samples within individual
casings, no consistent overall trend exists. For casings 1 and 2, the dominant pore diameter
peak of autoclave samples tends to shift slightly toward smaller diameters compared to
the corresponding initial and control samples. For casings 2, 3, and 4, the earliest pore
diameter peak (between 1 pm and 0.1 pum) is consistently observed in the initial sample.

Matrix permeabilities of the cement samples were determined as described in Section 2.5,
and the results are summarized in Table 11.

Table 11: Measured matrix permeabilities of the cement samples. Conditioning refers to the duration
of the sample preparation. Samples that underwent 3—-7 days of conditioning were stored at 40 °C in
an oven, while the others were stored at 20 °C and 65% relative humidity (Table 3). a and b represent
repeated measurements of the same sample at different times, while 1, 2 and 8 indicate different samples
from the same batch. The initial sample of casing 2 was damaged during installation in the test cell and
could not be measured.

Cement Samples Matrix permeability Conditioning  Annotations

) days] 8
Initial 1 8.10716 40 -
Initial 2 1-1071° 40 -
Autoclave la 9.1071° 121 -
Casing 1 Autoclave 1b 9.1071 125 -
Autoclave 2a 3-10715 121 -
Autoclave 2b 4.10°15 125 -
Autoclave 3 5-10715 121 -
Control 3-10716 121 -
Initial - 121 Broken sample
Autoclave a 3-10716 3 -
Casing 2 Autoclave b 610716 130 -
Control a 4.10714 3 -
Control b 2-10715 130 -
Initial 4101 3 -
Casing 3 Autoclave 7-1071%8 5 -
Control 2.10716 5 -
Initial a 3-10716 3 -
Casing 4 Initial b 2.1071 7 -
Autoclave 3-10716 3 -
Control 6-10"1 3 -
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After extended conditioning, the autoclave sample of casing 2 exhibits an increase in
matrix permeability, whereas the control sample shows a decrease. For casing 4, the two
initial samples differ by approximately one order of magnitude in matrix permeability:
one value is closer to the autoclave sample, while the other is more similar to the control
sample.

For casing 1, the autoclave samples exhibit the highest matrix permeabilities and the
control sample the lowest. In contrast, this relationship is reversed for casing 2. For
casing 3, the initial sample shows the highest matrix permeability, while the autoclave
sample exhibits the lowest.

Repeated measurements of autoclave samples 1 and 2 from casing 1 show nearly identi-
cal matrix permeability values over short time intervals, indicating good measurement
reproducibility.

The mineralogical composition of the cement samples was analyzed by X-ray diffraction
(XRD) combined with Rietveld refinement, as described in Section 2.5. The results are
summarized in Table 12. Initial samples generally contain higher amounts of alite and
belite and lower amounts of portlandite compared to the control and autoclave samples.
Likewise, all autoclave samples contain approximately twice the amount of hydrogarnet
relative to their respective initial and control samples. Ettringite and calcite were detected

exclusively in the initial sample of casing 1.

Table 12: Relative amounts of crystalline and amorphous phases in cement samples determined by
X-ray diffraction using Rietveld refinement. Abbreviations: Am = Amorphous, Po = Portlandite, C3S =
Alite, CoS = Belite, C4AF = Brownmillerite, HG = Hydrogarnet, Qz = Quartz, Et = Ettringite, Cal =
Calcite. Silicon, the added internal powder standard, was mathematically removed from the results.

Am Po (C38 CS C4AF HG Qz Et Cal
o] (%] ] (] [R] [R] %] [%] [

Initial 57.6 176 1.2 4.3 8.2 5.7 0.2 1.2 3.9
Casing 1 Autoclave 55.8 20.0 0.7 1.7 70 148 02 - -
Control 61.7 176 08 3.7 8.7 76 02 - -

Initial 51.7 158 4.4 10.0 9.9 69 13 - -
Casing 2 Autoclave 554 186 0.2 2.1 90 136 1.1 - -
Control 594 194 1.0 2.9 9.8 71 03 - -

Initial 55.9 179 26 8.1 8.7 6.7 02 - -
Casing 3 Autoclave 52.3 19.7 0.2 1.0 98 1561 19 - -
Control 59.1 199 19 08 107 74 02 - -

Initial 59.9 16.6 2.6 8.2 7.2 53 0.2 - -
Casing 4 Autoclave 53.3 18.8 3.7 1.2 8.9 13.3 09 - -
Control 59.9 19.1 44 0.8 7.7 6.3 1.7 - -

Cement Samples
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4.1.2 Annular gap development

The system permeability of the cement-filled casings was experimentally evaluated after
each loading cycle and occasionally after periods without loading (see Section 2.4). This
allows the effect of each loading type on the casing’s system permeability to be assessed
individually. The experimental data were evaluated using different models (see Section 3.2).
The results shown in the figures below are based on model H, which was selected as the
primary model according to the considerations discussed in Section 5.3.3. Model H uses
the gap aperture h as its only fitting parameter, with values of ¢ assigned according to
Table 4. It is important to note that the modeled value of h is a rather apparent quantity,
as it is model-derived and can be influenced by various factors besides the true aperture,
as discussed in more detail in Sections 5.2 and 5.3.

Figure 19 displays the modeled annular gap apertures for casing 0 as a function of time.
The cement inside this casing was used in earlier experiments and is therefore pre-aged
(Table 2). Nevertheless, the modeled gap aperture h increases during the first 40 days,
with no identifiable correlation to any specific loading type. After the pause around day 40,
h shows minimal further increase, regardless of the loading type applied.

Before the first experiment, both pressure and temperature were increased, which effectively
represents the second half of a combined pressure and thermal loading cycle. While the
subsequent decrease in pressure and temperature of a full cycle is missing, it is still
classified as a combined pressure and thermal loading cycle.
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Figure 19: Results of model H based on the experiments that were carried out on casing 0
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Figure 20 shows the temporal evolution of the modeled annular gap apertures for casing 1.
Before day 80, no loading cycles were applied, resulting in a relatively constant modeled
gap aperture. The two pauses around days 20 and 50 show little effect. The first three
pressure loading cycles cause a steep increase in h. Afterwards, h remains within 25-35 pm,
regardless of additional loading.

Casing 1
%)
Experiment with no loading cycle immediately prior
— 50 A . :
g ® Experiment after pressure loading cycle
=45 Experiment after combined pressure & thermal loading cycle
=
& 40 1
=
5 351
5. o
® ¢
= 30 1 ° o
o0 @
E 25 T o0 . d
= 201 °
=
<
"8 ].5 T [
< 10 A
S
= 54
O T T T T T T T
0 20 40 60 80 100 120 140 160

Days since experiment 1

Figure 20: Results of model H based on the experiments that were carried out on casing 1. The
repeatability range corresponds to repeated measurements performed under identical conditions over a
time span of approximately 50 days without applied loading. The indicated range therefore reflects the
measurement precision of repeated experiments.

For casing 2 (Figure 21), the main increase in h occurs after the first pressure loading.
In this experimental series, pressure loading generally increases h, while thermal loading
appears to show the opposite trend: following thermal loading, h often decreases and
subsequently slowly increases again, even in the absence of further loading. After the
pause around day 160, the h-values tend to increase slightly compared to the pre-pause
level. Furthermore, repeated thermal loading does not appear to exert a strong impact
after that pause.
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Figure 21: Results of model H based on the experiments that were carried out on casing 2

Casing 3 (Figure 22) shows a similar trend to the previous casings, with modeled h-values
following pressure loading typically exceeding those following thermal loading. All values
of h after the pause around day 200 are higher than those before the pause. This is
particularly evident for post-pause h-values determined after pressure loading, which are
consistently in the range of approximately 35-40 pm. In contrast, post-pause h-values
determined after thermal loading predominantly lie between 25-30 pm, only slightly above
the pre-pause level.

Casing 4 (Figure 23) follows a similar pattern to previous casings, with modeled h-values
after pressure loading generally above those after thermal loading. Similar to casing 1, a
sharp increase in h is observed during the three pressure loading cycles around day 100.
As with casing 3, all h-values after the pause around day 250 are higher than those before
the pause.
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Figure 22: Results of model H based on the experiments that were carried out on casing 3
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Figure 23: Results of model H based on the experiments that were carried out on casing 4
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Figure 24 shows the modeled annular gap apertures for all casings for comparison. The
initial h-values lie around 20 pm for casings 0 and 2, and below 10 pm for the other casings.
Furthermore, h-values of casing 0 show less vertical variation in the plot than h-values
of the other casings. Overall, casings 1, 3, and 4 display a similar pattern of h-values,
with casing 3 showing slightly higher initial and final values than the others. Patterns for
Casings 3 and 4 appear similar, although the final h-values for casing 4 are lower than

those of casing 3. Toward the end of each experimental series, the results tend to scatter

more.
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Figure 24: Modeled annular gap apertures of all experiments using model H; colors represent
different casings

Similar trends are observed in Figure 25, which shows the matrix permeabilities derived
from model H for all casings (Equation 38), under the assumption that gas flow occurs
solely through the cement matrix rather than the annular gap. Most model-derived matrix
permeabilities for casings 0 and 2 lie between 107'* and 107'* m?, with occasional values
slightly below or above this range.

In contrast, Casing 1 shows the widest range, spanning approximately four orders of
magnitude and starting well below 10717 m?. Most matrix permeabilities for casings 3
and 4 lie between 107¢ and 107'% m?2. These values represent the permeabilities that
would be required to reproduce the volumetric gas flow rates observed in the experiments
under the matrix-flow assumption.

The experimentally measured matrix permeabilities are summarized in Table 11 and
compared to the model-derived permeabilities in Section 5.2.2.
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Figure 25: Matrix permeabilities for all experiments derived from model H, according to Equation 38,
assuming gas flow through the cement instead of the annular gap

4.1.3 Statistical analysis of cyclic loading effects

To further assess the impact of each loading type on the modeled annular gap aperture h,
the experiments were classified into four groups: Group N includes experiments without
prior loading; group P includes experiments following pressure loading; group 7' includes
experiments following thermal loading; and group P7T includes experiments following
combined pressure and thermal loading.

Accordingly, a value of A in group P, for example, represents the modeled annular gap
aperture obtained from an experiment performed directly after a pressure loading cycle.
Each Ahjyaq value denotes the change in the modeled gap aperture following the respective
loading cycle. For instance, a Ahj.q value of —2 pm in group 7" indicates a decrease in
the modeled gap aperture by 2 pm following thermal loading.

In 75% of the experiments in group P, the modeled aperture h increases, whereas in 71%
of the experiments in group T, h decreases (Figure 26, Table 13). In contrast, the Ahjgaq
values in group N are approximately symmetrically distributed around 0 pm, with 55% of
the values being positive and 45% negative. Group PT shows a similar pattern to group
N, with 55% increases and 45% decreases in h.

A notable exception can be observed for casing 0. The modeled aperture h increases
from 16 pm in experiment 4 to 41 pm in experiment 5, before decreasing again to 22 pm

88



4.1 Cyeclic loading experiments and gap modeling 4 RESULTS

in experiment 6.3 Consequently, experiment 5 alone accounts for the two pronounced
outliers in Figure 26a, at 24.1 pm and —18.8 pm. Most other experiments conducted
shortly before and after experiment 5 yielded modeled apertures of approximately 22 pm.

(a) All outliers shown (b) Zoomed in
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Group based on the previous loading cycle

Figure 26: Boxplots showing the the distribution of changes in the modeled gap apertures for the
different loading types. The red line denotes the median. The notches represent an approximate 95%
confidence interval of the median. The box spans the interquartile range (IQR) between the first (Q1)
and third quartile (Q3). The whiskers extend to the outermost data points within the range [Q1 — 1.5 -
IQR, Q3 + 1.5 - IQR], while data outside this range are plotted as outliers (Iglewicz, 2025). Subfigure
(a) displays all outliers. In subfigure (b), the plot is zoomed in along the y-axis, and a swarmplot of the
full dataset is overlaid. As the boxplots for relative and absolute changes in h are similar, only absolute
changes are shown here.

To further evaluate differences in Ahj,.q between groups, several statistical tests based on
p-values were performed. A p-value quantifies the probability of observing differences in
Ahipaq between groups at least as large as those present in the data, assuming the null
hypothesis is true (Habibzadeh, 2025). In this context, the null hypothesis states that no
systematic differences in Ahjy.q exist between groups. A p-value below 0.05 indicates that
the observed differences are unlikely under the null hypothesis and are therefore considered
statistically significant.

First, a Shapiro-Wilk test (Shapiro and Wilk, 1965) was conducted to assess normality.
The results show that neither the modeled h values nor the Ahy,,q values follow a normal

distribution, whether examined across the entire dataset or within individual groups.

310ne possible explanation is that the valve between the upper and lower chambers was not fully
closed during experiment 5. This may have permitted gas flow through the connecting pipe rather than
exclusively through the casing, resulting in an apparently higher system permeability.
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Because the normality assumption required for parametric tests was therefore not met,
the non-parametric Kruskal-Wallis test (Kruskal and Wallis, 1952) was applied. This
test revealed statistically significant differences in Ahj,.q between groups (H = 45.39,
p < 0.0001).

To further examine pairwise differences between groups, Dunn’s test (Dunn, 1964) with
Holm correction (Holm, 1979) was applied. Significant differences in Ahj,q were identified

for the following group pairs:
— Group N vs. group P (p < 0.001)
— Group N vs. group T' (p = 0.008)
— Group P vs. group T' (p < 0.001)
— Group T vs. group PT (p = 0.008)

No statistically significant differences were observed between group N and group PT
(p = 0.24), or between group P and group PT (p = 0.14).

To assess the directional tendency of the Ahjy.q-values within each group, a binomial test
(Wagner-Menghin, 2005) was conducted. The null hypothesis assumed an equal probability
of positive and negative Ahjy.q-values. The results are summarized in Table 13.

Table 13: Results of the group wise binomial tests

Group Ahgroyp > 0 p-value Interpretation
N 55.3% (63/114) 0.303 Not significant
p 75.0% (45/60) < 0.001 Significant (positive bias)
T 29.1% (16/55) 0.003 Significant (negative bias)
PT 54.5% (12/22) 0.832 Not significant

The binomial test confirms a statistically significant predominance of positive Ahjaq-values
in group P and a statistically significant predominance of negative values in group 7.
These results support the pairwise differences identified by Dunn’s test and illustrated in
Figure 26.

Lastly, a Brunner-Munzel test (Brunner and Munzel, 2000) was conducted to evaluate
differences in the magnitude of Ahyy.q-values between groups. The results are presented in
Table 14. A BM-value far from zero indicates a strong difference between groups. Positive
BM-values indicate that the second group tends to exhibit larger Ahj,.q-values than the
first group, whereas negative BM-values indicate the opposite.
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Table 14: Results of the Brunner—Munzel test for pairwise comparisons of Ahj,.q between groups.

Groups BM-value p-value Interpretation
N vs. P 4.9 < 0.001 Significant
N vs. T -3.7 < 0.001 Significant
N vs. PT 1.2 0.254 Not significant
Pvs. T -8.0 < 0.001 Significant
Pvs. PT -2.1 0.043 Significant
T vs. PT 3.2 0.003 Significant

4.2 Regulations and guidelines for annular pressure and vent

flow
4.2.1 Overview

Given the gas flow through the cement-filled casings identified in the experiments, which
would manifest as sustained casing pressure (SCP) or casing vent flow (CVF) in field
wells, it is essential to consider how such issues are addressed in practice. This section
therefore summarizes procedures for managing SCP and CVF described in legally binding
regulations and non-legally binding industry guidelines as of 2024 (Schulz et al., 2025).
Legally binding regulations are defined by authorities, whereas industry guidelines are
issued by oil and natural gas business associations, such as the American Petroleum
Institute (APT). Although industry guidelines are not legally binding, they are in some

cases used as templates for regulations or even explicitly referenced therein.

In practice, regulations generally represent minimum compliance requirements. In many
cases, operating companies adopt industry guidelines that exceed these legal requirements
to align with corporate risk management policies and to manage financial and reputational
risks associated with well integrity failures. Occasionally, regulations explicitly mandate
compliance with specific guidelines. Regulators in some jurisdictions also inspect wells
for SCP and/or CVF during routine compliance inspections. However, practices for these

inspections vary widely.

This study based on Schulz et al. (2025) identifies four major aspects of SCP and CVF
regulations and guidelines: (1) monitoring, (2) diagnostic testing, (3) pressure or flow rate
thresholds, and (4) barrier classification.

Monitoring consists of regularly measuring annular pressure in the case of SCP, or flow
rates in the case of CVF. Changes in pressure or flow detected during monitoring may

indicate well integrity issues or result from other factors, such as temperature variations.
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Diagnostic testing is required to differentiate between potentially harmful well integrity

issues and harmless effects, such as temperature variations due to production rate changes.

The difference between monitoring and diagnostic testing can be subtle and subjective.
For example, flow rate measurements may be considered diagnostic testing because
measuring a constant flow rate over a specified time period diagnoses CVF. Note that this
study classifies pure flow rate measurements and similar assessments as monitoring when
performed routinely and as testing when conducted intermittently.

In addition to monitoring and diagnostic testing, some regulations and guidelines mention
allowable pressure or flow rate thresholds in different annuli. An SCP threshold can, for
example, be defined as the maximum pressure that can occur in an annulus without risking
groundwater contamination or damage to well components. Exceeding this threshold
indicates a potentially severe integrity issue. Some guidelines classify wells based on the
integrity of both barriers, independent of diagnostic test results (Table 15, Column 4;
Table 16). Likewise, the barrier classifications aim to mitigate undesired accidents and
events. In Table 15, the presence of monitoring, diagnostic testing, pressure thresholds, and
barrier classification in regulations and guidelines of different countries are summarized.

Jurisdictions in the USA and Canada, as well as Russia, have direct SCP and CVF
management regulations (Figure 27). In Canada, these regulations vary between individual
provinces and territories. Likewise, in the United States, they vary between states. In
addition to these state-level regulations, U.S. federal regulations cover SCP for offshore
wells in federal waters, and federal onshore regulations apply to wells on land owned or
managed by the federal government. Supplementary Material 2 of Schulz et al. (2025)
provides a detailed analysis of regulations by jurisdiction in the USA and Canada.

While SCP and CVF are not (or only minimally) regulated directly in China, Australia,
and Norway, they are indirectly addressed through either guidelines, or indirect regulations
that mainly specify risks to be avoided rather than detailed procedures. In China,
operators follow guidelines of state-owned companies. In Australia, there are both national
regulations and state-level regulations based on a risk-based approach. For example, in
Western Australia, well integrity hazards (including SCP) must be ”controlled”. A well
management plan is required, which must include a list of standards that the respective
operator follows (Government of Western Australia, 2015). Norwegian regulations follow
a similar risk-based approach (Petroleum Safety Authority Norway, 2023a,b,c). No
information describing regulations in Middle Eastern countries was found (Schulz et al.,
2025).
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Table 15: Different countries’ SCP and SCVF regulations and guidelines, sorted by gas production
in 2023 (x indicates a topic is covered in a regulation or guideline and — suggests the topic is not covered).
Reproduced from Schulz et al. (2025)

Country Reference Document Moni- Diagn. Thresh- Classi-
Type toring testing olds fication
USA Bureau of Safety and Environmen- Regulation X X X -
tal Enforcement (2010) (offshore)
American Petroleum Institute Guideline (API X X X -
(2006) RP 90, offshore)
American Petroleum Institute Guideline (API X X X -
(2016) RP 90-2, onshore)
State regulations (Supplementary Regulation State-dependent requirements
Material 2 of Schulz et al., 2025)¢
Russia Rostekhnadzor (2020) Regulation X X - -
China China National Offshore Oil Cor- Guideline (state- X X X X
poration (2018) owned company)
China National Petroleum Corpo- Guideline (state- X X X X
ration (2022) owned company)
Canada Alberta Energy Regulator (2022) Directive® - X X -
Government of British Columbia Regulation - X X -
(2023)
British Columbia Energy Regula- Regulator X X X -
tor (2023) Guideline
Other jurisdictions (Supplemen- Regulation Requirements depending on
tary Material 2 of Schulz et al., province/territory
2025)4
Energy Safety Canada (2022) Guideline X
Australia Government of Western Australia Regulation - - - -
(2015), NOPSEMA (2020a,b), Of-
fice of Parliamentary Counsel,
Canberra (2023), and Queensland
Government (2004)
Norway Petroleum Safety Authority Nor- Regulation X - — -
way (2023a,b,c) (offshore)
Norwegian Oil Industry Associa- Guideline X - X -
tion and Federation of Norwegian (offshore)
Manufacturing Industries (2021)
Norwegian Oil and Gas Associa- Guideline X X X X
tion (2017) (offshore)
International ISO 16530-1 (2017), Guidelines X x ¢ X

ISO 16530-2 (2014)

& Although not formal regulations, directives are authoritative and must be followed.

b While not a regulation itself, the Oil and Gas Activity Operations Manual is issued by the regulator
as a guideline containing recommended practices to ensure compliance with the regulations.
¢ Bleed-down/build-up tests are suggested but not described. Instead, the American Petroleum Institute

(2006) is referenced for a testing description.

4 On the journal homepage, the download link for Supplementary Material 2 is currently mislabeled as
Supplementary Material 1, which may be corrected in the future. Here, the material is referred to as

Supplementary Material 2, consistent with the designation in the material header.
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Figure 27: World map showing countries with guidelines and regulations for SCP and CVF. Modified
after Schulz et al. (2025), oil and gas production data from Enerdata (2024), shapefiles from Esri (2022).
Mercator projection

4.2.2 Annulus management

An annulus can be configured as either open to the atmosphere or closed at the wellhead.
With closed annuli, a leak that causes fluids to migrate upwards within the annulus
is contained, preventing methane from being directly emitted into the atmosphere by
retaining it within the wellhead. Consequently, the build-up of SCP is possible in closed
annuli. If SCP exceeds the formation’s hydrostatic pressure and entry pressure at the
bottom of the casing, gas migration into the surrounding subsurface can occur. However,
if the bottom of the annulus is filled with cement, SCP build-up can stop gas leakage
through the cement and lead to a steady state if the annular pressure at the wellhead
becomes sufficiently high (Lackey and Rajaram, 2019; Xu and Wojtanowicz, 2017).

Conversely, open annuli prevent pressure build-up at the wellhead, thereby mitigating
the build-up of unsafe pressures and protecting aquifers from SCP-induced gas migration.
However, open annuli can lead to direct greenhouse gas emissions in case of a subsurface
leak inside the well that causes CVF.

94



4.2 Regulations and guidelines for annular pressure and vent flow 4 RESULTS

In Canada and the USA, the status of an annulus (open/closed) is often prescribed in
regulations (Figure 28). In British Columbia, Canada, the surface casing annulus has to
be open to the atmosphere (Government of British Columbia, 2023). However, SCVF
emissions of natural gas have to be kept below 100 m?®/day for each well. Similarly,
Alberta also requires open annuli (Alberta Energy Regulator, 2022). The surface casing
annulus has to be open to the atmosphere unless the well has an absolute open flow gas
deliverability below 28,000 m3/day, the true vertical depth of the well is less than 1 km,
no H,S is present in the gas, and there is no evidence of SCVF.

In contrast, seven states in the USA require closed annuli (Figure 28). Jurisdictions with
conditionally closed annuli in the USA only mandate annuli of certain well types (e.g.,
wells with uncemented annuli) or annulus A (Figure 1) to be closed. In four U.S. states,
regulations require annuli to remain open under specific conditions. In Montana, Nebraska,
and North Dakota, open annuli are mandated during hydraulic fracturing operations
(Montana Secretary of State, 2011; Nebraska Oil and Gas Conservation Commission,
2017; North Dakota Industrial Commission, 2010). In contrast, Kentucky prescribes open
annuli only for temporarily abandoned wells drilled through coal seams (Kentucky Energy
and Environment Cabinet, 2020). Other jurisdictions, like Pennsylvania, leave annulus
management to the operator’s discretion (Pennsylvania Department of Environmental
Protection, 2017).
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Figure 28: Map of annulus management requirements as outlined in regulations of a) the USA and
Canada and b) Norway, Russia, China and Australia. Reproduced from Schulz et al. (2025), shapefiles
from Esri (2017, 2022) and Statistics Canada (2023). Projections: a) Albers equal-area conic, b) Mercator
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4.2.3 Monitoring

Monitoring for SCP and CVF is another important aspect of well integrity management.
It enables the early detection of leaks, which can help to mitigate environmental impacts
such as gas emissions and groundwater contamination. Most regulations and guidelines
include annulus pressure or flow monitoring (Table 15).

The USA offshore regulations describe specific annular monitoring requirements based on
the well type (Bureau of Safety and Environmental Enforcement, 2010). Monitoring of all
annuli is mandated in fixed platform wells. Subsea wells only require monitoring of the A
annulus. Hybrid wells (subsea wellhead but surface completion) require monitoring of the
A and B annuli. The recommended monitoring frequency is daily to monthly. Compared
to this regulation, the API RP 90 offshore guideline suggests monitoring all annuli monthly
to semi-annually (American Petroleum Institute, 2006).

Onshore regulations in the USA are state-dependent and also apply to offshore wells
located within state waters, typically extending three geographical miles (= 5.6 km) from
the shoreline (United States Congress, 1953). Annulus pressure monitoring for onshore
wells is mandatory in 18 states and on some federal lands (Figure 29; Supplementary
Material 2 of Schulz et al., 2025). Some states require monitoring of specific annuli,

whereas others require monitoring of all annuli.

Figure 29 summarizes the state-wise monitoring frequency. Often, monitoring is only
prescribed during specific phases like hydraulic fracturing or stimulation. Arkansas,
Colorado, New Mexico, Pennsylvania, and Texas are the only jurisdictions in the USA that
require routine annulus pressure monitoring (Arkansas Oil and Gas Commission, 2021;
Colorado Energy and Carbon Management Commission, 2025; New Mexico Environment
Department, 2015; Pennsylvania Department of Environmental Protection, 2017; Railroad
Commission of Texas, 2025). Flow rate monitoring is only prescribed in California
and Pennsylvania (California Air Resources Board, 2017; Pennsylvania Department of
Environmental Protection, 2017). Overall, either pressure or flow monitoring, or both,
are required in 38% of U.S. states (Figure 29; Supplementary Material 2 of Schulz et al.,
2025).

Russian regulations require routine annulus pressure monitoring during production.
However, monitoring frequencies are not specified. After abandonment, annual annulus
pressure monitoring and air monitoring for hydrogen sulfide are prescribed (Rostekhnadzor,
2020).

China’s guidelines suggest real-time pressure monitoring of annulus A and a daily in-
spection of the records (China National Offshore Oil Corporation, 2018; China National
Petroleum Corporation, 2022).

Canadian regulations do not prescribe routine annulus pressure monitoring. In British
Columbia and New Brunswick (15% of provinces and territories), routine flow monitoring
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is required (Figure 29; British Columbia Energy Regulator, 2023; Government of New
Brunswick, 2021). In British Columbia, gas migration should also be monitored when
detected (British Columbia Energy Regulator, 2023). The Canadian IRP 27 guideline
suggests monitoring SCVF and annulus pressures during and after remediation (Energy
Safety Canada, 2022).

Australia does not prescribe pressure or flow monitoring during well operation. However,
annulus pressure reporting is required at well abandonment (NOPSEMA, 2020b).

Norway’s regulations mandate pressure monitoring of all annuli in surface-completed wells
and the innermost annulus in subsea-completed wells (Petroleum Safety Authority Norway,
2023b). Additionally, pressure monitoring of the next outer annulus is required in the
case of hydrocarbon flow in an annulus. Similarly to the regulations, Norwegian guidelines
recommend the monitoring of all accessible annuli (Norwegian Oil and Gas Association,
2017; Norwegian Oil Industry Association and Federation of Norwegian Manufacturing
Industries, 2021).
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Figure 29: Monitoring requirements as outlined in regulations of a) the USA and Canada and b)
Norway, Russia, China and Australia. Reproduced from Schulz et al. (2025), shapefiles from Esri (2017,
2022) and Statistics Canada (2023). Projections: a) Albers equal-area conic, b) Mercator
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4.2.4 Diagnostic testing

Diagnostic testing identifies and distinguishes well integrity issues from pressures caused by
temperature variations or other effects. Diagnostic testing is initiated at times specified by
the regulator or when SCP or CVF is suspected. Through diagnostic testing, information
about the leak severity and source can be obtained.

In the USA, diagnostic testing practices vary for offshore and onshore wells. Federal
offshore regulations prescribe diagnostic testing if annular pressure is detected and specify
reporting requirements (Bureau of Safety and Environmental Enforcement, 2010). These
regulations state that operators should follow the diagnostic testing recommendations in
the API RP 90 guideline (American Petroleum Institute, 2006). According to API RP 90,
diagnostic testing has to be conducted whenever the annulus pressure exceeds 6.9 bar
to determine whether the pressure is transient due to thermal effects, or sustained (i.e.,
rebuilds after it has been bled down) due to a constant leak source in the annulus (Bureau

of Safety and Environmental Enforcement, 2010).

The diagnostic test recommended by API RP 90 is the bleed-down /build-up (B/B) test
(Figure 30). In this test, gas is released from the annulus being tested through a half-
inch needle valve until the annulus pressure equals atmospheric pressure, a predetermined
quantity of liquid fluid is recovered, or a specified amount of time has elapsed. Subsequently,
the valve is closed, and the annulus pressure development is observed for 24 hours. After
B/B tests, further diagnostic actions like analyzing recovered fluids are suggested. The
guideline defines three scenarios derived from B/B test results:

1) No leak: When bled down to atmospheric pressure, the annulus pressure does not

build up within 24 hours, indicating it was likely thermally induced.

2) Minor leak: The pressure rebuilds to the original pressure or lower within 24 hours
after bleeding to atmospheric pressure. In this case, continuous monitoring and
periodic re-evaluation are required.

3) Major leak: The annulus pressure cannot be fully bled down to atmospheric pressure
or there is pressure communication between annuli. In this scenario, the leak source
has to be identified, repairs may be required, and the Maximum Allowable Operating
Pressure (MAWOP) has to be recalculated (further explained in Section 4.2.5).
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10

Case 3
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Figure 30: Different cases for bleed-down/build-up tests performed at the wellhead by releasing
pressure from an annulus and observing the pressure development for 24 hours. Case 1 represents an
annulus with a thermally induced or anomalous non-sustained pressure; no pressure build-up is observed
after the bleed-down phase. Case 2 is a moderately leaking scenario; Case 3 represents a severe leak.
Figure concept based on Kazemi and Wojtanowicz (2022), modified after Schulz et al. (2025)

In contrast to the USA’s offshore regulations for federal waters, onshore wells and wells in
state waters are regulated by individual states with considerable differences (Figure 31,
Supplementary Material 2 of Schulz et al., 2025). Diagnostic pressure testing procedures
are mentioned only in five states, usually for all annuli. In Alabama, Alaska and New
Mexico, B/B test variations are required, with differing pressure recording practices, bleed-
down times, and build-up times (Alaska Oil and Gas Conservation Commission, 2021; New
Mexico Energy, Minerals and Natural Resources Department, Oil Conservation Division,
2020; State Oil and Gas Board of Alabama, 2025). Colorado requires the most detailed
testing: tubing and casing pressures are recorded; the annulus valve is opened; a fluid
sample is taken, if possible; and the tubing and casing pressures are recorded at five-minute
intervals for 30 minutes. At the end of the test, the annulus is shut in, the instantaneous
pressure is recorded, and an end-of-test fluid sample is collected. The procedure is repeated
for all annuli (Colorado Energy and Carbon Management Commission, 2021).

Reporting requirements also vary between states, and reports often have to be filed
if certain thresholds are exceeded. In Alaska, Florida and North Carolina, diagnostic
flow testing is prescribed, which involves flow rate measurements (Alaska Oil and Gas
Conservation Commission, 2021; Florida Department of Environmental Protection, 1996b;
North Carolina Department of Environmental Quality, 2015). Overall, either pressure or
flow testing, or both, are required in 12% of U.S. states. More information and references
for state regulations are compiled in Supplementary Material 2 of Schulz et al. (2025).

China’s guidelines suggest a test similar to the API RP 90 B/B test (China National
Offshore Oil Corporation, 2018; China National Petroleum Corporation, 2022).
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Russian regulations also prescribe diagnostic testing through annulus pressure manip-
ulation (Rostekhnadzor, 2020). The testing method involves pressurizing the annulus
with drilling fluid or air. If the annular pressure drops by more than 0.5 MPa within the
following 30 minutes, the annulus is considered not tight. However, the regulations do not
explicitly state whether an annulus that exhibits such a pressure drop should be classified as
experiencing SCP. Leaks must be repaired before abandonment and before any stimulation
or other near-wellbore treatments are performed. If any annular pressure due to leaks
(SCP) is detected, well operation has to be stopped. The operator is then responsible for
identifying and eliminating the causes of SCP and making decisions regarding further well
operation.

In Canada, operators are often required to continuously vent surface casing annuli to
prevent pressure build-up and protect groundwater. Consequently, Canadian regulations
focus on SCVF rather than SCP. The provinces of Alberta and British Colombia recommend
multiple diagnostic tests for SCVF, including bubble tests (Alberta Energy Regulator,
2022; British Columbia Energy Regulator, 2023). During a bubble test, one end of a hose
is connected to the surface casing annulus vent while the other end is submerged in water.
If bubbles are observed in the water (or SCVF is detected by other methods), the flow rate
through the surface casing vent and the stabilized shut-in surface casing pressure have to
be determined in Alberta and British Columbia. Additionally, British Columbia requires
build-up pressure tests upon SCVF detection. The suggested bubble test frequency for
new wells is yearly (Alberta Energy Regulator, 2022; British Columbia Energy Regulator,
2023).

In Alberta and British Columbia, if SCVF is detected, testing must be repeated annually in
the following years (Alberta Energy Regulator, 2022; British Columbia Energy Regulator,
2023). Testing for SCVF is also required in the Northwest Territories, Nunavut and
New Brunswick at specific stages in the lifecycle of a well, such as prior to abandonment
(Figure 31; Canadian National Energy Board, 2013; Government of New Brunswick, 2021;
NWT Office of the Regulator of Oil and Gas Operations, 2022). Overall, 38% of the
Canadian provinces and territories require diagnostic testing. The Energy Safety Canada
IRP 27 guideline (Energy Safety Canada, 2022) likewise addresses aspects of SCVF testing,
focusing on source identification through methods such as carbon isotope data analysis

and outlining appropriate remediation techniques.

British Columbia and Alberta also require operators to test wells for gas migration.
According to the British Columbia Energy Regulator (2023), gas migration may be
identified through surface indications such as bubbles in ponds, stressed vegetation, or
unusual gas odours. For gas migration testing, soil samples are taken within a 6 m radius
around the well to measure gas concentrations. Both provinces require SCVF and gas
migration testing at specific stages in the well lifecycle, such as after drilling-rig release or

prior to abandonment.
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In Norway, diagnostic testing is not required by regulation. However, the 117 Offshore
Norge guideline recommends such tests (Norwegian Oil and Gas Association, 2017).
According to this industry guideline, annular pressures correlate with temperatures when
the pressure is thermally induced, while a lack of correlation indicates SCP. Once SCP
is suspected, the guideline recommends identifying the leak path by manipulating the
annulus pressure. For this purpose, bleed-down and pressure-application procedures are
suggested, although no further operational details are provided. The document additionally
recommends measuring leak rates, maximum stabilized annular pressure, and the volume
of flammable hydrocarbons present in annuli. Mitigation and remediation techniques are
also described. Furthermore, the guideline advises establishing a maximum allowable
pressure-change criterion and recommends halting normal operations if barriers fail, are
impaired, or if allowable pressure limits are exceeded. In cases of barrier failure, restoration

of the barrier is advised before resuming operations.
Australian regulations do not contain information on diagnostic testing.

The International Standard ISO 16530-1 (2017) recommends source identification in
case of a high annulus pressure by reviewing the well history, performing B/B tests, or
manipulating the neighboring annulus pressures. This standard does not allow leaks to

the surface, subsurface, or a well barrier that cannot withstand the new pressures.

4.2.5 Pressure and flow thresholds

Pressure thresholds are recommended or prescribed pressure values that are assumed to
be safely applicable to an annulus. These thresholds are usually based on the strength of
the weakest well component and incorporate a safety factor. The components included in
the threshold calculation vary from country to country.

In the USA, thresholds are defined both in regulations and in industry guidelines. The API
RP 90 offshore industry guideline considers only the strength of tubulars, such as casings
and tubings (American Petroleum Institute, 2006). The guideline recommends calculating
the strength of an annulus’s inner, outer, and next outer tubular and multiplying these
values by a safety factor of less than 1. API RP 90 defines the Maximum Allowable
Wellhead Operating Pressure (MAWOP) as the lowest of the resulting values. The same
approach is used in offshore regulations issued by the Bureau of Safety and Environmental
Enforcement (2009). In contrast, the API industry guideline for onshore wells (API
RP 90-2) considers not only tubular strength but also wear and corrosion, wellhead
failure, completion equipment failure, and formation fracturing at the casing shoe when
determining the MAWOP (American Petroleum Institute, 2016).

Furthermore, the onshore API RP 90-2 guideline recommends establishing upper and lower
diagnostic thresholds (DT) as an early-warning system to provide operators sufficient time
to respond to pressure changes before they reach critical levels. The upper DT should be
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set below the MAWOP to leave enough response time for a bleed off. The lower DT is
recommended to be set below the sum of the operator pressure and thermal effects, yet

high enough to ensure a prompt response to communication between annuli.

In U.S. onshore regulations, pressure thresholds are specified in 14 states (28%) as well
as on public lands (Supplementary Material 2 of Schulz et al., 2025). In four states,
the threshold is based on the strength of well components, whereas five other states
use absolute pressure values. For example, in Colorado the annular pressure threshold
is defined as 30% of the true vertical depth of the surface casing (Colorado Energy
and Carbon Management Commission, 2025). This well-specific approach maintains
annular pressures below the hydrostatic gradient in the formation at the bottom of the
surface casing to prevent gas migration and protect groundwater. If the annular pressure
threshold is exceeded, diagnostic testing must follow. There are no flow thresholds in
states that require open annuli. However, Florida, North Carolina and New Mexico
require remediation or further testing if fluids leak from annuli or if loss of well integrity
is discovered (Florida Department of Environmental Protection, 1996a,b; New Mexico
Energy, Minerals and Natural Resources Department, Oil Conservation Division, 2020;
North Carolina Department of Environmental Quality, 2015). This can be considered a
qualitative flow threshold.

In Canada, regulations of two jurisdictions include pressure thresholds. In New Brunswick,
hydraulic fracturing must cease if an annular pressure increases by more than 35 bar
(Government of New Brunswick, 2021). The Northwest Territories use a qualitative
threshold: if testing indicates SCP or CVF in any annulus other than the surface casing
annulus or annulus A, the regulator must be notified, and remediation is required for
suspended and abandoned wells (NWT Office of the Regulator of Oil and Gas Operations,
2022).

Additionally, Canadian regulations classify SCVF and gas migration based on their
escalation potential, effectively establishing thresholds. In Alberta and British Columbia,
SCVF is categorized as either ”serious” or "non-serious”, with largely similar criteria,
although minor differences exist. These classifications and all of the following associated
details for both provinces are drawn from the Alberta Energy Regulator (2022) and British
Columbia Energy Regulator (2023).

According to both regulators, a "serious” classification applies when the flow rate exceeds
300 m2/day3? or if qualitative criteria are met, such as a public safety risk or casing failure.
The criteria for ”serious” gas migration are similarly based on qualitative considerations
(e.g., public safety risk) in both provinces. If these conditions are not met, SCVF or gas
migration is classified "non-serious”. In Alberta, "serious” SCVF or gas migration have to

32In British Columbia, SCVF must furthermore not exceed 100 m3/day, which is specified independently
of the ”serious” /”non-serious” classification (Government of British Columbia, 2023).
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be repaired within 90 days. In British Columbia, the regulator has to be contacted for repair
work, and "serious” cases require repair as soon as possible. For "non-serious” SCVF and
gas migration, repair work can be deferred until abandonment. Similar requirements are
outlined in the regulations of New Brunswick and the Northwest Territories (Government
of New Brunswick, 2021; NWT Office of the Regulator of Oil and Gas Operations, 2022).
Overall, pressure thresholds, flow thresholds, or both are specified in 31% of Canadian

provinces and territories.

Several countries apply approaches similar to those used in the USA for the calculation
of MAWOPs or Maximum Allowable Annulus Surface Pressures (MAASP). Typically,
the strength of well components is included, as outlined in Chinese guidelines (China
National Offshore Oil Corporation, 2018; China National Petroleum Corporation, 2022).
The ISO 16530-1 (2017) and ISO 16530-2 (2014) standards additionally include fluid and

rock pressure gradients.

The Norwegian 117 Offshore Norge guideline (Norwegian Oil and Gas Association,
2017), as well as ISO 16530-1 (2017) and ISO 16530-2 (2014), also recommend setting
diagnostic thresholds. According to the 117 Offshore Norge guideline, leak rates in an
annulus of up to 0.42 m3/day are acceptable. In contrast, the Norwegian NORSOK D-010
guideline considers any leak rate above 0 m3/day as unacceptable (Norwegian Oil Industry
Association and Federation of Norwegian Manufacturing Industries, 2021).
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4.2.6 Barrier classification

Wells are classified in a traffic light system based on barrier integrity in China’s and
Norway’s guidelines (Table 16). Three regulatory documents define both the criteria and
recommended actions for each category, escalating from regular protocols to increased mon-
itoring and, if necessary, remediation as barrier integrity declines. While the classifications
are similar overall, the details differ between documents.

Table 16: Traffic light classification of wells based on barrier integrity in Chinese and Norwegian
guidelines. C denotes classification criteria; R denotes recommended actions. Reproduced from Schulz
et al. (2025)

China (CNOOC)
China National Offshore Oil
Corporation (2018)

China (CNPCQ)
China National Petroleum
Corporation (2022)

Norway
Norwegian Oil and Gas As-
sociation (2017)

No or minor problems with

Both barriers intact

No leaks through both bar-

g both barriers riers and acceptable annulus
o pressures and leak rates
&)
Follow regular protocols Follow regular protocols Follow regular protocols
One barrier intact, the other The first barrier is intact One barrier intact, the other
degraded while the second is damaged, degraded
or the first barrier is dam-
g aged and the second is com-
= promised with a low risk
>
Enhanced monitoring Maintenance, risk reduction Follow regular protocols
measures, detailed monitor-
ing
One barrier failed, the other  The first barrier either failed One barrier failed, the other
intact; or both barriers de- or is damaged, while the sec- intact, or a single failure may
graded; or a single hazard ond is intact or damaged lead to a surface leak
o could cause the failure of with a medium risk level
gﬂ both barriers
©
5 Risk analysis, maintenance Develop an emergency plan, Repair or mitigation (but
and risk reduction measures evaluate problems, adjust typically not immediately)
monitoring, control produc-
tion, and risk reduction mea-
sures
One barrier failed, the other Both barriers failed or are One barrier failed, the other
degraded/not validated, or damaged with a high risk, or degraded or not verified, or
E there is a surface leak there is a surface leak there is a surface leak

Immediate disposal and de-
tailed risk analysis

Develop an emergency plan
and implement risk reduction
measures immediately

Immediate repair or mitiga-
tion
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5 Discussion

5.1 Overview

Understanding the occurrence of SCP and CVF and ensuring well integrity involve
inherently multi-scale challenges, ranging from physico-chemical processes at material
interfaces to field-scale well behavior and the development and implementation of regulatory
management strategies. The previous chapters investigated these different scales through
experiments, numerical modeling, and a comparative compilation of regulatory approaches.

Building on these findings, this chapter first discusses the experimental and numerical
results. The interpretation focuses on the insights that can be derived from the observed
behavior, as well as the assumptions and limitations of the numerical model. By examining
these processes at laboratory and larger scales, a better quantitative understanding of
the mechanisms governing SCP and CVF can be achieved and linked to field-scale well
behavior.

Because the implications of leakage extend far beyond the experimental scale, the discussion
subsequently broadens toward regulatory and operational aspects of SCP and CVF
management. The different regulatory approaches described in Section 4.2 are compared
with regard to their scope, enforcement mechanisms, and their respective strengths and
limitations. Based on this analysis, recommendations are derived concerning suitable
regulatory elements and minimum workflow requirements for effective SCP and CVF
management. Combined, these aspects link laboratory-scale leakage processes to practical

well integrity challenges and the regulatory strategies intended to address them.

5.2 Evaluation of autoclave experiment results
5.2.1 Background and context

To better understand the mechanisms contributing to annular gap formation and SCP,
experimental and modeling results are discussed in the following sections. Previous
investigations using the same autoclave system primarily addressed the overall integrity
of the cement—steel composite and performed long-term experiments on the corrosion of
wellbore sealing systems under CO, exposure without cyclic loading (Schilling et al., 2015,
2016). These studies®® derived gap apertures on the order of 13 pm (Schilling et al., 2015)
and 5 pm (Klose et al., 2021), which is consistent with the gap apertures observed at the
beginning of experimental series in the present study (Figure 35).

33These studies are based on different underlying assumptions. Schilling et al. (2015) assumed an
annular gap width w equal to half of the cement—steel interface, whereas Klose et al. (2021) considered
the full interface.
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Other studies incorporating cyclic loading predominantly investigate the interface between
a casing and the surrounding cement sheath, with pressure applied internally to the unfilled
casing (Section 1.5). This represents a fundamentally different loading configuration, as it
simulates internal casing pressure rather than gas pressure acting on the exposed end of a
cement-filled casing, as expected in abandoned wells within active underground gas storage
sites. Consequently, the results of these studies are not directly comparable to those
obtained in the present work. Nevertheless, the order of magnitude of the gap apertures
observed in the present study (typically 5-50 pm) is consistent with values reported in
the literature, which generally range from a few micrometers up to approximately 200 pm
(Chu et al., 2015; Moghadam et al., 2022; Stormont et al., 2018; Xi et al., 2021).

Experimental investigations specifically addressing cyclic pressure and thermal loading
applied to cement-filled casings remain limited. The experimental configuration used in
this study therefore provides a novel framework for investigating well integrity degra-
dation mechanisms under conditions representative of gas storage wells. The present
study primarily focuses on the effects of cyclic pressure and thermal loading on system
permeability and, additionally, examines the interaction between cement aging and cyclic
loading. Accordingly, the following discussion evaluates how these factors influence annular

gap evolution and the overall sealing performance of the cement—steel system.

5.2.2 Potential cement matrix flow

In the conducted experiments, gas flow through the cement-filled casing may occur via
three primary pathways: (1) annular gap between casing and cement, (2) pore space of
the cement matrix, or (3) cracks within the cement. The hypothesis tested in this section
is that gas flow predominantly occurs through the annular gap, as assumed in the model.

Cement samples used for matrix permeability measurements were examined microscopically
to assess the presence of cracks. All investigated samples exhibited some degree of cracking.

Representative examples are shown in Figures 32 and 33.

However, no clear correlation between visible crack width and measured matrix permeability
is apparent. For example, the autoclave sample of casing 1 shows smaller cracks but a
higher measured matrix permeability than the control sample of casing 3 (Figures 32
and 33, Table 11). It should be noted that the prominent crack in Figure 33 was only
visible on one side of the sample, suggesting that such cracks may not extend completely
through the cement matrix. This may explain the lack of correlation between crack size

and measured matrix permeability.

Nevertheless, the possibility of gas flow through cracks cannot be fully excluded based
on this observation. Some cracks exhibit dimensions on the same order of magnitude as
modeled annular gaps, which could enable gas migration if the cracks are interconnected.
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Figure 32: Cracks in the autoclave cement sample of casing 1
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Figure 33: Cracks in the control cement sample of casing 3

However, gas flowing predominantly through cracks or the cement pore space would
require sufficiently high matrix permeabilites to match the flow durations observed during
the autoclave experiments. The model-derived matrix permeability at the end of an
experimental series lies on the order of 107** — 107!* m?, which would be expected to
match the measured values from the autoclave samples shown in Table 11 if the gas
transport were dominated by flow through the cement matrix or cracks. However, all
autoclave samples show lower measured matrix permeabilities on the order of 107!% —
107 m? (Figure 34), which fall even below most initial and control samples. This is

107



5.2 Evaluation of autoclave experiment results 5 DISCUSSION

unexpected, as autoclave samples, which were flushed with dry gas, would typically be
assumed to have higher matrix permeabilities than other samples due to potential drying

of the cement.
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Figure 34: Comparison of model-derived and measured matrix permeabilities. The depicted model-
derived permeability is the arithmetic mean of the last ten experiments of each casing, representing
the permeability at the end of the experimental series. Similarly, the depicted measured permeability
corresponds to the arithmetic mean of the autoclave samples for each casing (Table 11). This means
the cement was subjected to cyclic loading in the autoclave system and measured after removal, also
representing the end-of-series permeability. For comparison, the literature review by Harooni et al. (2025)
suggests that typical Class G and H cement permeabilities are often on the order of 1077 m? or lower,
which is consistent with the value obtained for the autoclave sample of casing 3.

The inconsistencies in matrix permeability measurements (Table 11) suggest limited
reliability of the data, likely due to variations in sample conditioning and associated
difficulties in achieving constant weight. Furthermore, mechanical damage introduced
during sawing, drilling or conditioning can be considered a likely primary cause of the
observed cracks. As such, the actual in-situ matrix permeability of the cement during the

experiments was likely lower than the values shown in Table 11.

Moreover, Schilling et al. (2015, 2016) observed carbonation along the lateral surface of the
cement inside the casing during earlier, similar experiments involving CO,. This indicates
that CO5 reacted with the cement along the casing wall and suggests the presence of a

gap or imperfect bonding between steel and cement.

Combined, these observations indicate that major gas flow through cracks or the cement
matrix is unlikely. Nonetheless, a certain degree of gas flow through cracks cannot be
entirely excluded. This may be particularly relevant in early-stage experiments conducted
shortly after cement placement, when bonding between casing and cement may still be
intact. However, due to the limitations of the available data, the lack of evidence for
continuous cracks, and the likely low matrix permeability of the cement matrix, annular
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gap apertures are modeled under the assumption that gas flow occurs exclusively through
the gap.

In any case, the modeled gap apertures and matrix permeabilities can both be interpreted as
quantitative indicators of the system permeability and are therefore suitable for comparative
analysis. For future experiments where the relative contributions of crack and gap flow
are known or can be better estimated, the model can be adapted accordingly to determine
the respective matrix permeabilities and gap apertures.

5.2.3 Effects of thermal loading cycles

This section discusses the effect of cyclic thermal loading on system permeability. The
results indicate that thermal loading cycles temporarily decrease the system permeability,
as observed in several cases immediately following a thermal loading cycle3? (Figure 35).
Over the course of the subsequent experiments, the system permeability frequently increases
again. Notably, such increases can also be observed in cases where no additional loading
was applied after a thermal loading had caused an apparent system permeability reduction.

One possible explanation for this behavior is thermally induced volumetric changes of
the cement and steel, which temporarily alter the gap aperture. However, these effects
are unlikely to produce lasting changes under the present experimental conditions, as all
permeability measurements were conducted at approximately 70 °C. Moreover, during
cooling, steel contracts more strongly than hardened cement due to its higher thermal
expansion coefficient, which would tend to reduce rather than increase the gap aperture
(e.g., Bredemann, 2025).

Another explanation is the formation of a water film within the annular gap. The presence
of liquid water would hinder gas flow and thereby reduce the apparent system permeability.
Although the injected nitrogen was dry, cement generally contains a substantial amount
of water. It is therefore plausible that water in the gap originated from the cement.
Temperature-dependent dehydration reactions of cementitious phases, however, can be
excluded as a dominant mechanism, since these reactions occur only at considerably higher
temperatures (e.g., Alonso and Fernandez, 2004; Shui et al., 2009; Zhang and Ye, 2012).

Nevertheless, cement also contains free pore water, and measurements indicate that the
cement inside the autoclave lost water during the experimental series (Table 10). This
suggests that a fraction of the pore water may have evaporated and contributed to humidity

within the autoclave atmosphere.

An explanation for the apparent temporary decrease in system permeability after thermal

loading is therefore the condensation of water within the annular gap. Typical tempera-

34A thermal loading cycle consists of cooling the gas in the upper chamber from 70°C to 30°C and
subsequently reheating it to 70°C (see Section 2.3).
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ture changes in the experiments involved cooling from 70 °C to around 30 °C or lower,
accompanied by a pressure drop from 60 to 50 bar due to the cooling, while the amount of

substance and chamber volume remained constant.

At 30 °C the saturation vapor pressure of water is 4.2 kPa, compared to 31.2 kPa at
70 °C (The Engineering ToolBox, 2004). The critical water vapor mole fraction in the gas
necessary for condensation at 30 °C can be estimated from the saturation vapor pressure
and total gas pressure of 50 bar as follows (Atkins and de Paula, 2006, ch. 6.3):

0.042 bar

Critical water vapor fraction ~ —— =~ 0.085%

50 bar

Accordingly, at 30 °C, a water vapor mole fraction as low as 0.085% in the gas is sufficient

to initiate condensation.

Furthermore, the critical relative humidity at 70 °C required for condensation upon cooling
to 30 °C was determined. Relative humidity is defined according to Equation 43 (Lovell-
Smith and Pearson, 2006). Assuming ideal gas behavior at constant amount of substance
and constant autoclave volume, Equation 44 follows (Parish and Putnam, 1977). For
condensation to occur at 30 °C, the condition P32 > P53t must be satisfied, which yields

Equation 45.

Pry? H,0
P10 = 7(s)at = Prg?” = ¢ro - 5y (43)
P
T o T
Py® = Pi® - 2 = 6n - PRt 22 (44)
70 70
. Psat T
crit 30 70
Dsat T 45
TP T (4)
P70 Relative humidity at 70 °C [-]
%" Critical relative humidity at 70 °C that allows condensation when

cooled to 30 °C [-]
PO PO Water partial pressures at 70 °C and 30 °C [Pa]
Psgt, Psgt Saturation vapor pressures of water at 70 °C and 30 °C [Pa]
Tvo, T3 Temperatures of 70 °C and 30 °C in Kelvin [K]

It follows from this calculation that a relative humidity of 15.4% at 70 °C is sufficient for
condensation to occur upon cooling to 30 °C. Assuming that the according amount of
water can be delivered by the cement, condensation during cooling can be expected.

To assess whether the amount of water potentially available for condensation is sufficient
to influence the flow behavior in the annular gap, a simple order-of-magnitude estimate
was performed. For a gap with a width of 20 cm, a length of 2 m and an aperture of

30 pm, the total gap volume is approximately 12 mL. Assuming that the gas within the
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gap is saturated with water vapor at 70 °C, the amount of water that could potentially
condense upon cooling can be estimated using the ideal gas equation. The corresponding
amount of condensate is on the order of a few microliters (approximately 2.3 pnL for the
gap volume considered). Although small in absolute terms, such quantities may still
accumulate at local constrictions within the narrow annular gap, and thereby temporarily
reduce the effective system permeability. In addition, condensation within the upper
chamber may allow water to accumulate at the entrance of the annular gap or potentially
penetrate into it, which could further contribute to a temporary reduction in effective
system permeability.

Because of its high thermal conductivity and small wall thickness, the steel casing is
expected to cool more rapidly than the cement and chamber walls. Consequently, conden-
sation is most likely to occur at the casing—cement interface. Upon reheating to 70 °C, the
condensed water would normally be expected to evaporate. However, the annular gap is
largely isolated from the autoclave chambers, except for small openings at the top and
bottom of the casing. As shown by Kolliopoulos et al. (2022), evaporation in confined

microchannels is considerably slower than in more open geometries.

The precise geometry of the annular gap and the extent of water saturation are unknown.
Nevertheless, as long as no permeability tests or pressure loading cycles are performed, gas
circulation is restricted. If water is present in the gap, evaporation is expected to be slow
due to the limited gas exchange area. This interpretation is supported by quick reference
tests: Ten milliliters of water placed on an open glass surface at 26 °C and 70% relative
humidity evaporated within three hours, whereas an equal volume covered by acrylic glass

remained almost unchanged after three days.

Therefore, it can be concluded that cooling probably led to condensation of water within
the gap, which largely persisted even after reheating. This reduced the apparent system
permeability®® in subsequent experiments. However, during system permeability experi-
ments, gas flow through the gap may have promoted evaporation or physically displaced
the condensed water, causing an apparent system permeability increase as gas flow through

the gap became less obstructed by water.

This hypothesis is further supported by the observation that a single thermal loading
cycle often produced a measurable effect, whereas multiple consecutive thermal cycles
without intermediate pressure or non-loading phases (Figure 21) had a substantially
reduced impact on the system permeability after the first cycle. Following the initial cycle,

condensation likely occurred as described above. Subsequent permeability experiments

35Due to the small volume of the gap, only a limited amount of water can condense. However, even
a thin film may already be sufficient to hinder gas flow to some extent. Transport processes might also
cause water to accumulate at constrictions. The detailed transport processes involved are beyond the
scope of this study.
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may have partially removed or redistributed the water, but each renewed cooling phase
probably effectively reset the process and caused re-condensation within the gap. The
same reasoning could further explain why combined pressure-thermal cycles do not exhibit
a particularly strong net effect, as the pressure-induced increase in permeability and the
thermally induced decrease may partially counteract each other.

Finally, the interpretation presented in this section suggests that maintaining moisture
within the cement sheath can be beneficial for reducing gas flow. Building on this, it is
conceivable to discuss whether high-viscosity fluids placed above and below the annular
gap could additionally impede gas flow. Such fluids would, however, need to penetrate the
gap rather than merely overlying the cement sheath. Achieving this would likely require
forcing the fluid into the annular gap. In practice, substances that harden after placement
are probably more effective and are commonly used for this purpose. Most injection-based
remediation operations rely on cement, known as squeeze cementing or cement squeezing,
but resin systems have also been investigated as alternative sealing materials (e.g., Farkas
et al., 1999; Izadi and Frigaard, 2026; Wang et al., 2021). Alternatively, instead of
squeeze operations, Demirci and Wojtanowicz (2023) have demonstrated that placing a
high-density, water-immiscible fluid on top of the cement sheath can also mitigate leakage

by increasing the hydrostatic pressure acting on the annulus.

5.2.4 Effects of pressure loading cycles

This section discusses the effect of cyclic pressure loading on the evolution of system per-
meability. Generally, pressure loading cycles®® appear to increase the system permeability
(e.g., Figure 26). However, the permeability exhibits a saturation-type behavior, with little
to no further increase after a certain number of cycles (Figure 35). Assuming the system
permeability is exclusively controlled by the annular gap aperture h, it is reasonable to
expect that the pressure-induced increase in h approaches a stable maximum. This reflects
the physical limit of the space that can be created between cement and steel through
pressure-induced debonding, without material erosion or further cement shrinkage.

However, while the gap aperture h is generally assumed to increase with progressing
pressure loading cycles (see Section 1.5), it is unlikely to be the only factor governing
gap permeability. In particular, the effective gap width w may also evolve during cyclic
loading. Rather than assuming that 50% of the interface debonds instantaneously, it
appears more plausible that a narrow flow channel forms initially and gradually widens
with continued loading. Moreover, debonding is unlikely to occur uniformly along the
interface. Instead, spatially heterogeneous gap geometries may develop, with locally wider
and narrower sections and intermittent bonded contact zones.

36 A pressure loading cycle consists of reducing the gas pressure in the upper chamber from 60 bar to
atmospheric pressure and subsequently increasing the pressure again to 60 bar (see Section 2.3).

112



5.2 Evaluation of autoclave experiment results 5 DISCUSSION

501 (a) Casing 0 501 (b) Casing 1 501 (c) Casing 2 -
407 40 FTIR S N
Z 304 : wasma ™) 30 ] 30
= o - X
o 201 201 ¢ 20
= .
g 101 101 10
% pre-aged extended curing pronounced gap
A 05 2% 50 7 ] 50 100 50’0 50 100 150 200 250
& . :
E 501 (d) Casing 3 501 (e) Casing 4 Experiment with no loading
g 10/ . oo a0 cycle immediately prior
3 ® . Experiment after pressure
< 309 3 . 30 S °  loading cycle
2 . e Experiment after thermal
= 201 j:‘. 201 . loading cycle
10 101 é Experiment after combined
° sandblasted ” baseline o pressure & thermal
0 0 ading
0 200 400 600 0 100 200 300 400 loading cycle

Days since experiment 1

Figure 35: Results of model H based on the experiments that were carried out on all casings
(Section 4.1.2). Figure 35 is a compilation of Figures 19 - 23. Casing 0 represents an older casing that had
been subjected to loading and aging prior to this study and was filled with cement optimized for minimal
shrinkage more than three years before the experiments of this study were conducted (Schilling et al.,
2016). The cement of casing 1 underwent an extended curing period of approximately 5 months, while the
cement of casings 2—4 cured for 28 days. Casing 2 displayed a pronounced, visible annular gap at the top
(discussed in Section 5.2.5). Casing 3 was internally sandblasted to remove scale deposits before it was
filled with cement, while casing 4 remained unaltered as a baseline.

Similarly to A, the effective gap width w would also be expected to approach a maximum
under cyclic pressure loading, which might even correspond to full interface debonding.
Even if this physical limit was not fully reached in the present experiments, both A and
w influence the flow rate. Treating both parameters as independent fitting variables
would therefore lead to non-unique parameter combinations. For comparability between
experiments, w was kept constant in the model. The analysis therefore focuses on the
modeled gap aperture h, which enters the flow equations with a cubic dependence and
thus dominates the hydraulic resistance of the annular gap. Variations in w have a
comparatively weaker effect: for example, doubling w would reduce the modeled value of
h by only about 21% to reproduce the same flow rate.

While all casings show an apparent tendency for the modeled gap aperture h to approach a
maximum, this behavior is most pronounced for casing 0, which had already been subjected
to cyclic pressure loading prior to the experiments conducted in this study. After only
three additional pressure cycles and one combined pressure-thermal cycle, the system
permeability appears to increase only marginally with further loading (Figure 35a). This

suggests that the gap geometry in casing 0 was already close to its upper limit before the
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experiments conducted in this study, likely as a result of previous loading and aging. The
additional cycles may have induced minor geometric adjustments, resulting in a small

system permeability increase before stabilization.

One possible explanation for the comparatively linear increase in the modeled gap aperture
h observed for casing 0 during the first 30 days (Figure 35a) is the presence of residual
water within the annular gap. In this case, the apparent increase in h could partly reflect
the progressive removal of water from the gap during the experiments, as discussed in
Section 5.2.3, rather than actual geometric widening of the gap. This interpretation
is consistent with the observation that the increase in h for casing 0 appears to occur
largely independently of the applied loading type. However, this interpretation is highly
speculative. Casing 0 would be expected to contain less residual water than the other
casings, as it had been exposed to atmospheric conditions for approximately three years
prior to the autoclave experiments, whereas the other casings had been filled with cement

only shortly beforehand.

For other casings, the tendency toward a maximum gap aperture is also present, but less
distinct. Typically, a steep increase in system permeability occurs at the beginning of an
experimental series, followed by fluctuations between the post-increase value and higher
values (with the exception of casing 2; see Section 5.2.5). This behavior indicates that
an initial irreversible system permeability increase occurs, most likely due to progressive
gap opening. Once this stage is reached, the baseline system permeability no longer
increases systematically. Instead, reversible variations around a quasi-equilibrium system
permeability are superimposed.

A possible explanation is that the gap has reached an effective maximum aperture and
width. This established quasi-equilibrium could be temporarily disturbed by loading cycles,
for example by increasing the gap aperture slightly on one side while decreasing it on the
other. As subsequent loading can revert these changes, the result is not a single maximum
gap aperture but rather a range. A narrow range seems possible once the system has
stabilized sufficiently, as observed for casing 0.

For casings 3 and 4, pressure loading during the quasi-equilibrium stage was combined with
thermal loading. Since thermal cycles tend to temporarily decrease the system permeability,
both effects may overlap and partially counteract each other. In contrast, casing 1 was
predominantly subjected to pressure loading, with only two combined pressure-thermal
cycles during the quasi-equilibrium stage, which supports the interpretation of reversible

system permeability fluctuations outlined above.
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5.2.5 Additional effects on the system permeability

In addition to the effects of pressure and thermal loading, the evolution of system perme-
ability may also be influenced by several secondary factors. One such factor is time. For
all casings, a loading pause was introduced during the experimental series. For casings 0
and 1, this pause occurred before day 100 and did not affect the system permeability
considerably (Figure 35a,b). For casing 0, the pause was introduced shortly after the
system permeability had reached an approximate maximum, whereas for casing 1 it was
implemented at the very beginning, before any loading had been applied or notable changes
in system permeability had occurred.

For casings 2, 3, and 4, the pause was introduced after day 100 and was followed by higher
system permeability values in the subsequent experiments (Figure 35c,d,e). A possible
explanation is cement shrinkage leading to an increase in h, as shrinkage is known to
promote the development of an annular gap (e.g., Oyarhossein and Dusseault, 2015). This
mechanism likely played no notable role for casing 0 due to the several years old cement,
since the majority of shrinkage typically occurs during early curing (e.g., Acker, 2004;
Ghanem et al., 2024; Hansen, 1987; Sirtoli et al., 2020). Furthermore, the cement used in
casing 0 was optimized for minimal shrinkage (Schilling et al., 2016).

However, for casings 2, 3, and 4 (Figure 35¢c,d,e) the pauses overlap temporally with the
transition toward the quasi-equilibrium stage of the gap aperture described in Section 5.2.4.
This overlap, combined with the limited number and duration of pauses, precludes a
definitive assessment of time-dependent influences. Moreover, as the pauses were short
compared to the preceding curing and experimental phases, substantial shrinkage during
these intervals is unlikely. Shrinkage is most pronounced shortly after slurry placement,
while the cement had cured for at least 28 days prior to casing installation in the autoclave

system.

Nevertheless, shrinkage effects may still have contributed to the observed system perme-
ability evolution. In casing 0, where the cement had undergone years of prior aging, most
shrinkage-related deformation had likely been completed. In casings 1-4, some degree of
shrinkage may have occurred during the curing phase, implying that even initial values of h
were already influenced by early-age volume changes. As the casings were kept wet during
curing, drying shrinkage may have commenced after installation in the autoclave system.
The minor increase in h observed during the first 80 days of the casing 1 experimental
series may reflect this transition (Figure 35b).

Casing 2 exhibits both relatively high initial (~20 pm) and high final (40-50 pm) values
of h (Figures 35c and 36). Casings 1, 3, and 4 show markedly lower initial gap apertures
(0-10 pm) and correspondingly lower final values (20-40 pm) (Figures 35b,d,e and 36).
The cement of Casing 0 was optimized for minimal shrinkage, yet Casing 0 still exhibits
a relatively large initial gap of 20 pm (Figure 35a and 36). This is likely attributable
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to prior mechanical loading and aging, as earlier modeling indicated an annular gap of
5-13 pm after a pressure cycle and fluid interactions (Klose et al., 2021; Schilling et al.,
2016). Thus, the true initial system permeability of casing 0 at the start of the past study
was probably even lower. The final permeability of casing 0 is similar to that of casings 1
and 4.

Collectively, these observations suggest that the magnitude of the initial annular gap
aperture exerts a controlling influence on the final gap aperture, with larger initial values
tending to result in larger final values. This relationship indicates that the quality of
cement placement, early-age curing, and initial bonding conditions may play a decisive role
in determining the final system permeability. Proper cement placement therefore appears
to be a critical factor, as both the initial and the final system permeability seem to be
strongly governed by it. This suggests that achieving good initial bonding and sealing
not only benefits the early system permeability but also supports long-term integrity and
sealing performance.
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Figure 36: Modeling results and curing times of all casings. Curing phases follow the same indexing
scheme as casings (curing phase x belongs to casing z). The vertical lines indicate the range of modeled
values for each casing, extending from the minimum to the maximum value. Casing 0 represents an older
casing that had been subjected to loading and aging prior to this study and was filled with cement more
than three years before the experiments of this study were conducted. The cement of casing 1 had an
extended curing period of approximately 5 months, while the cement of casings 2—4 cured for 28 days.
Casing 2 displayed a pronounced, visible annular gap at the top (discussed in Section 5.2.5). Casing 3 was
internally sandblasted to remove scale deposits before it was filled with cement, while casing 4 remained
unaltered as a baseline.
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Additionally, sample treatment appears to influence the development of the system
permeability. In casing 3, the inner surface was sandblasted to remove the scale layer.
Although the overall development of system permeability does not differ much from the
other casings in terms of minimum and maximum values, more pressure cycles were
required to reach the quasi-equilibrium stage, defined as the point beyond which cyclic
loading no longer induces irreversible system permeability changes. This suggests that
sandblasting slows down the debonding of cement and steel, but ultimately does not affect

the maximum system permeability.

Such a treatment could therefore be beneficial for well operations, particularly if the
delayed debonding prevents the maximum gap opening from being reached during the
well’s lifecycle. However, how this effect translates to hundreds of meters of casing-cement
interface would need to be tested under field conditions. In practice, it might even be

sufficient to sandblast only parts of the casing string.

The cement of casing 1 underwent a curing period that was 5.5 times longer than that
of casings 2—4, whereas the cement of casing 0 had already aged for more than three
years and experienced prior cyclic loading. Casing 1 exhibits the lowest initial system
permeability of all experimental series, indicating initially favorable bonding conditions.
However, the system permeability increases rapidly with pressure cycles, although the
maximum permeability attained remains comparatively low. It remains unclear whether
this behavior reflects an intrinsic effect of extended curing, such as improved cement
microstructure and interfacial bonding, or whether it is primarily a consequence of the
limited number of applied pressure cycles. This distinction cannot be resolved conclusively,
as casing 4, which was subjected to even fewer cycles, exhibits an even lower final system
permeability. Combined, these observations provide no clear evidence that extended curing
time alone exerts a dominant control on the evolution or magnitude of system permeability
under cyclic loading.

In contrast, casing 2 exhibits both the highest initial and highest final system permeabilities
among all casings. It is also the only specimen in which a macroscopic annular gap is
directly visible at the cement top (Figure 37), with an aperture of approximately 1 mm

already present prior to installation in the autoclave (Figure 37a).

A possible explanation for this observation is the evaporation of water during the curing
phase. In all casings, minor sedimentation occurred as denser particles of the slurry
settled towards the bottom, resulting in the formation of a thin water layer on top of the
cement column. In casing 2, however, this water layer was no longer present when the
plastic sealing was removed after 28 days, indicating that evaporation had occurred due to
insufficient sealing. The associated drying shrinkage likely induced tensile stresses at the
cement—steel interface, ultimately causing interfacial debonding and the formation of the
observed annular gap. The absence of a similarly large gap at the bottom of the casing
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suggests that drying was spatially limited to the upper section of the cement column,

where evaporation was most pronounced.

Figure 37: Cement of casing 2 before (a) and after (b) autoclave experiments, showing an annular
gap at the cement top

Despite its localized origin, the presence of a large annular gap at the top of the cement
column may have had a disproportionate effect on the system permeability evolution. Be-
cause this section already provided a hydraulically open pathway, the initial pressurization
of the autoclave would have enabled rapid pressure transmission into the annular gap.®”
The elevated pressure within the open top section of the annular gap could then have
acted on the cement—steel interface located below, which was not yet debonded. Owing to
this locally high pressure, the interface below the initially open gap may have been forced
to debond, resulting in the formation of a continuous annular gap from top to bottom
before the first system permeability experiment.

The densities and other cement properties of the casing 2 autoclave sample are unremarkable
compared with either the initial sample of casing 2 or the autoclave samples of the remaining
casings (Table 10). Likewise, mineralogical data reveal no notable differences relative to
the other samples (Table 12). However, the autoclave samples used for these analyses
were obtained from the central portion of the cement column. Since the missing water at
the top most likely affected only the upper section, the measured values do not capture
the cement influenced by the assumed drying shrinkage.

37In principle, the approximately 1 mm wide opening of the annular gap at the top should be accounted
for in the model. If this section is assumed to offer no resistance to gas flow, it could simply be subtracted
from the effective height of the cement column. This was not done, however, because the depth extent
of the widely opened section is unknown and it is unlikely to extend far downward. Moreover, test
calculations showed that, if the open section is shallow, its effect on the results is minimal.
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5.2.6 Implications for wells and future research
Practical relevance for wells and SCP

The experiments conducted in this study investigated two meters of cement—casing interface,
whereas real wells typically contain hundreds to thousands of meters of such interfaces.
Consequently, quantitative differences between laboratory observations and field-scale
behavior are expected. Thermal loading effects at the scale of this work are unlikely to
play a major role in real wells, primarily because boreholes commonly contain water that
limits evaporative and condensational processes. Moreover, even if thermally induced
condensation occurs, its influence on the system permeability appears to be transient
rather than persistent.

In contrast, cyclic pressure loading was shown to induce permanent system permeability
increases, most likely as a result of progressive debonding at the cement—steel interface.
At field scale, this process is expected to occur more gradually due to the substantially
greater interface length and the correspondingly larger total bonding area. Nevertheless,
the cumulative effect of cyclic pressure loading over extended operational periods may
still lead to measurable system permeability increases. Furthermore, gas mobility is likely
reduced by the presence of fluids within real annular gaps. Additionally, external confining
stresses imposed by the surrounding formation and internal casing pressure can reduce gap
apertures in real wells (Moghadam et al., 2022; Stormont et al., 2018). Finally, cement
formulation and the use of additives may further influence debonding behavior and system
permeability evolution under field conditions.

Despite these differences in scale and boundary conditions, the modeling framework
developed in this study can be extended to real wells. Given an effective annular gap
aperture, the resulting flow rate or pressure build-up at the wellhead can be predicted.
Conversely, effective gap apertures can be inferred from measured pressure build-up rates,
analogous to the experiments of this work. Similarly, in annuli open to the atmosphere,
effective gap apertures can be derived directly from measured gas flow rates.

For example, assuming a 500-meter-long well with a continuous gap aperture of 30 pm,
a gap width of 0.2 m, no water in the gap, atmospheric pressure at the wellhead, and a
reservoir gas pressure of 50 bar (corresponding to the hydrostatic pressure of a 500 m
water column), the model predicts that approximately 24 hours would be required for the
wellhead pressure to equilibrate after gas release, given an available gas volume of 5 liters
at the wellhead. According to API RP 90, this would qualify as a minor leak, as long as
the annulus pressure can be bled down to atmospheric pressure through a half-inch needle
valve (Figure 30, American Petroleum Institute, 2006). Under the same assumptions, a
continuous flow rate on the order of ~25 L/h would occur if the annulus were open to the
atmosphere.
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In contrast, a major leak according to API RP 90 is defined by the inability to bleed
annulus pressure down to atmospheric pressure through a half-inch valve. To evaluate this
scenario, the flow capacity of a typical needle valve must first be determined. According to
Samson AG (2012), the volumetric gas flow rate through the valve can be calculated using
Equation 46 for subsonic flow (Pys < 2+ Pys) or Equation 47 for choked flow (Pys > 2+ Pys).
Both equations represent simplified forms of those presented by DIN EN 60534-2-1 (2012).
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Vo Volumetric gas flow rate through the needle valve, related to 0 °C and

1.013 bar [m?/h]

K, Metric valve flow coefficient; volumetric flow rate of water, expressed in

m? /h, measured at 20 °C under a pressure difference of 1 bar across the

valve [-]

AP, Pressure difference across the valve (P — Pyg) [bar]

Py Absolute upstream pressure [bar]

Py Absolute downstream pressure [bar]

e Gas density at reference conditions of 0 °C and 1.013 bar [kg/m?]
Tus Upstream gas temperature [K]

Assuming that the annulus pressure at the wellhead cannot be fully bled down and a
residual pressure of 0.5 bar above atmospheric remains, Equation 46 predicts a volumetric
gas flow rate of approximately 20 m3/h from the wellhead to the atmosphere through
a typical needle valve with K, = 1. Maintaining such a residual pressure requires a
continuous inflow of gas from the annulus at an equivalent rate, thereby establishing
steady-state conditions between inflow and outflow.?®

The gap aperture h required to sustain this flow can be estimated using a discrete Hagen—
Poiseuille approach similar to model H, but assuming a constant mass flow rate and
without temporal discretization, as the flow is stationary in this case. Accordingly, the
annular gap is discretized only spatially and thermal effects are not considered. For each
segment, the local volumetric flow rate is calculated from the constant mass flow rate
and the gas density at the respective segment. Based on this volumetric flow rate, the

38The volumetric flow rate of 20 m3/h is given at 1 bar and 20 °C. The actual volumetric flow rate
into the wellhead is slightly lower than the volumetric flow rate out of the wellhead, because the pressure
inside the wellhead exceeds atmospheric pressure. This is accounted for in the calculations.
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pressure change across each segment is then determined from reservoir to wellhead using
the Hagen—Poiseuille equation (Equation 10).

According to this approach, a gap aperture of approximately 280 pm is required to maintain
a residual wellhead pressure of 0.5 bar with an open valve for the 500 m well described
above, representing a conservative lower-bound estimate for a major leak. For comparison,
maintaining a residual pressure of 49 bar under otherwise identical conditions would
require an aperture of approximately 2700 pm. These estimates assume laminar flow
and a completely dry annulus. The presence of liquids or turbulent flow components
would further increase the required aperture, implying that the presented values represent

conservative lower bounds.

In comparison, the maximum effective gap apertures derived from the cyclic loading
experiments are approximately 50 pm. Based on the calculations presented above, apertures
of 50 pm are insufficient to sustain a persistent wellhead pressure when the annulus is
vented through a needle valve. Consequently, annular gaps formed solely as a result of
cyclic pressure loading are unlikely to meet the API RP 90 criterion for a major leak.
Instead, major leaks likely require the presence of additional high-conductivity pathways,

such as mud channels.

This approach can be further condensed into a single equation. For this purpose, the
Hagen—Poiseuille equation for stationary incompressible flow (Equation 10) is extended to
stationary compressible flow. Under these conditions, an analytical integration along the
flow path is possible, such that explicit spatial discretization is no longer required and a
single governing equation is obtained.

For the standard Hagen—Poiseuille equation, this conversion from incompressible to com-
pressible flow is, for example, demonstrated by Landau et al. (1987) or Bird et al. (2001) for
an isothermal ideal gas. In this context, the pressure gradient AP/l (often also expressed
as dp/dz) can be replaced by (P2 — P§)/(2-1- Pys), where P; and P, denote the pressures
at both ends of the flow channel, P, is the reference pressure at which the flow rate is
specified, and [ is the length of the flow path.

Mathematically, this substitution is justified by accounting for the variation of gas density
with pressure under isothermal conditions. Inserting the ideal gas law into the Hagen—
Poiseuille equation leads to an integrable form in which the pressure gradient term is

proportional to the difference of the squares of the pressures at the channel endpoints.

By following this approach, Equation 10 can be adapted for stationary compressible flow
(Equation 48) by replacing the pressure difference between both ends of the channel, AP, s,
with (P2, — P2.)/(2 + Pam), where P, denotes the reservoir pressure, Py, the annulus

res

pressure at the wellhead, and P,;,, the atmospheric pressure.

For Darcy flow, an analogous transformation from the incompressible formulation (Equa-
tion 37) to the compressible formulation (Equation 9) can be applied (DAfStb, 1991).
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Consequently, the effective system permeability for compressible gas flow can be calculated
using Equation 49, which represents a well-scale formulation of Equation 9, originally
defined for laboratory experiments.

2 Vit -7 - lyen - Pt )
= () g
R T A ®
h Effective annular gap aperture |m]
Vout Volumetric flow rate from the annulus at the wellhead to the atmosphere,
at atmospheric reference conditions [m3 /s
n Dynamic viscosity of the gas at atmospheric reference conditions [Pa - ]
Lwell Length of the flow path, i.e. depth of the well [m]
Pitm Reference pressure, here equal to atmospheric pressure [Pa]
w Width of the annular gap [m]
P.os Gas pressure at reservoir depth [Pa]
Py Annulus gas pressure at the wellhead [Pa
K, Specific system permeability coefficient [m?]
Aan Cross-sectional area of the annulus permitting gas flow [m?]; A., =

7 - (r?2 — r?) with r, = inner radius of the outer casing and r; = outer
radius of the inner casing

Using Equation 48 or Equation 49, several quantities of interest can be determined. For
B/B tests exhibiting a major leak, where the annulus pressure cannot be fully bled
down to atmospheric pressure, the effective annular gap aperture or the effective system
permeability can be inferred. In this case, Vout corresponds to the gas outflow through
the needle valve to the atmosphere and may be either measured directly or calculated
using Equation 46 or Equation 47. Alternatively, for any arbitrary gap aperture or system
permeability, the stabilized annulus pressure P,y at the wellhead can be determined for a

B/B test in which a bleed-down to atmospheric pressure is not possible.

Furthermore, Equation 48 and Equation 49 can be applied to annuli that are open to the
atmosphere and show no pressure build-up at the wellhead, for example in wells exhibiting
CVF. In this case, V. is given by the measured volumetric flow rate from the wellhead to
the atmosphere, with Py, = Paym, and the effective system permeability or gap aperture
required to sustain this flow rate can be inferred. Conversely, the expected flow rate can

be calculated if a specific gap aperture or system permeability is assumed.
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As with all modeling approaches employed in this work, the present formulation represents
an approximation of the physical system based on a set of simplifying assumptions. In
particular, the compressible Hagen—Poiseuille formulation assumes ideal gas behavior,
which is often not strictly valid. For example, under representative reservoir conditions
corresponding to a depth of approximately 500 m (50 bar, 40 °C), methane exhibits a real
gas factor of approximately Z = 0.93 (Wischnewski, 2007), indicating a deviation from
ideal gas behavior (Z = 1).

Experimental transferability and outlook

In the present experiments, pressure was applied exclusively to the exposed bases of the
cement column. In contrast, active wells are not completely filled with cement but contain
an inner casing that is also subject to pressurization. When reservoir pressure changes
occur in active UGS wells, two distinct effects arise: (i) pressure variations act on the
exposed end of the cement sheath at the bottom of the well, and (ii) pressure is transmitted
to the inside of the production casing through which gas is injected or extracted, which in
turn affects the surrounding cement. Pressure variations at the exposed end of the cement
sheath have been shown to increase the system permeability in this work, whereas internal
casing pressure loading has been demonstrated to have a similar effect in previous studies
(Section 1.5). The combined influence of these two mechanisms therefore constitutes an
important subject for future research.

There are, however, two scenarios in which the influence of the production tubular pressure
is reduced or negligible. The first scenario is when a tubing is installed (Figure 1) and the
A-annulus is filled with a fluid. In this case, the tubing pressure is primarily transmitted to
the fluid column rather than to the cement sheath. The second scenario is encountered in
former oil or gas fields that are repurposed for UGS, where some wells may be abandoned
and filled with cement. These two scenarios more closely resemble the experiments

conducted in this work, as pressure is mainly applied to the exposed bottom of the cement.

Furthermore, this study has demonstrated that cement does not remain perfectly sealing,
even under highly controlled laboratory conditions. In real wells, cement placements
might be less ideal, which can further compromise the sealing performance. Since new
concepts for cement alternatives or additives have emerged, it would be valuable to conduct
experiments similar to those described in this work using different sealing materials, such
as resin-based systems, geopolymers, expanding cements, or cements with specialized
additives (e.g., Baumgarte et al., 1999; Ghofrani and Plack, 1993; Kwatia et al., 2019;
Morris et al., 2012; Santos et al., 2020; Yakovlev et al., 2023).

Consequently, it is worth discussing whether a transition from conventional cement to
sealing systems that incorporate additional or alternative materials is advisable. Although

cement remains the industry standard, it does not necessarily represent the optimal choice.

123



5.3 Model considerations and uncertainties 5 DISCUSSION

Ensuring well integrity is generally essential, but it becomes particularly critical when
leakage could have severe consequences, such as in wells containing hazardous fluids like
HyS. In such cases, incorporating additional barrier systems could enhance well integrity
and thus mitigate risks in the long term.

These systems could involve hybrid designs based on cement combined with localized layers
of complementary materials. For instance, bismuth-based alloys have been used successfully
in remediation, abandonment, or to seal annuli (e.g., Aznor et al., 2025; Carragher et al.,
2025; Zhang et al., 2020). It has also been proposed that uncemented annuli between
rock and casing may be closed naturally by salt or shale creep (e.g., Enayatpour et al.,
2019; Loizzo et al., 2017; Van Oort et al., 2022). Building on this concept, some authors
propose removing casings and cement in the caprock section and installing plugs made
of bentonite, salt, clay, and/or bitumen (Bracke et al., 2016). These materials can swell
or creep, potentially forming a long-term seal, and have demonstrated tightness over

geological timescales.

Overall, the development and testing of such alternative or hybrid sealing concepts
could play a key role in improving long-term well integrity, particularly in applications
where conventional cement systems may reach their technical limitations. A high-quality
abandonment using multiple long-term stable materials with complementary properties

appears to be a prerequisite for a more safe and sustainable closure of subsurface operations.

5.3 Model considerations and uncertainties
5.3.1 Scope and objectives

The interpretation of the experimental results presented in the previous sections is partly
linked to the assumptions and limitations of the applied modeling approach. While the
model provides a useful framework for quantifying gap evolution and system permeability,
its formulation involves simplifications that may influence the results.

The following sections therefore examine key aspects of the model formulation, evaluate
its robustness, and assess associated uncertainties. Particular attention is given to the
numerical solution strategy, the selection of fitting parameters, and the validity of the

underlying flow assumptions.

5.3.2 Monolithic formulation and comparison to operator splitting

The models described in Section 3.2 are based on an operator splitting approach, in which
gas flow and thermodynamic calculations are performed separately within each time step
and subsequently combined. This approach was chosen to explicitly account for and
analyze gas flow and multiple thermal effects on pressure separately. However, operator
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splitting introduces numerical splitting errors because the governing processes are not
solved simultaneously. A so-called monolithic solution, in which all governing equations
are solved simultaneously within each time step, would therefore be mathematically more

rigorous.

Thus, the aim of this subsection is to assess whether the operator splitting approach
yields results comparable to those obtained with a monolithic solution. For this purpose,
the following monolithic finite-volume models were developed. All variables used in this

section are explained below Equation 55.

Zero-dimensional formulation

The term zero-dimensional refers to a formulation in which the annular gap is represented
as a single hydraulic element over its full length using the Hagen—Poiseuille relation, i.e.,
without spatial discretization. The upper chamber is modeled as a single control volume
i.e., an open system across whose boundaries mass and energy can be exchanged. The gas
pressure in the upper chamber is derived assuming ideal gas behavior (Cengel et al., 2019,
ch. 3.6), with the governing equation solved in discrete time steps:

muc(t) : Rspec : Tuc(t)

Py(t) = %

(50)

Mass enters the upper chamber through the annular gap. The Hagen—Poiseuille equation
for compressible, isothermal laminar flow (see Section 5.2.6) yields the following mass
balance of the upper chamber:

dmuc N h3 s w Pl% - pl?c

dt _muC:12'T]'l.2'Rspec'T‘i

(51)

The temperature evolution follows from the first law of thermodynamics for an open
control volume (Cengel et al., 2019, ch. 5.3):
d . enth :

_(muc : uuc) = My * hin + Que (52)
dt
Assuming ideal gas behavior (uy. = ¢, - Ty and hffjth = ¢ - Tin according to Cengel et al.,
2019, ch. 4.4) and heat transfer between gas and steel wall proportional to the gas—steel
temperature difference, Equation 53 is derived from Equation 52:

dTuc muc : Cp : T‘in +c- Myc * Cy - (Tsteel - Tuc) - muc *Cy - Tuc

= 53
dt Muyc * Cy (53)

Equations (51) and (53) form a coupled system of ordinary differential equations, which is
solved simultaneously using the Radau method.

125



5.3 Model considerations and uncertainties 5 DISCUSSION

One-dimensional formulation of the gap domain

For improved comparability with the operator-splitting approach, the annular gap is
additionally treated as a one-dimensional domain. For the one-dimensional scenario,
assuming a constant cross-sectional area, the equation of continuity (Bird et al., 2002,

ch. 3.1) reduces to the following one-dimensional mass conservation equation:

O (2, 1) n Om(x,t)
ot Ox

—0 (54)

This conservation law represents the continuous form of the mass balance and serves as
the basis for the finite-volume discretization used in the numerical model. The mass flow
along the gap and into the upper chamber is evaluated using the compressible form of the
Hagen-Poiseuille relation (see Section 5.2.6 and Equation 51):

h3 - w OP(z,t)?
24 - n- Rspoc ' ﬂn Oz

m(z,t) = (55)
In the numerical implementation, this equation is discretized between adjacent control
volumes, resulting in mass flow rates proportional to the difference of squared pressures
between neighboring cells. The annular gap domain is discretized into N finite volumes.
For each control volume, a mass balance equation is obtained by discretizing the continuity
equation (Equation 54), while the mass flow rates between adjacent volumes are evaluated
using the Hagen—Poiseuille relation (Equation 55) in discretized form.

In the one-dimensional approach, the upper chamber is modeled as an additional control
volume with separate mass and energy balance equations. The mass flow rate into the
chamber is determined using the Hagen—Poiseuille relation (Equation 55) in discretized
form, and the temperature evolution in the upper chamber follows Equation 53. This
results in a coupled system of N + 2 ordinary differential equations (N gap cell masses,
chamber mass, and chamber temperature), which is solved monolithically.

In contrast to the zero-dimensional formulation, the relation underlying Equation 50 is
applied to calculate the pressure in each control volume, rather than only in the upper

chamber.

In line with operator splitting model H, only the gap aperture h is considered as a fitting
parameter in both monolithic models. The modeled pressure evolution in the upper
chamber is automatically adjusted to the measured pressure data using a least-squares
approach.

The full source code of the monolithic one-dimensional approach is provided in Appendix B,
while the main algorithm of the operator splitting model is provided in Appendix A.
Variables used in this section are explained below:
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PllC
Pz, 1)

Que
Rspec
T
Titeel
Tuc

Heat transfer factor between gas and steel in the upper chamber [1/s]
Specific heat capacity at constant pressure [J/(kg-K)]

Specific heat capacity at constant volume [J/(kg-K)]

Effective annular gap aperture [m]

Specific enthalpy of inflowing gas [J/kg]

Length of the flow path [m]

Gas mass in the upper chamber [kg]

Mass flow rate into the upper chamber in 0D [kg/s]

Linear mass density [kg/m]; A\, (x,t) = p(x,t)- A, with p being the gas density
and A the cross-sectional area.

Axial mass flow rate along the annular gap [kg/s]

Gas pressure in the lower chamber [Pa]

Gas pressure in the upper chamber [Pa]

Gas pressure in a one-dimensional control volume at position x and time ¢
[Pa

Heat flow rate into the upper chamber [W]

Specific gas constant of nitrogen [J/(kg - K)]

Temperature of the inflowing gas [K]

Steel temperature of the upper chamber wall [K]

Gas temperature in the upper chamber [K]

Time [s]

Specific internal energy of the gas in the upper chamber [J/kg]
Volume of the upper chamber [m?]

Width of the annular gap [m]

Spatial coordinate along the annular gap [m]

Dynamic viscosity of the gas [Pa - g

When comparing the results of the monolithic and operator splitting models, all approaches

yield similar gap apertures (Table 18). The deviation between the zero-dimensional (0D)

and one-dimensional (1D) monolithic models (mean absolute percentage error, MAPE =

1.65%) is even larger than the deviation between the operator splitting and monolithic

formulations.

The most appropriate reference for the operator splitting model is the 1D monolithic

model, as both approaches employ spatial discretization of the gap domain. Although

the modeled gap aperture h differs by approximately 1.4% between these two models

(Table 18), the operator splitting formulation can be regarded as a good approximation of

the monolithic solution.
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Table 18: Comparison of modeled annular gap apertures h from the operator splitting model H
(using only h as a fitting parameter) against two monolithic model variants (0D and 1D). N is the number
of finite volumes used to discretize the gap. Cas. denotes the casing number and Fzp. the corresponding
experiment number. hys denotes the gap aperture derived from operator splitting model H. For each
monolithic model, the modeled gap aperture hyono and the relative percentage deviation between operator
splitting and monolithic model Ah = 100 - (hos — Pmono)/Pmono are given. The MAPE (mean absolute
percentage error) is the arithmetic mean of |Ah].

Zero-dimensional 1D, N =20
Cas. Exp. hes [Mm]  hmono [1m] AR [%]  hmono [nm] Al [%]
0 2 23.00 22.66 1.53 23.04 -0.14
0 28 30.71 30.03 2.29 30.53 0.60
0 48 32.47 32.13 1.04 32.68 -0.64
1 10 6.98 7.03 -0.75 7.15 -2.36
1 17 14.13 14.02 0.76 14.26 -0.88
1 18 21.43 20.75 3.25 21.10 1.56
1 33 31.14 31.29 -0.48 31.82 -2.11
2 3 38.10 38.40 -0.78 39.05 -2.43
2 13 19.53 19.44 0.45 19.77 -1.21
2 23 42.01 42.33 -0.77 43.05 -2.43
2 51 42.34 42.48 -0.33 43.20 -2.00
3 8 13.75 13.71 0.23 13.94 -1.40
4 14 28.14 27.91 0.81 28.38 -0.85
MAPE [%] 1.04 1.43

The modeled pressure curves obtained with the monolithic and operator splitting models
are nearly indistinguishable (Figure 38a). Both models accurately reproduce the steep

initial pressure increase observed in experiments with low gas flow rates.
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[ ® Measured data [ ® Measured data
1 !E 1D Monolithic (h = 7.15 pm) 1 !l 1D Monolithic (h = 7.15 pm)
60.0 - ﬁ — = 1D Operator splitting (h = 6.98 pm) i 5’:: — 1D Operator splitting (h = 7.15 pm)
(I 10(;00 20(I)00 30600 40(300 (I) 10(;00 2()600 30(500 40(300
Time [s]

Figure 38: Modeling results for monolithic and operator splitting models based on experiment 10 of
casing 1. In (a), the best fit of both model types is shown, while in (b), the best-fit value of h from the
monolithic model is applied to the operator splitting model.
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When the same gap aperture is applied in both models, small deviations between the
resulting pressure curves become visible (Figure 38b). The example shown represents an
extreme case, in which the difference between the respective best-fit values of h amounts
to approximately 2.4%. For most other experiments, the deviations between the curves are
smaller. Overall, the results confirm that the differences between the two models remain
minor.

The operator splitting model was used throughout this work to enhance physical inter-
pretability, as it allows individual processes to be analyzed separately and in greater detail
than in the monolithic model. In contrast to the monolithic model, where mass and energy
balances are solved in a fully coupled manner, the operator splitting approach explicitly
represents each physical process in a modular way. This structure made it possible to
implement and evaluate individual mechanisms based on the physical understanding
developed during the course of the study. Moreover, the operator splitting model reflects
the progressive model development conducted in this thesis, as modeling initially started
with a simple Hagen—Poiseuille flow equation and was subsequently extended to include
thermodynamic processes.

The close agreement between both model types demonstrates that the underlying physical
processes were consistently represented. Depending on the intended application, either the

monolithic or the operator splitting model can therefore be employed and further adapted.

5.3.3 Selection of the fitting parameters

Although results from all model versions were generated, Section 4 primarily presents the
results of operator splitting model H, which uses only the gap aperture h as a fitting
parameter (Table 19). This choice was made because the modeled values of h are generally
consistent across all models. Introducing additional fitting parameters beyond h mainly
improves the agreement between modeled and measured data but has only a minor effect
on the resulting values of h and therefore the modeled system permeability. Furthermore,
increasing the number of free parameters reduces the comparability of the results. For
this reason, an approach with as few independent variables as possible was selected, while
still providing an adequate representation of the experimental behavior. The underlying

considerations are discussed in the following paragraphs.
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Comparison between models H and HC

In addition to h, model HC includes the heat transfer factor ¢ (Equation 26) as a fitting
parameter (Table 19). Since the experimental setup, including chamber volume, geometry,
and materials, remains largely unchanged throughout this study, heat transfer behavior is
expected to be similar across experiments. Consequently, the heat transfer factor ¢ should
also exhibit only limited variability. Nevertheless, quantifying its order of magnitude was
necessary to represent thermal effects. Therefore, heat transfer factors were estimated
directly from selected experiments (Section 3.2.2, page 45 ff.).

Table 19: Fitting parameters used in the different model types. h is the annular gap aperture, c is a
heat transfer factor, and P, and Py, are the minimum and maximum pressure values encountered
during an experiment. The column Constant parameters lists only those parameters that were kept
constant in a given model but were used as fitting parameters in at least one of the other models. Further
details on the different model types are provided in Section 3.2 (page 56 fI.).

Model type Fitting parameters Constant parameters

H h c, Pmin7 Pmax
HC h7 C Pmina Pmax
HP h7 Pmim Pmax c

As described in Section 3.2.2, reliable estimation of ¢ was only possible for experiments in
which heat transfer and gas flow were temporally separated. This condition is fulfilled
by ten experiments characterized by sufficiently slow gas flow. For these experiments,
incorporating heat transfer substantially improves the agreement between modeled and
measured pressure curves, particularly by reproducing the steep initial pressure increase
(Figure 39a,b). The resulting estimates of ¢ were subsequently used to derive representative
values for the remaining experiments (Section 3.2.2). For experiments with higher gas
flow rates, inclusion of heat transfer still improves the agreement between measured
and modeled data (Figure 39¢,d), although the improvement is less pronounced than for

experiments with low gas flow rates (Figure 39a,b).
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5.3 Model considerations and uncertainties
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Figure 39: Comparison of modeling results with (b, d) and without (a, c¢) consideration of thermal
effects. In (a) and (c¢), only the pressure increase due to gas flow is considered in the model. In (b) and
(d), heat transfer from the steel of the upper chamber to the gas and the resulting temperature—pressure
interactions are additionally included, leading to an improved agreement between measured and modeled
data. Pj, denotes the normalized pressure in the lower chamber, P} y the normalized pressure in the
upper chamber, T} x the temperature in the upper chamber and A the modeled aperture of the annular

gap.

In principle, ¢ should remain constant for experiments conducted with identical chamber
geometry and volume. However, the ten experiments used for its estimation show some
variability. For example, casing 3 exhibits values between 0.027 and 0.0317 s™!, casing 1
between 0.0279 and 0.0285 s™!, and casing 4 between 0.0394 and 0.045 s~!. To assess the
impact of this variability, model H was executed in two separate simulations using the
minimum and maximum observed values of ¢ for these casings (Figure 40a).

The results demonstrate that neglecting heat transfer altogether would influence the
modeled values of h (Figure 40b), whereas variations within the observed range of ¢ have
only a minor effect (Figure 40a). However, since the estimates of ¢ are based on only ten

experiments, their absolute accuracy remains uncertain.®”

39A quantitative assessment of the sensitivity to c is provided in Section 3.3.6.
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Figure 40: (a) Comparison of hy, the annular gap aperture derived from model H, using different
values of the heat transfer factor c. h{j*** refers to the value of hy modeled with the maximum c-value
of each casing (instead of the default arithmetic mean), and hf™ analogously uses the minimum value.
Only casings 1, 3, and 4 are shown because casings 0 and 2 lack experiments with low gas flow rates from
which a range of c-values could be determined. The mean absolute percentage error (MAPE) and the

symmetric mean absolute percentage error (sSMAPE) were determined according to Equations 56 and 57
(Tayman and Swanson, 1999), hx = hi*** and hy = hi™®.

(b) Comparison of h modeled with and without thermal effects. hy denotes the value of h obtained using
model H (Section 3.2), which incorporates thermal effects. hjf represents the corresponding value modeled
without thermal effects, i.e., assuming purely Hagen—Poiseuille flow. MAPE and sMAPE were determined
according to Equations 56 and 57 (Tayman and Swanson, 1999), with hx = hy and hy = h}Y.

1= |hxk — hyg
MAPE = — ———1.100 56
2| )

1< hx i — hyg
MAPE = — ! ’ - 100 57
S DB e e 0

MAPE  Mean absolute percentage error [%]

sMAPE  Symmetric mean absolute percentage error [%]

hx, hy  h-values to be compared, calculated by different model versions [pm]
k Index of the data point/experiment [-]

n Total number of data points/experiments [-]

To further investigate this aspect, model HC' was applied with ¢ treated as a fitting
parameter over a wide range between 0.001 and 0.25 s™!, substantially exceeding the
experimentally derived range. The underlying hypothesis is that model HC' may yield
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more reliable estimates of ¢ than the estimates obtained from the ten experiments with
low gas flow rates, which are subject to considerable uncertainties.

Model HC demonstrates a moderate to strong negative correlation between the modeled
values of h and ¢ (Figure 41a), as indicated by Pearson (r = —0.54) and Spearman
(r = —0.61) coefficients (Pearson, 1896; Spearman, 1904). The low p-values indicate a high
level of statistical significance. However, the substantial scatter in the data of Figure 41a
suggests that the upper chamber volume and h are not the only factors influencing the

modeled value of ¢. Thus, an argument could be made for including ¢ as a fitting parameter.

On the other hand, not using c as a fitting parameter could be considered more reasonable,
as ¢ should theoretically remain relatively constant under similar experimental conditions
based on physical and thermodynamic principles. Thus, the scatter in the data of Figure 41a
is most likely a numerical artifact rather than evidence of unknown factors influencing ¢
considered by model HC'
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Figure 41: Comparison of modeling results related to using c as a fitting parameter. The parameter
hgc denotes the h-value determined by model HC, cy¢ the c-value determined by model HC and hy
the h-value determined by model H. In subfigure (a), r denotes the Pearson or Spearman correlation
coefficient and p the corresponding p-value. In subfigure (b), the mean absolute percentage error (MAPE)
and symmetric mean absolute percentage error (sSMAPE) were determined according to Equations 56
and 57 (Tayman and Swanson, 1999), with hx = hy and hy = hgc.

Although model HC' reduces the arithmetic mean WRMSE by 26% compared to model H,
this improvement does not necessarily imply more realistic estimates of h or c. It primarily
reflects better agreement between measured and modeled pressure data, which could purely
result from increased flexibility due to the additional fitting parameter. Furthermore,
increasing the number of fitting parameters tends to reduce the comparability of model
results. Lastly, the mean percentage deviation of A between model HC' and model H is
only 0.6% (Figure 41b). Given the expected physical consistency of ¢ and the negligible
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influence on h, treating c as a fitting parameter provides limited additional value. Therefore,
model H (using only h as a fitting parameter) was preferred over model HC' (using h and
¢ as fitting parameters).

Comparison between models H and HP

In addition to h, model H P also includes P, and P as fitting parameters?® (Table 19).
P.x was included as a fitting parameter because, when used as a fixed value, it is defined
by a single measured value. If this value is an outlier, the normalization (Equation 12)
becomes distorted (Figure 10). Since both P, and Py enter the normalization, they
affect all normalized pressure values in the dataset.

Introducing P.;, as a fitting parameter was motivated by limitations associated with
discrete sampling and sensor response time. Since the pressure is recorded at 2's intervals
and the gas-release phase typically lasts only 1-2s, the true physical minimum pressure

may occur between sampling points.

Model HP was therefore designed to evaluate the impact of allowing P, and Pp., to
vary within predefined bounds (bound details in Section 3.2, page 56 ff.). The upper
bounds for P, and P, are given by their respective measured values. For P, the
lower bound is defined as the measured value minus the absolute pressure corresponding
to a normalized offset of 0.025, i.e., 2.5% of the difference between Py and Pyin.

Defining the lower bound of P,;, is more complex: decreasing P, in pressure requires
a corresponding shift in time. A regression over the first 20 measured pressure-time
data points of each experiment was performed to couple the pressure and time offsets
of Puin, using P(t) = a — b- e " as the regression model. The value of Py, is varied
along this regression curve, with the lower bound defined by whichever limit is reached
first: a temporal shift of 2 s or a normalized pressure shift of 0.05.% Once model HP
determines an optimal value of P,;,, all data points are shifted in time such that the
modeled Py, is located at t = 0 s. In addition, a change in Py, alters the normalization of
all measured pressures, thereby modifying the corresponding normalized values according
to Equation 12. Figure 42 illustrates this procedure. This paragraph only describes the
basic principles, with full details provided in Section 3.2 (page 56 ff.).

40P i is the minimum pressure occurring during an experiment. In models where P, is not a fitting
parameter, it corresponds to the measured minimum value. Py .y is the maximum pressure occurring
during an experiment. In models where P, .« is not a fitting parameter, it corresponds to the measured
maximum value.

41This applies only if Py, is recorded during the pressure-increase phase. If it occurs during the
gas release phase, a different bound definition applies (Section 3.2, page 56 fI.). This concerns only 10
experiments and has minimal influence on overall results, and is therefore not discussed here in detail.
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Figure 42: Example illustrating the shifting of Py, and P/, in model HP, based on experiment 5
of casing 0. Shifted denotes the dataset after the adjustments in time and pressure performed by model H P,
whereas original refers to the unshifted dataset.
(a) Model HP evaluates combinations of pressure and time and, in this example, identifies the optimal
Puin at approximately ¢ = —1 s, corresponding to a pressure of approximately 55.5 bar. All data are
therefore shifted forward in time by ~ 1 s.
(b) As in (a), all data are shifted forward in time by ~ 1 s. Additionally, the normalization changes due to
the updated value of Pyin (Equation 12), placing the modeled P, at (0,0) and modifying the normalized
pressures accordingly. The two arrows illustrate the shifting process for a single data point as an example.
For clarity, all data are shown in blue in (b). Nevertheless, the same data as in (a) are included, now in
their normalized form.

The underlying hypothesis for model HP was that using P, and P.. as additional

fitting parameters would yield more realistic values for both parameters and reduce the

WRMSE.

As expected, P, is reduced in 91% of the experiments by model HP. However, in 68%
of all experiments, the modeled P, reaches the predefined lower bound (Figure 43a).
The frequent convergence to the lower bound indicates that, in these cases, the model
would favor an even lower P, if permitted, despite the lower bound already representing
a substantial offset in Piy,.

This indicates that low P, values generally improve the agreement between measured
and modeled pressure data. But it does not necessarily imply that the modeled values of
P, are more realistic than the measured values. While it is likely that the true P, lies
below the measured value, the extent of this difference remains unclear. Since the model
consistently favors strong offsets, the resulting P, is often limited by the user-defined
bound and is therefore more arbitrary than the measured value.

For Pax, 49% of the modeled values remain unchanged at the upper bound, suggesting
that the measured P, already provides a good representation of the actual maximum
pressure. While 29% of the modeled values of P, reach the lower bound, only 22% of
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the values fall between both bounds, indicating that in most cases, Py.x is not freely
optimized between the bounds either (Figure 43b). Furthermore, the arithmetic mean
WRMSE of model HP is only reduced by 10% relative to model H. Consistent with this
limited improvement, the mean percentage deviation of h between model H P and model
H is only 0.9% (Figure 44).

(a) Distribution of modeled P!, offset (b) Distribution of modeled Py, offset
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Figure 43: Modeled offsets of P/, (a) and P, .. (b) as determined by model HP. In both plots,

blue markers indicate that Py, or Ppax reach the upper bound, meaning no offset was applied by model
HP. Orange markers indicate that the values reach the lower bound due to the maximum allowed offset.
The bound definitions are provided on page 57 ff. In (a), the ten experiments in which P, was recorded
during the gas release phase are omitted for clarity, as their bound definitions differ (page 59 ff.). In these
ten cases, five values of P, reach the upper bound and five reach the lower bound, with none lying
between the bounds.

In conclusion, the differences in both & (0.9%) and WRMSE (10%) between models H and
H P are small, considering that model H P uses three fitting parameters whereas model H
uses only one. Furthermore, the modeled values of P.;, and P,.x in model H P frequently
converge to either the upper or the lower bound. Convergence to the upper bound indicates
that model H P did not change the original, measured values. Convergence to the lower
bound shows that even the generously defined maximum offset was often fully exploited,

implying that the model would prefer an even larger, and likely unrealistic, shift of P,
and Ppax.

This does not support the hypothesis that allowing P, and P.x to vary freely leads to
more realistic estimates compared to the measured values. Consequently, model H (using
only h as a fitting parameter) was preferred over model HP (using h, Py, and Py as

fitting parameters).
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Figure 44: Comparison of modeled gap apertures h between models H and H P. The parameter hyp
is the h-value derived from model H P, while hy is the h-value derived from model H. The mean absolute
percentage error (MAPE) and symmetric mean absolute percentage error (sMAPE) were determined
according to Equations 56 and 57 (Tayman and Swanson, 1999), with hy = hy and hy = hgp.

Choice of minimization method

This subsection describes the choice of optimization methods used for parameter estimation
in the different model variants. Minimization methods from scipy.optimize are used in
all three model versions to automatically minimize the WRMSE (Equation 39), which
represents the difference between measured and modeled pressure values. For models H
and HC', local minimization methods are generally sufficient, as h and ¢ each exhibit a
single WRMSE minimum for most experiments. Among local methods, the derivative-free
Nelder-Mead algorithm (Nelder and Mead, 1965) performs well, as it is robust to noise
and does not require gradient information. This is an advantage since the WRMSE as a
function of ¢ or h is not always numerically smooth or reliably differentiable. In contrast,
local gradient-based methods such as least_squares (e.g., Branch et al., 1999; Coleman
and Li, 1996; Virtanen et al., 2020) can produce slightly higher WRMSE-values in these
cases, as they rely on smoothness and may converge to a local minimum instead of the
global minimum (Figure 45).

For model H P, however, local minimization alone is insufficient, as there can be multiple
local minima for the WRMSE due to the timeshift that occurs with any change in Py,.
Local minimization methods tend to get trapped in these local minima. Therefore, a

combination of global and local minimization is beneficial for model H P (Figure 45).

Since this combined approach also yields slightly lower errors for models H and HC
compared to using local methods alone, it is used in all three model versions. First,
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the differential_evolution method is applied to approximately locate the global
minimum of the WRMSE (Storn and Price, 1997). The resulting fitting parameter
value(s) at this minimum serve as initial guesses for the L-BFGS-B algorithm (Limited-
memory Broyden—Fletcher—Goldfarb-Shanno with Bounds), which performs a refined local
optimization (e.g., Byrd et al., 1995; Zhu et al., 1997).
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Figure 45: WRMSE boxplots for all models. H, HC', and HP are the model versions. The abbrevi-
ations following the model names represent the optimization algorithms: N M stands for Nelder—-Mead,
LS for least squares, and DFE for differential evolution combined with L-BFGS-B. Subfigure (a) displays
all outliers. In subfigure (b), the plot is zoomed in along the y-axis, and a swarmplot of the full dataset is
overlaid. The red line denotes the median. The notches represent an approximate 95% confidence interval
of the median. The box spans the interquartile range (IQR) between the first (Q1) and third quartile
(Q3). The whiskers extend to the outermost data points within the range [Ql — 1.5 - IQR, Q3 + 1.5 -
IQR], while data points outside this range are plotted as outliers (Iglewicz, 2025).

5.3.4 Iterations and initial gap aperture

This section primarily addresses the minimization of the required number of iterations. To
optimize computational efficiency, the goal is to use as few iterations as possible while

ensuring that any inaccuracy introduced by limiting the iteration count remains negligible.

When determining the optimal number of iterations, the key criterion was whether
additional iterations would still alter the modeling results. The iteration limits were
selected to ensure convergence, as further iterations resulted only in negligible changes to
the results, typically on the order of 0.01% or less. Table 20 summarizes the maximum
number of iterations used for each model version, as determined from all 256 experiments.
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Table 20: Maximum number of allowed iterations for the global (DE — Differential Evolution) and
local (L-BFGS-B) minimization algorithms across the different model versions.

Fitting Allowed iterations
Model parameters DE L-BFGS-B
H h 410 300
HC h, ¢ 820 300
HP By, Pain, Paax 132 100

Results for model HP converge rapidly with a small number of iterations, as two of
the fitting parameters (P, and Ppa.x) typically achieve their best agreement between
measured and modeled data at either the upper or lower bound. This is not the case for
models H and HC', where the optimal values of the fitting parameters usually lie within

the defined bounds. Consequently, models H and HC' require more iterations to reach
convergence.

The automated model versions require an initial input gap aperture to begin the first
calculation. For each experiment, results from previous model runs were used as input

apertures, meaning that the initial gap aperture for a given experiment was already close
to the modeling result.

Nevertheless, additional tests were performed to evaluate whether the results depend on
the choice of the starting value (e.g., Figure 46). These tests serve as a robustness check:
if different initial apertures lead to the same result, the model can be considered stable

and the resulting gap apertures reliable.
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Figure 46: Development of the modeled annular gap aperture h over successive iterations for three
different initial apertures (5 pm, 40 pm, and 100 pm), shown here for model H applied to experiment 25
of casing 2. For this test, model H was allowed to vary h between 1 pm and 150 nm for both the global
(Differential Evolution) and the local (L-BFGS-B) minimization algorithms. Final h refers to the last
value obtained from the local minimizer and thus represents the final result of the model run.
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The results of these robustness tests demonstrate that the choice of initial aperture indeed
has a negligible influence on the final modeling result, as shown in Figure 46. The deviation
between model runs with different initial gap apertures generally depends on the number
of iterations the model is allowed to perform. In most runs, a few outliers have a higher
deviation than the rest. These deviations can typically be reduced by increasing the
number of iterations. In all models, the number of iterations (Table 20) was chosen such

that this deviation in A remained well below 0.1% in most cases (e.g., final h in Figure 46).

Since the initial gap aperture is already close to the expected solution, the computational
time can be further reduced by limiting the range of gap apertures during the optimization.
The maximum gap aperture allowed is set to three times the initial aperture, but not lower
than 15 pm and not higher than 100 pm. The minimum aperture considered by the model
is always 1 pm. After completion of the modeling, all resulting gap apertures were verified

to remain far from both the lower and upper bounds.

5.3.5 Agreement between measured and modeled data

In the following, the agreement between measured and modeled data is examined, with
particular emphasis on the role of thermal effects and on experiments showing a reduced

agreement.

In most experiments, incorporating thermal effects?? into the flow model leads to a
generally good agreement between measured and modeled data (e.g., Figures 47b,d
and 48a). In contrast, neglecting thermal effects results in a noticeably poorer agreement
between measured and modeled data (Figure 47a,c). This difference in agreement is
particularly pronounced in experiments characterized by low system permeability and
correspondingly low volumetric gas flow rates (Figure 47a,b). For experiments with high
system permeabilities, and thus higher gas flow rates, differences in fit quality between
models that include thermal effects (Figure 47d) and those that neglect them (Figure 47c)
are still observable, but less pronounced. Despite these differences in agreement between
measured and modeled data, the resulting gap apertures h obtained from model versions
that include thermal effects (Figure 47b,d) and those that neglect them (Figure 47a,c) do
not differ strongly, regardless of the system permeability.

42In this work, the term thermal effects refers to all processes in which temperature changes influence
the pressure evolution or pressure changes influence the temperature evolution in the upper chamber. In
other words, thermal effects include all temperature—pressure couplings that contribute to the pressure
evolution.
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Figure 47: Comparison of modeling results with (b, d) and without (a, c¢) consideration of thermal
effects. In (a) and (c), only pressure increases due to gas flow are considered in the model. In (b) and
(d), heat transfer from the steel of the upper chamber to the gas and the resulting temperature—pressure
interactions are additionally included, which improves the agreement between measured and modeled
pressure. PJ’»70 denotes the normalized pressure in the lower chamber, PJ{ n the normalized pressure in the
upper chamber, T}  the temperature in the upper chamber and h the modeled aperture of the annular

gap.

Nevertheless, even with thermal effects included, a small number of experiments exhibit
reduced agreement between measured and modeled data. One such example is experiment 3
of casing 4 (Figure 48b). In this experiment, the pressure increases steeply in the beginning,
most likely due to thermal effects, followed by a phase of slow pressure increase before the
pressure rise accelerates again. In general, after thermal effects have subsided, the pressure
is expected to increase monotonically, with a gradually decreasing rate of increase over
time, as captured by the modeled pressure in Figure 48b. The non-monotonic behavior
observed in the measured data cannot be reproduced by the model, which is not designed

to account for such transient deviations.
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Figure 48: Examples illustrating differences in agreement between measured and modeled data: (a)
a good agreement between measured and modeled data with a normalized WRMSE of 0.005, and (b) a
suboptimal agreement with a normalized WRMSE of 0.03. P]’»,0 denotes the normalized pressure in the
lower chamber, ij’ n the normalized pressure in the upper chamber, T; x the temperature in the upper
chamber and h the modeled aperture of the annular gap.

While such cases may appear problematic, the reason for their elevated WRMSE becomes
clearer when the agreement between measured and modeled data is evaluated systematically
across all experiments. For this quantitative assessment, the weighted root mean square
error (WRMSE; Equation 39) is used, as shown in Figure 49a for all experiments. The
WRMSE represents the weighted root mean square deviation between modeled and
measured values. As normalized pressure values between 0 and 1 are used in the model,
the WRMSE-values are directly comparable across all experiments in Figure 49a. While
the majority of experiments exhibit WRMSE-values below 0.02, several experiments show
higher values, indicating a reduced agreement between measured and modeled data.

There are two main factors that contribute to these higher WRMSE-values:

1. Figure 49b shows the WRMSE converted to pressure in bar, obtained by multiplying
the normalized WRMSE by the pressure range (Pyax — Puin) of each experiment.
Some experiments with comparatively high normalized WRMSE-values appear less
pronounced when expressed in bar instead of their normalized form. This effect is
mainly caused by experiments with a small total pressure change (on the order of
1 bar). In such cases, the intrinsic scatter of the measured data (Figure 50) leads to
an elevated normalized WRMSE, even though the error in bar remains small. In
other words, the normalized WRMSE becomes increasingly sensitive to measurement
uncertainty for smaller amounts of released pressure due to the finite measurement

resolution.

2. However, a subset of experiments still exhibits distinctly higher WRMSE-values even
when expressed in bar (Figure 49b). These experiments are predominantly located
at the beginning of a casing series, including experiment 3 of casing 4 (Figure 48b).
Several of these early experiments with a high WRMSE-value display a characteristic
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pressure evolution: an initially steep, temperature-related pressure increase, followed
by a phase of very slow pressure rise, and subsequently a renewed acceleration
(e.g., Figure 48b). A plausible explanation for this behavior is the presence of
water within the annular gap. In freshly installed casings, residual water may be
present at the cement-casing interface. Gas migration through the annulus would
then initially have to displace this water, leading to a temporarily reduced pressure
increase rate in the upper chamber. Once the water is largely displaced, pressure
increases more rapidly. After several experiments, this effect appears to diminish,
presumably because the annulus has largely dried out. However, not all experiments
with elevated WRMSE-values can be explained by this mechanism.
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Figure 49: WRMSE (Equation 39) of all experiments. Colors represent different casings. Higher
WRMSE-values indicate less agreement between measured and modeled data. The horizontal line in (b)
is the standard deviation o of the raw pressure measurements, which is further explained below.

An important reference for interpreting the WRMSE-values is the scatter of the raw
pressure measurements. Figure 50a shows substantial data scatter, while step-like pressure
plateaus are clearly visible in Figure 50b. This reflects the finite precision of the pressure
measurement, resulting in a standard deviation o of approximately 0.027 bar. The standard
deviation represents the root mean square deviation of the measured values from their
mean (Box et al., 2005) and is therefore directly comparable to the WRMSE. While o
can be interpreted as a measure of measurement precision,*® the WRMSE quantifies how
closely the modeled pressure evolution reproduces the measured data.

The standard deviation of the raw measurements is also shown as a reference line in
Figure 49b. Most WRMSE-values scatter around this level. As the standard deviation

43However, systematic measurement errors cannot be identified from the data scatter alone. For example,
a constant offset of all sensors would not be visible in the standard deviation.
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represents the intrinsic measurement uncertainty, a WRMSE close to ¢ indicates an
excellent agreement between measured and modeled data. In some cases, the WRMSE
even falls below the standard deviation. This is possible because the raw data are averaged

prior to modeling, thereby smoothing the step-wise plateaus visible in Figure 50b.
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Figure 50: Raw pressure data recorded by the pressure sensor. (a) Measured pressure values
between experiments on 29 May 2019; the origin of the time axis (0 min) corresponds to the start of the
displayed time window. (b) Excerpt from experiment 6 of casing 3 conducted on 4 September 2020. In
(b), 0 min refers to the beginning of the experiment. The inset in the upper left of (b) shows the complete
experiment, with the highlighted rectangle indicating the time interval displayed in (b). o denotes the
standard deviation of the data, calculated with respect to a linear regression based on the displayed
pressure signal.

In summary, the agreement between measured and modeled data is generally good.
The WRMSE-values are typically close to the measurement uncertainty and only rarely
significantly higher. Elevated WRMSE-values can largely be attributed to experiments
with a small amount of released pressure or to transient effects, such as the presence of
water in the annular gap during early experiments. More generally, elevated WRMSE-
values may indicate that the effective hydraulic properties or geometry of the annular
gap changed during the experiment. Since the model assumes a constant effective gap
aperture throughout an experiment, transient changes caused by processes such as water
displacement, drying, or thermally induced shrinkage and expansion during an experiment
cannot be captured and may therefore contribute to higher WRMSE-values.
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5.3.6 Applicability of the Hagen—Poiseuille equation to compressible, non-
ideal fluids under unsteady flow conditions

This section examines the hypothesis that the gas flow may be described as laminar under
the experimental conditions. The Hagen—Poiseuille equation (Equation 15) is strictly
valid only for incompressible fluids, whereas compressible gas was used in the experiments.
However, as discussed in Section 5.2.6, Equation 15 can be reformulated for compressible
flow by replacing the linear pressure difference P;;_; — P;; between two segments with

(P2

]71_1
flow rate is defined.

— P?)/(2 Pes), where Pyt denotes the reference pressure at which the volumetric

Using the compressible formulation within the model explicitly accounts for the pressure
dependence of gas density, resulting in a smaller volumetric flow rate leaving a higher-
pressure segment than entering the adjacent lower-pressure segment, while conserving
mass flow rate. The compressible formulation therefore allows a more physically consistent
representation of volumetric flow by assigning segment-specific reference pressures rather
than relying on implicit averaged* conditions.

However, the compressible formulation assumes ideal gas behavior, which is only an
approximation under the experimental conditions. Furthermore, the modeled gap apertures
obtained using both formulations differ by a mean absolute percentage error of less than
0.5 %. Consequently, although neither formulation is strictly exact, the choice of formulation
has only a minor influence on the modeling results. This is most likely because the gas
behaves nearly ideally under the experimental pressure and temperature conditions, and
the relative pressure differences between lower and upper chamber were small.

Furthermore, the compressibility factor Z describes the deviation of a real gas from ideal
gas behavior in terms of compressibility and varies with both pressure and temperature.
Among other applications, it is often used to adjust thermodynamic calculations to account
for real gas compressibility. While some of the equations employed are based on ideal-gas
assumptions, Z reaches at most 1.01 for the typical temperature and pressure values
encountered during the experiments (Wischnewski, 2007), indicating that deviations from
ideal gas behavior are minor. Incorporating Z into the equations would require determining
its value for each time step and segment under the corresponding pressure and temperature
conditions. Moreover, real-gas parameters (k, ¢, ¢y, 7, 7) as well as the measured pressures
and temperatures already reflect real-gas behavior, so applying an explicit Z-adjustment
could lead to overcorrection with negligible benefit. Consequently, Z was not used to

correct the respective equations.

44Using the incompressible HagenPoiseuille equation is mathematically equivalent to applying the
compressible formulation at a reference pressure corresponding to the arithmetic mean pressure of adjacent
segments. The incompressible formulation can therefore be interpreted as a special case of the compressible
formulation with an averaged reference pressure.
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Another aspect concerns the assumption of steady (stationary) flow inherent to the Hagen—
Poiseuille equation. In reality, the volumetric flow rate varies continuously as pressures in
the annular gap and the chambers evolve over time. However, in the model, the Hagen—
Poiseuille equation is not applied globally over the entire casing length and experiment
duration. Instead, the annular gap is discretized spatially into segments and temporally
into time steps (Equation 15). At the beginning of each time step, the pressure difference
between two adjacent segments is evaluated and used to calculate the volumetric flow rate
between these segments for that time step. Consequently, the flow is treated as locally
steady between adjacent segments within one time step, while the overall low behavior
remains unsteady over the length of the casing and the duration of the experiment. For
sufficiently small segment lengths and time steps, this quasi-steady approach appears to

provide a good approximation of the actual transient flow.

5.3.7 Laminar and turbulent flow

The Hagen—Poiseuille equation applies only to laminar flow. To distinguish between
laminar and turbulent flow, the Reynolds number is often used, based on the experiments
of Reynolds (1883) and calculated according to Equation 58 (White, 2011). The hydraulic
diameter Dy, required for this calculation is defined in Equation 59 (White, 2011), with

Dy, ~ 2h in this work.
PRe " V- Dh

Re=——— 58
p (58)
2-h-w
= 59
h h+w (59)

Re  Reynolds number -]

pre Density of the flowing gas [kg/m3]

v Mean flow velocity [m/s]

Dy Hydraulic diameter [m)]

n  Dynamic viscosity of the flowing gas [Pa - s]
h  Aperture of the annular gap [m]

w  Width of the annular gap [m]

Based on the work of Rotta (1956), the transition from laminar to turbulent flow is
commonly assumed to begin at a critical Reynolds number of approximately 2300 (White,
2011). However, this threshold applies to regular pipe flow. For microchannels, as
investigated in this work, the critical Reynolds number appears to lie in a similar range.
According to Kandlikar (2013), the transition in channels with widths of 1-200 pm occurs
at Reynolds numbers of approximately 2200 for square cross sections and 2500 for flow
between parallel plates, the latter being more representative of the annular gap studied in
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this work. Nonetheless, there is no clear consensus in the literature and critical Reynolds
numbers for microchannels vary widely. While many values are close to 2000, some studies
report transitions at values as low as 300, as reviewed by Hetsroni et al. (2005) and Morini
(2004).

Reynolds numbers in this work are determined by first calculating the amount of substance
flowing due to the pressure difference using the ideal gas law. From this, the mass is
derived based on the molar mass (28 g/mol for Ny), and the volume is calculated via
the gas density. With the flow time and cross-sectional area, the mean velocity can be
determined. Alternatively, velocity can be obtained from the numerical model directly,
but the experimental data were preferred. Once velocity is known, the Reynolds number
can be determined using Equation 58.

The highest flow velocity observed in this study occurs at the beginning of experiment 59
(casing 2), for which one of the largest gap apertures (51.3 pum) is obtained from model H.
In this experiment, pressure equalization was completed within only 50 seconds, driven by
a comparatively large initial pressure difference of approximately 5 bar. The pressure in
the upper chamber increased approximately linearly by 3 bar during the first 10 seconds.
These are ideal circumstances for a conservative upper-bound estimation. A Reynolds

number of 700 is determined for this 10-second interval.

In contrast, the Reynolds number determined for experiment 3 (casing 2) is only 110,
although it is derived from the steepest part of the pressure increase as well and the system
permeability is still relatively high for this experiment, with a modeled gap aperture of
38.1 pm. This suggests that the Reynolds number remains below 100 for most of the
experiments. For example, a typical experiment with a modeled gap aperture of 20 pm
yields an arithmetic mean Reynolds number of only 15. Furthermore, these estimations
conservatively assume that the pressure increase is caused exclusively by gas flow, without
any thermal effects.

Even the highest Reynolds numbers determined for the autoclave experiments remain
far below the transition threshold of approximately 2000, which is commonly assumed
to mark the onset of flow transition from laminar to turbulent conditions (e.g., Hetsroni
et al., 2005; Kandlikar, 2013; Morini, 2004; White, 2011). The largest value obtained in
this study (= 700) therefore still lies well within the laminar regime. Given that the vast
majority of experiments yield Reynolds numbers below 100, and many even below 20, it
is reasonable to assume predominantly laminar flow for the conditions investigated here,
based solely on the Reynolds number.

However, the literature suggests that the critical Reynolds number for flow transition
can decrease with increasing channel surface roughness (e.g., Kandlikar, 2013; Peiyi and
Little, 1983). In other words, roughness can influence the onset of turbulence alongside
fluid properties, velocity, and hydraulic diameter. To account for roughness in flow
calculations, the relative roughness €., as defined in Equation 60, is commonly used (Guo
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and Ghalambor, 2005). It is based on the absolute roughness e,,s, which describes the
average height of surface irregularities.

Eabs

Erel = (60)
erel Relative roughness [m]
€abs Absolute roughness [m]

Dy, Hydraulic diameter as defined in Equation 59 [m]

A common way to calculate turbulent flow while accounting for surface roughness is the
Darcy—Weisbach equation, which can be rearranged to express velocity and adapted to
the model used in this work, as shown in Equation 61 (Chanson, 2004):

2N Dy (61)
V=) ———
f'lsg'p

v Mean flow velocity [m/s]

AP;,  Normalized pressure difference between segment i and i — 1 (point i and

i — 1) at the beginning of time step j [-]; equals Pj, | — P;,
Dy Hydraulic diameter as defined in Equation 59 [m]
f Darcy friction factor [-]
lsg Length of an annular gap segment |[m]
p Fluid density [kg/m?

The relative roughness ¢, (Equation 60) is a key parameter for determining the friction
factor f in Equation 61. Various formulations for determining f exist, as demonstrated
by Zeghadnia et al. (2019), who reviewed 33 different equations. However, these are
typically only valid for relatively high Reynolds numbers (often above 2300 or 4000) and
for small relative roughnesses below 0.05. Moreover, turbulent flow behavior has been more
extensively studied at the scale of commercial pipes than on the microscale - especially for

systems involving cement interfaces.

Nevertheless, given the potentially high relative roughness in cement—steel annuli, which
could lead to turbulence, an approach was made to simulate an extreme case where the
laminar Hagen—Poiseuille flow in the model was replaced by the turbulent formulation of
Equation 61. The volumetric flow rate was determined from the flow velocity and cross-
sectional area. The friction factor was estimated according to Chen (1979), representing
a worst-case scenario of fully rough, turbulent flow. In this simulation, the annular gap
aperture required to match the pressure increase was found to be a factor of five smaller
than in the laminar case. However, this is most likely inaccurate. First, the absolute
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roughness e,,s was arbitrarily assumed to be 50 pm. Second, it is highly questionable
whether standard friction factor and turbulent flow equations are applicable under the
conditions of this work at all, as discussed in the following paragraphs.

A general issue is that surface roughness is typically characterized either for commercial
pipes or for microchannels made from glass. In both cases, the relative roughness is rather
small due to the large diameters in pipes and the smooth surfaces in glass channels. Thus,
relative roughness values above 0.05 are rarely considered. For gaps between cement
and casing, no published roughness data is available. It is plausible that the relative
roughness in such systems exceeds 0.05 by far, placing it well outside the range commonly
investigated.

Additionally, microchannel flow is often studied using simple circular or rectangular
geometries, typically with moderate aspect ratios. In comparison, the geometry in this
work is rather extreme, with the channel width w several hundred times greater than the
gap aperture h. This strongly deviates from the flow conditions common equations were
developed for. Therefore, it is doubtful that a roughness or friction factor expressed in
one single value is sufficient for such geometries. Moreover, the roughness shape may play
a critical role: a sawtooth-like roughness may lead to different flow behavior than slowly

varying constrictions, especially at this scale.

In conclusion, while Reynolds numbers suggest laminar flow, it remains uncertain whether
roughness could locally induce turbulence. Corina et al. (2021) also assume laminar flow for
cement—steel annuli, but propose that nonlinear corrections might be required depending
on the gap geometry. Garcia Fernandez et al. (2019) also suggest that the geometry of a
real gap can differ considerably from the assumption of a gap between parallel plates.

However, the good agreement between the modeled laminar pressure evolution and the
experimental measurements suggests that the flow is predominantly laminar under the
conditions investigated here. This is particularly evident from the good agreement observed
even for experiments with the largest modeled annular gap apertures, corresponding to
comparatively high flow rates (Figure 51). Furthermore, given the small annular gap
apertures and low flow rates considered in this study, it is unlikely that turbulent flow
dominates. Therefore, purely laminar flow is assumed throughout this work as a first-order
approximation, which is sufficient to resolve and interpret the relevant effects investigated
here. A more precise assessment of the effects of surface roughness and gap geometry
would require detailed information on the actual surface structure of the cement—steel
interface for each annular gap. Addressing this would require extensive experimental

investigation of cement—steel interfaces, which is beyond the scope of the present study.

149



5.3 Model considerations and uncertainties 5 DISCUSSION

Casing 2, Experiment 60, A = 51.7 um

s
DO

5
o

Measured pressure in lower chamber

D
o
Temperature [°C]

e Measured pressure in upper chamber

D
D

Modeled pressure in upper chamber
—— Modeled temperature in upper chamber

>
g

0 10 20 30 40 50 60
Time [s]
Figure 51: Pressure and temperature evolution in the upper chamber for the experiment with the
largest modeled annular gap aperture h. The good agreement between measured and modeled pressure

data, even for this experiment with comparatively high flow velocities, indicates that the flow remains
predominantly laminar.

5.3.8 Synthesis of model uncertainties and sensitivities

In this study, a physics-based numerical model was applied to represent the underlying
mechanism of gas transport through an annular gap. While efforts were made to quantify
uncertainties and assess the sensitivity of the model to key assumptions, some uncertainties
inevitably remain. For example, flow within the annular gap may locally deviate from
purely laminar conditions, and real annular gaps are unlikely to exhibit perfectly uniform
apertures or widths along their entire length.

Consequently, the modeled annular gap apertures should be interpreted as effective values
that reproduce the observed pressure response rather than as exact geometric properties.
The same applies when these apertures are converted into equivalent system permeabilities,
which likewise represent effective parameters.

Provided that the general model assumptions are valid, the cumulative uncertainty arising
from input parameters, numerical discretization in time and space, and simplifications of
the physical system is expected to be on the order of a few percent (Section 3.3). This
level of uncertainty does not affect the principal conclusions drawn from the modeling
results.
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5.4 Annular pressure and flow regulations
5.4.1 From experimental insights to regulation

The experimental and modeling findings discussed above provide insight into mechanisms
governing annular gap development, system permeability evolution, and fluid migration in
well systems. However, the implications of these processes extend beyond the experimental
and modeling scale and directly relate to challenges in well integrity management.

These challenges are addressed in practice through regulatory frameworks that aim to
prevent leakage, with annular pressure and gas flow serving as indicators. The following
sections therefore discuss the rationale and content of such regulations, with particular
focus on different regulatory approaches and their effectiveness in light of the findings of
this study.

5.4.2 Rationale for regulation

Before any regulation or guideline is written, it is important to understand why it is
necessary in the first place. In the context of wells, regulations are usually introduced to
mitigate specific risks. The United Nations Office for Disaster Risk Reduction defines a
disaster risk as ”"the potential loss of life, injury, or destroyed or damaged assets which
could occur to a system, society or a community in a specific period of time, determined
probabilistically as a function of hazard*®, exposure, vulnerability and capacity*®” (UNDRR,
2017b).

Applying this framework to the context of wells highlights that not every risk poses a threat
to public safety or the environment. Some well-related risks primarily affect operator costs
and companies already have intrinsic incentives to minimize the expenses associated with
such risks. Consequently, such risks are generally of limited relevance from a regulatory
perspective.

The risks that are more relevant to regulatory and licensing authorities are those related to
health, safety, and the environment (HSE). Health risks concern the potential impact on
human health, for example by exposing workers or residents living near a well to toxic gases
(Epstein, 2015). Environmental risks include threats to ecosystems, the contamination
of groundwater, soil, or surface environments, as well as climate-related risks such as
unintended emissions of greenhouse gases (e.g., Dakhaeva and Magomaev, 2022; Forde et
al., 2019). These risks may manifest locally, for example through the pollution of drinking

45 According to the UNDRR (2017d), a hazard is defined as ”a process, phenomenon or human activity
that may cause loss of life, injury or other health impacts, property damage, social and economic disruption
or environmental degradation”.

46Capacity, exposure and vulnerability are defined in UNDRR (2017a,c,e)
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water resources, or globally, through cumulative contributions to atmospheric greenhouse
gas concentrations. Safety risks, in contrast, are typically associated with sudden, acute
hazards, such as accidents that can occur during drilling, completion, production, or well
intervention activities (Tamim et al., 2019). These accidents can lead to both immediate
health consequences and environmental damage.

In addition to identifying the risks that regulations aim to prevent, it is equally important to
ensure that compliance is effectively monitored. Regulators must be able to verify that the
prescribed practices are actually being followed, for example through routine inspections.
Otherwise, the regulations have little practical value. Furthermore, violations must be
subject to meaningful consequences. For example, if the penalty for non-compliance is
lower than the cost of preventing the violation, it may be economically rational for an
operator to ignore the regulation, which undermines the overall intent of risk mitigation.

Accordingly, effective regulation appears to rely on at least three essential pillars.

1. Regulations must ensure that operators adhere to the current state of technology

and best practices (Veer and Kumar, 2024).

2. Regulatory frameworks should confirm that operators possess the necessary technical
competence and sufficient financial capacity to remediate potential damages (e.g.,
Fogleman, 2020; Guven et al., 2020).

3. The responsible authorities must be equipped with both the expertise and the legal
means to monitor compliance and enforce sanctions that are sufficiently dissuasive

to ensure meaningful adherence (Walters et al., 2021).

Only when all three conditions are fulfilled can regulations achieve their intended purpose
of minimizing HSE risks.

5.4.3 Direct and indirect regulations

The studied countries regulate SCP and CVF using two different approaches: (1) Direct
regulations with specific requirements, as in the USA, Canada, and Russia, and (2)
indirect regulations that outline risks to be avoided, as in Australia and Norway, without
specifying mitigation measures. China follows an intermediate approach, as the guidelines
of state-owned companies are not official regulations.

Direct and indirect approaches each have advantages and disadvantages. Direct regulations
establish clear rules and boundaries that operators have to follow. They ensure a minimum
standard for all wells in a jurisdiction, some containing hundreds of thousands of wells.
However, prescriptive regulations must be regularly updated to keep pace with technological
developments and evolving scientific understanding. If regulations are not revised, they
may continue to prescribe outdated practices. Moreover, once a well has been approved
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and licensed under a given regulatory framework, regulators often have limited ability to
impose additional requirements retroactively, even when new technological solutions or
scientific insights become available. Furthermore, purely direct regulations struggle to
capture the variability of well types and geological settings. Every well is, to some degree,
unique, and there is an argument that regulations should reflect this complexity.

Indirect regulations do not apply requirements widely to all wells. The Australian approach
requires operators to design a well operations management plan and present it to the
regulator for approval (NOPSEMA, 2020a). This indirect approach allows for more
regulatory flexibility, as regulators can tailor their requirements to individual wells or
well types. Thus, stricter requirements can be enforced in specific cases, which is not the
case for general, direct regulations. However, the Australian approach leaves room for
human error and subjectivity and may not be feasible in jurisdictions that manage large
numbers of wells. Norwegian regulations place responsibility on the operator, based on the
assumption that they have the optimal expertise to handle specific well integrity challenges
(Petroleum Safety Authority Norway, 2017). This reliance on industry knowledge and
standards is common across many jurisdictions and has led some to incorporate industry
guidelines into official regulations. For example, U.S. federal offshore regulations directly
mandate compliance with the API RP 90 guideline (American Petroleum Institute, 2006;
Bureau of Safety and Environmental Enforcement, 2010).

A notable advantage of indirect regulations is that, by specifying only the risks to be
avoided, operators are implicitly required to use all reasonable measures to prevent them.
In the event of an incident, regulators can question why available best practices were
not applied. In contrast, under direct regulation, operators may only be required to
demonstrate compliance with the written rule. Thus, while it may seem counter intuitive,
indirect regulations can result in a higher level of safety, because they require operators to
justify their decisions relative to the state of knowledge, rather than merely comply with a
fixed list of requirements that could become outdated over time.

Thus, it seems advantageous to follow an indirect regulatory approach, in which the risks
to be avoided are clearly defined and compliance with best practices is required. However,
it is advisable to include at least one directly regulated element: mandatory data reporting.
Regulators should require operators to routinely submit monitoring results, diagnostic
testing data, and other relevant operational information directly to the competent authority
in a predefined format.*” It is also advisable that regulators establish a database for this
data, which should be accessible to the public, comparable to the Netherlands Oil and Gas
Portal (Geological Survey of the Netherlands, n.d.). This ensures transparency, reduces the

47In jurisdictions with a large number of wells, regulators may choose to reduce the reporting frequency
(e.g., one averaged daily value instead of continuous data) or allow operators to host the data in an
accessible database. At the very least, operators should be required to provide the data upon request.
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risk of data loss, and supports environmental and well integrity research.*® Furthermore,
it allows state agencies to efficiently identify potential well-integrity issues and contact

operators when data indicate possible anomalies.

Although an indirect regulatory approach is favored here, a minimum standard workflow
for SCP and CVF management is proposed based on the current state of knowledge (see
Section 5.4.4). This workflow can be combined with an indirect regulatory framework to
provide a basic, common foundation, or, more importantly, it can be incorporated into
direct regulations in jurisdictions that do not intend to adopt an indirect approach. Such
jurisdictions might favor a direct approach because it can reduce administrative complexity
for regulators, for example by potentially accelerating approval processes through a fixed
set of requirements.

5.4.4 Suggested minimum standard workflow

If a prescriptive approach through direct regulations is chosen, it is reasonable to ensure
that, at minimum, monitoring, diagnostic testing, and basic provisions for remediation are
included. As compiled in Section 4.2, existing regulations do not always cover all of these
three elements. In several jurisdictions, for example, only monitoring requirements are
prescribed. However, monitoring alone does not prevent or resolve well integrity issues; it
merely documents the presence of pressure or flow, which may or may not indicate a leak or
harmful conditions. When pressure or flow is detected during monitoring, diagnostic testing
is necessary to determine whether these measurements are caused by a leak and to assess
leak severity. Remediation may be required where loss of integrity is confirmed. Without
these components, regulations risk being formally compliant yet practically ineffective in
mitigating HSE risks.

A minimum standard workflow for basic HSE risk mitigation based on these considerations
is illustrated in Figure 52. Continuous monitoring of all accessible annuli throughout
the well’s lifecycle is recommended, combined with data recording (continuous electronic
recording preferred) and an early warning system based on threshold values. Analog
pressure gauges should be used for safety redundancy and reviewed periodically.

Regulators should establish an annulus pressure or flow threshold that triggers diagnostic
testing when exceeded. If a threshold is surpassed, B/B tests can serve as a starting
point for identifying well integrity issues, with further testing or modeling depending on
the test results. Routine diagnostic testing is also recommended for all wells, at least
annually. When SCP is detected, operators should inform regulators immediately and
suggest remediation options.

48For example, flow rate data are especially important for the estimation of emissions in the context of
CVF (e.g., Bowman et al., 2023; Seymour et al., 2024).
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Figure 52: Recommended minimum standard workflow for SCP/CVF management, including 1)
monitoring, 2) diagnostic testing, and 3) remediation. Modified after Schulz et al. (2025)

Monitoring for gas migration can be equally important and may start with a visual
inspection for distressed vegetation, if vegetation is available. Alternatively, infrared
cameras, portable hydrocarbon detectors, or drone sensing can, for example, be effective
options (e.g., Burgués and Marco, 2020; Jonca et al., 2022; Massie et al., 2006; Ravikumar
et al., 2017; Zimmerle et al., 2020). If gas migration is detected, diagnostic testing (e.g., soil
testing) and remediation should follow, similar to procedures for SCP or CVF detection.
As discussed, mandatory reporting requirements for all testing data to regulators are also

recommended.

Similar workflows that cover monitoring and diagnostic testing are suggested in API
RP 90 (American Petroleum Institute, 2006). Designed for direct field use, these API
workflows include explicit threshold values and require MAWOP (Maximum Allowable
Wellhead Operating Pressure) recalculations in case of pressure communication between
annuli. However, they do not address reporting or remediation directly; instead, wells
that do not bleed down to atmospheric pressure during testing are handled on a case-
by-case basis. Furthermore, they provide detailed guidance for different well types and
specific scenarios. In contrast, the workflow suggested here outlines only minimum
requirements for safe annulus pressure and flow management: monitoring, diagnostic
testing, and remediation. Due to its generic nature, it is designed to be applicable across
most jurisdictions, particularly those without mandatory or comprehensive SCP/CVF

workflows.

Since the workflow covers minimum requirements, it can be adjusted and expanded based
on the specific characteristics of a jurisdiction or serve as a foundation for a more tailored
or optimized workflow. For example, regulators might choose to mandate geochemical
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sampling of annular fluids alongside diagnostic testing, require continuous electronic

monitoring, or demand higher testing frequencies in high-risk scenarios.

As suggested by Kinik and Wojtanowicz (2011) and Kazemi and Wojtanowicz (2022), the
B/B test could also be refined in a more optimized workflow. For example, removing the
24-hour time limit and allowing both bleed-down and build-up pressures to reach steady
states would capture the true minimum and maximum pressures. Otherwise, if an annulus
cannot be bled down to zero bar, it is unclear whether this is due to a major leak or
simply because the bleed-down was halted prematurely. Moreover, the standard B/B test
procedure does not consider that a pressure build-up stabilizing at a low value may also be
the result of pressure loss due to subsurface leakage. Thus, an optimized workflow could
include a more in-depth examination of these cases.

5.4.5 Open and closed annuli

Another key decision in well integrity and pressure management involves balancing un-
controlled gas emissions through CVF in open annuli against the consequences of SCP in
closed annuli. Ideally, effective SCP/CVF monitoring would detect issues early enough

that the choice of annular management approach is of lesser importance.

However, to combine the benefits of open and closed annuli, it seems advantageous to use
closed annuli with emergency release valves where feasible. The valves can be installed at
the wellhead and contain trigger springs that release gas only if a certain pressure threshold
is reached, such as the MAWOP (maximum allowable wellhead operating pressure) minus
a safety margin. To provide additional redundancy and prevent valve malfunction (e.g.,
due to corrosion of the spring mechanism), the valves should also be equipped with rupture
discs designed to burst at a pressure above the spring release threshold, but still well below
the MAWOP.

In the case of open annuli, quantifying leakage rates for CVF wells is crucial for under-
standing their contribution to global oil and gas sector emissions, and to estimate effective
cement and system permeabilities. Furthermore, gaining a deeper understanding of the
integrity issues experienced by a well can enhance the chances of successful remediation.
To support this, recording the flow rates during the depressurization phase of B/B tests
can provide additional information for further analysis.

5.4.6 Abandoned wells

The regulations and guidelines discussed primarily apply to active wells and often do not
specify SCP, CVF, or gas migration monitoring requirements for abandoned wells. To
ensure well integrity after abandonment, it would be advisable to prescribe diagnostic

testing prior to abandonment and to perform remediation measures if integrity issues are
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detected, as for example mandated in Alberta and British Columbia (Alberta Energy
Regulator, 2022; British Columbia Energy Regulator, 2023). However, studies have shown
that abandoned wells can also lose integrity after plugging (e.g., Cahill et al., 2023).
Furthermore, subsurface leakage from abandoned wells can result in aquifer contamination
or gas emissions, similar to active wells (e.g., Li et al., 2023; Williams et al., 2021).
Therefore, adopting a long-term perspective seems essential, as cement-plugged abandoned
wells may not remain impermeable indefinitely and leakage or contamination may only

become apparent after extended periods of time.

Consequently, this study recommends long-term monitoring of abandoned wells. Where
annuli are accessible, pressure or flow monitoring represent suitable options, ideally using
electric gauges or flow meters to enable remote surveillance. If annuli are inaccessible,
infrared cameras, portable hydrocarbon detectors, or drone-based sensing, as discussed
above for gas migration, provide alternative approaches. Some of these methods, however,
require on-site personnel, which underscores the complexity of the issue: every well requires
monitoring for essentially an indefinite period, and each method still necessitates regular
evaluation of well-specific data. As new wells are drilled, the cumulative monitoring effort

and associated workload will inevitably continue to increase.

One potential solution is large-area emission monitoring using aircraft or satellite-based
systems. Although these technologies offer comparatively low spatial resolution, they
remain effective at identifying major emission sources, even in remote areas (e.g., Cusworth
et al., 2019; Jervis et al., 2021). And ultimately, detecting the largest emitters is of primary
importance. However, these methods are limited to atmospheric emissions and are not
suitable for detecting subsurface impacts such as groundwater contamination, which would
require more extensive and targeted sampling efforts. For example, nearby groundwater
monitoring wells can be sampled to test for subsurface gas migration. Finally, leakage
from abandoned wells remains an active field of research (O’Malley et al., 2024), making
the development of practical long-term monitoring solutions a valuable subject for future

research.

5.4.7 Relation to experimental observations

There is a clear relation between B/B tests and the experiments conducted in this work.
Between loading cycles, when gas was released from the upper chamber, the procedure
essentially resembles a B/B test. As in B/B tests, the subsequent pressure increase at
the top of the cement column was monitored. However, while B/B tests are typically
evaluated qualitatively and classified into three categories (no leak, minor leak, major
leak), the experimental results presented here allow for a more detailed and quantitative

assessment.
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Consequently, some of the insights obtained may be transferable to the interpretation of
B/B tests. Depending on the gas volume above the cement, volumetric flow rates, and
the prevailing pressure and temperature conditions, thermal effects may also influence
B/B test outcomes. However, these effects are likely less pronounced in B/B tests, as gas
release typically occurs over a longer timespan than in the experiments described in this
study. Consequently, the temperatures of the wellhead steel and the slowly expanding gas
are expected to largely equilibrate during the bleed-down phase, with less heat transfer
occurring during the build-up phase. As some heat transfer will still occur, particularly
during bleed-down, it may be of interest to investigate how thermal effects influence the
pressure—time response of B/B tests in real wells. Since the heat-transfer factors derived
from the autoclave experiments are only valid for those experimental conditions, such an

analysis would require data from real wells.
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6 Conclusions

Wells are essential infrastructure elements for subsurface energy extraction, storage, and uti-
lization. Sustained casing pressure (SCP) and casing vent flow (CVF) describe unintended
pressure build-up at the wellhead and unintended gas flow to the atmosphere, respectively.
Both are common problems caused by loss of well integrity that can compromise the safety
of wells or lead to aquifer pollution and greenhouse gas emissions. In many cases, the
cement—steel compound represents a critical mechanical weakness within the well barrier

system.

Given the complexity of well integrity, the topic was investigated across multiple scales
in this study. Large-scale experiments supported by laboratory-scale experiments were
conducted to improve the understanding of leakage mechanisms, with a particular focus on
underground gas storage wells operated under highly cyclic loading conditions associated
with fluctuating renewable energy supply. In addition, international regulations and
industry practices related to SCP and CVF were reviewed to evaluate how well integrity
is managed in the field.

The large-scale experimental investigations were conducted on five cement-filled steel
casings, each 2 m in length, to examine the effects of cyclic pressure and thermal loading
on the casing-cement interface. For this purpose, each cement-filled casing was installed
between two autoclave chambers, allowing gas pressure to be applied and independently
controlled from both sides of the specimen. The experiments simulated operating conditions
of underground gas storage wells at pressures of 60 bar and temperatures of 70 °C. Pressure
loading was applied by releasing and reapplying gas pressure, while thermal loading was
induced by activation and deactivation of heating mats. Between loading cycles, the system
permeability was quantified by stimulating gas flow through the cement-filled casing. Gas
flow was initiated by releasing gas from the upper autoclave chamber, thereby creating
a pressure difference across the cement-filled casing. This procedure is conceptually
comparable to a bleed-down/build-up (B/B) test. However, the pressure is not fully
released. As a result, the pressure gradient along the short 2 m casing is closer to pressure
gradients encountered in real wells than would be the case for a complete pressure release.

The experiments demonstrate that repeated pressure cycling can increase the effective
system permeability of the cement-filled casing, most likely due to progressive debonding
at the casing—cement interface. This finding suggests that cyclic operation promotes the
formation or reactivation of leakage pathways in the form of annular gaps between steel

and cement.

Notably, the permeability increase is limited to the first few loading cycles, typically fewer
than ten. Subsequent cycling does not seem to cause further irreversible changes, indicating
that the interfacial gap aperture approaches a mechanically stable state beyond which
additional debonding is negligible and has no significant effect on system permeability.
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Thermal loading appears to temporarily reduce the system permeability, an effect that
may be attributed to condensation of water within the annular gap. Subsequent gas flow
likely removes this water, explaining the transient nature of the permeability reduction.
If this interpretation is correct, thermal loading is expected to be of limited relevance
in wells where annular gaps are already liquid-filled. This observation suggests that
the permeability of annular gaps may be further reduced through the presence of fluids
with appropriately selected density and viscosity, together with actively maintaining a

continuous fluid column on top of each annulus to prevent drying out.

During gas release from the autoclave to initiate flow through the cement-filled casing,
a pronounced coupling between pressure and temperature can be observed. Gas release
from the upper chamber initially causes rapid depressurization, which in turn leads to
cooling of the remaining gas. Subsequently, heat transfer from the surrounding steel to
the gas results in reheating, with thermal equilibration in the upper chamber occurring
after approximately 200 s. This temperature increase alone induced a partial pressure
recovery in the upper chamber. In parallel, gas inflow into the upper chamber contributed
to both pressure and temperature increases.

The heat flow from the steel to the gas strongly influences the observed pressure build-up
in the upper chamber. At low flow rates due to low system permeabilities, where negligible
gas inflow occurs during the first 200 s, approximately 30% of the initially released pressure
are recovered solely due to heat exchange between the gas and the surrounding steel. With
increasing gas flow rates, the relative contribution of thermal effects diminishes, as the
pressure build-up becomes increasingly dominated by mass inflow.

At the field scale, however, such thermal effects are expected to be of minor relevance.
Pressure changes in wells typically occur over much longer timescales than in laboratory
experiments, allowing the gas to remain close to thermal equilibrium with its surroundings.
By comparison, pressure release from the autoclave occurred within approximately 2 s,
whereas bleeding an annulus at the wellhead through a needle valve may take several
hours.

To complement the experiments, numerical modeling was applied to quantify the evolution
of the system permeability as a function of loading cycles, assuming gas migration occurs
predominantly through an annular gap between steel and cement. A finite difference
approach based on the Hagen—Poiseuille flow equation (Equation 10) was chosen, including
thermal effects described above.

The modeled effective annular gap apertures inferred at the end of an experimental series
of a casing range between approximately 25 and 45 pm (Figure 35), assuming the casing-
cement interface is debonded along half of the casing circumference. These values are
representative of abandoned wells in pore storage settings, although they were derived
for cement sheath lengths of only 2 m. The model can, however, be adapted to real well
geometries and conditions (Section 5.2.6), including wells exhibiting SCP or CVF.
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As an example, the model was applied to simulate pressure bleed-down /build-up (B/B)
tests (Figure 53), which represent a common diagnostic approach for SCP. In such tests,
annular pressure at the wellhead is released and the subsequent pressure recovery is
observed over a period of 24 hours. According to API RP 90, if pressure can be bled
down to atmospheric conditions but subsequently rebuilds, the leak is classified as minor
(American Petroleum Institute, 2006). For a simulated 500 m well with a reservoir pressure
of 50 bar, assuming hydrostatic conditions, and a dry annular gap (described in more
detail in Section 5.2.6), the modeled pressure evolution for different gap apertures is shown
in Figure 53. For the same scenarios, the corresponding steady gas outflow rates at the
wellhead, assuming the valve is open to the atmosphere, would be approximately 120 L/h
for h = 50 pm, 25 L/h for h = 30 um, and 0.1 L/h for h = 5 um.
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Figure 53: Modeled pressure build-up curves during bleed-down/build-up (B/B) tests for three
different annular gap apertures h in a 500 m deep well. For a continuous aperture of h = 50 um, the
wellhead pressure reaches 50 bar after approximately 5.5 hours, for h = 30 ym after about one day, and
for h = 5 um after approximately 230 days. The results are highly sensitive to the available wellhead
volume, the assumed gap geometry, and the assumption that no gas is lost elsewhere along the flow path.

Furthermore, API RP 90 defines a major leak as a condition in which the annular pressure
cannot be fully bled down to atmospheric pressure through a half-inch needle valve
(American Petroleum Institute, 2006). Modeling this scenario shows that gap apertures of
at least approximately 280 pm would be required to maintain even a residual pressure
of 0.5 bar above atmospheric pressure with the needle valve open. If such gap apertures
are required to produce a major leak, it appears unlikely that cyclic loading alone can be
responsible, as the largest annular gap apertures obtained in all modeled experiments are
on the order of only 50 pm.
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Moreover, the gap aperture required to sustain a residual pressure at the wellhead with an
open valve (e.g., the 280 pm case discussed above) can also be obtained without numerical
modeling by means of a first-order analytical estimate. Equation 48 directly relates the
annular gap aperture required to sustain a given wellhead pressure to the outflow through
an open needle valve and yields gap apertures consistent with the numerical model, with
deviations on the order of 0.1%. An analogous formulation (Equation 49) allows the
effective system permeability to be estimated instead of the effective annular gap aperture.
Both equations are equally applicable to wells exhibiting CVF and can be used to estimate
the gap aperture or permeability required to sustain a given CVF rate.

These findings demonstrate that both the numerical model and simplified analytical
approaches are applicable to SCP and CVF scenarios and consistently indicate that
annular gaps generated by cyclic loading alone are unlikely to produce what API RP 90
defines as a major leak. This is attributed to the assumption that the annular gap aperture
approaches a mechanically stable upper limit, which in turn limits the leakage rate. From
the perspective of underground gas storage operations, this behavior is favorable. This
further suggests that, under conditions of high-quality cementation, the likelihood of major

leaks may be low.

Nevertheless, even minor leaks may pose long-term risks, particularly in the context of well
abandonment. Each well represents a permanent subsurface opening that may become
a leakage pathway in the future. From the perspectives of climate change mitigation,
groundwater protection, and long-term liability, each well is therefore associated with

enduring costs.

Accordingly, in addition to monitoring abandoned wells, further research into alternative
sealing materials appears warranted. While cement is relatively inexpensive and widely
used, it is not necessarily the most reliable long-term sealing material. Hybrid sealing
concepts combining cement for mechanical stability with additional sealing layers, such
as bentonite, rock plugs, bitumen, or bismuth alloys, may offer improved long-term
performance. In particular, self-sealing concepts appear promising, such as the placement
of clay plugs within clay caprock formations after abandonment, relying solely on lithological

sealing rather than on steel or cement components.

However, beyond the technical insights gained, it is also essential to consider how SCP
and CVF are managed in practice. In major oil- and gas-producing regions, approximately
10-30% of wells exhibit SCP or CVF. Against this background, this study reviewed
governmental regulations and industry guidelines addressing SCP and CVF in major gas
producing countries, including the United States, Russia, China, Canada, Australia, and
Norway (Schulz et al., 2025).

This review reveals substantial differences in regulatory approaches. Countries such as the
United States, Canada, and Russia apply relatively direct regulations, whereas Norway
and Australia rely on indirect frameworks that place responsibility on operators to manage
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annular pressures and flows. China similarly does not regulate SCP explicitly but operators
follow guidelines issued by state-owned companies. In the United States and Canada,

regulatory requirements vary considerably between jurisdictions.

While a strict, highly prescriptive regulatory approach might initially appear preferable for
ensuring well safety, it remains debatable whether it represents the most effective strategy
for managing SCP and the associated risks. These direct regulations place the burden on
regulators to anticipate all possible scenarios and to continuously update requirements.
Alternatively, defining unacceptable risks and obligating operators to apply best practices
may lead to improved safety outcomes, even if this approach appears counterintuitive at
first. In such frameworks, responsibility rests with the operator, who must demonstrate
adherence to evolving best practices that often exceed regulatory standards.

Against this regulatory background, the review further examined how SCP and CVF are
addressed in terms of monitoring, diagnostic testing, and intervention criteria. Monitoring
requirements for annular pressure or flow are mandated in 38% of U.S. states, 15% of
Canadian provinces and territories, as well as in Norway and Russia. In contrast, China
and Australia do not require monitoring by regulation. Diagnostic testing to assess
whether abnormal pressures or flows indicate integrity issues is explicitly required in 12%
of U.S. states, 38% of Canadian provinces and territories, and in Russia. Threshold values
triggering regulatory action are prescribed in 28% of U.S. states and 31% of Canadian
provinces and territories, while in other countries they are typically suggested in guidelines.
These findings indicate opportunities to strengthen regulatory frameworks, particularly by
incorporating systematic monitoring and diagnostic testing to enable early detection of

integrity loss.

Consequently, this study proposes a minimum workflow for SCP/CVF management in
regulatory frameworks that rely on direct requirements, beginning with routine monitoring
throughout the entire well lifecycle. When abnormal pressures or flows are detected,
diagnostic testing should be initiated. Initial diagnostics may include simple tests such
as bleed-down /build-up (B/B) tests, in which pressure is released from an annulus at
the wellhead and the subsequent pressure recovery is observed, or bubble tests, where a
hose connected to an annulus outlet is submerged in water to visually detect gas leakage.
These basic diagnostic techniques may be supplemented by further methods, such as
leak-rate quantification, fluid analysis, or numerical modeling, depending on the severity
and persistence of the observed anomalies. Additionally, wells should be tested for SCP
and CVF before abandonment and monitoring should continue indefinitely thereafter. In
general, remediation measures should be implemented if diagnostic results indicate the
presence of leakage. Finally, comprehensive documentation and reporting of SCP/CVF
data are essential to prevent the loss of information that is critical for understanding a
well’s integrity history.
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Despite these insights, significant challenges remain regarding the understanding and
management of well integrity at a global scale. Given the large number of wells exhibiting
integrity issues worldwide, extensive research remains essential. The present work represents
a small contribution toward improving the understanding of well integrity. Future studies
could expand the experimental program to include alternative sealing materials and apply
the modeling framework to real well data. Regulations and field practices might also be

further optimized.

Ultimately, even in a hypothetical future without hydrocarbon production, where all
hydrocarbon wells are abandoned and no new wells are drilled, understanding and managing
the integrity of the millions of wells that already exist today will remain an important
challenge.
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Glossary

Mathematical symbols and variables

This section contains only those symbols and variables that are used repeatedly throughout

the document. Symbols and variables that appear exclusively in a specific context (e.g.,

within Section 2.5 or in Figure 5) are defined directly at the point of use and are not referred

to elsewhere. For the sake of clarity and conciseness, these context-specific definitions are

not included in the glossary.

Y
Ah

APcas
AP inflow

i N
APy

’
APJ',Z'

7 inflow
AP
AP, inflow

N

/ outflow
APj, :

/ warm
APN

At
AT N

flow
AT

gap
ATy

AT 8ap

Adiabatic index, heat capacity ratio of the gas [-]

Percentage change in the annular gap opening aperture h, used for comparison
in different contexts [%]

Pressure difference between the two ends of the cement column inside the
casing [Pa]

Pressure increase in the upper chamber solely due to V] ~, the gas flow from
segment /grid point N — 1 into the upper chamber at time step j [Pal; see
Equation 18 for normalized form

Pressure difference over which AZ is determined [Pa]

Normalized pressure difference between segment i and ¢ — 1 (point ¢ and
~ Pl

Normalized pressure change in segment ¢ due to gas flow from grid point

i — 1) at the beginning of time step j [-]; equals Pj; ,
i — 1 to i at time step j |-]

Normalized pressure change in segment N (in the upper chamber) due to
gas flow from grid point N — 1 to N at time step j [-]

Normalized pressure change in segment ¢ due to gas flow from grid point ¢
to i+ 1 at time step j [-]

Normalized pressure increase in the upper chamber due to heat flow from
steel to gas at time step j [-]

Time step width used in the model ]

Difference between the saturation temperature 7},,, and the last modeled
temperature T;_; y; decreases with increasing j [K]

Temperature increase in the upper chamber at time step j, caused by the
gas flow into the chamber and the resulting pressure increase [K]
Temperature difference between the gas entering the upper chamber from
the gap and the gas already present in the upper chamber at the moment of
mixing during time step j [K]

A constant temperature difference between the gas entering the upper cham-
ber from the gap and the gas already present in the upper chamber at the

moment of mixing during all time steps [K]

165



GLOSSARY

AZ

4 (S)
4o (T)
KN

(1)

=

Cy
Fay

Change in compressibility factor Z of nitrogen corresponding to APy -]
Dynamic viscosity of the flowing fluid [Pa-s]

Compressibility of the flowing fluid [Pa™!]

Isentropic compressibility of the flowing fluid [Pa™"]

Isothermal compressibility of the flowing fluid [Pa™]

Isentropic compressibility of the gas in segment N and time step j [Pa_l]
Isothermal compressibility of the gas in segment i and time step j [Pa™"]

Isothermal compressibility of the gas in segment N and time step j [Pa™!]

Maximum temperature that can be reached during the heating process as
t — oo [K]; equals the temperature before the gas release and after the full
heating process is completed

Base area of the cement column [m?]

Difference between the temperatures immediately before and after gas release
with b = a — T(0) = Thax — Tonin [K]

Growth rate constant of the bounded growth equation; controls the rate at
which heat is exchanged between the steel of the upper chamber and the gas
inside and can therefore be regarded as a continuous heat transfer factor
[1/s]

Heat capacity of gas at constant pressure [J/(kg-K)]

Heat capacity of gas at constant volume [J/(kg-K)]

Additional factor to manually decrease At [-]

Aperture of the annular gap [m]; see Figure 4

Index for intervals/segments/grid points [-]; i = 1,2,..., N for intervals and
i=0,1,2,..., N for segments/grid points

Time steps assigned to modeled data, j =1,2,...,J []

Total number of time steps assigned to modeled data [-]

Discrete heat transfer factor based on ¢ and At [-]

Shape factor accounting for the channel geometry [-]; since w is 4-5 orders
of magnitude greater than h in this work, Kyp is close to 1.

Modeled equivalent cement matrix permeability assuming only cross-sectional
flow [m?]

Length of the annular gap [m]; see Figure 4

Length of an annular gap segment, equals [/N [m]

Time steps assigned to measured data, m =1,2,..., M [-]

Total number of time steps assigned to measured data [-]

Total number of intervals. Total number of segments/grid points = N +
1, with grid point N representing the upper chamber and grid point 0
representing the lower chamber [-]
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phys
Pjo
P;;
Py,

Pj_]-aN

warm
JsN

=

max

Pmin

/
JN

P!

.7_157:
/ warm
N
r
t
T

N

11.7._15N

The p-value [-] is the probability of obtaining the observed result (or a more
extreme one) under the null hypothesis. Conventionally, a p-value greater
than 0.05 suggests that the observed effect is not statistically significant.
Physical, non-normalized pressure value [Pa]

Measured pressure in the lower chamber at the end of time step j
Calculated pressure in segment ¢ at the end of time step j [bar]

Calculated pressure in segment ¢ at the end of time step 7 — 1 and thus at
the beginning of time step j [bar]

Calculated pressure in the upper chamber at the end of time step j — 1 and
thus at the beginning of time step j [Pal; Py n = Pin

Calculated pressure in the upper chamber at time step j, including the
pressure increase from heating at time step j, but not the pressure increase
due to gas flow from the lower chamber at time step j [Pal; the difference
between Py and Pj_1 v is solely caused by the heating of the gas due to
the warmer surrounding steel; oN = Pnin

Measured pressure in the upper chamber at time step m [Pa]; Py = Pun
Measured maximum pressure in the upper chamber that can be reached
during the pressure build-up, equals pressure before the gas release [Pa
Measured minimum pressure in the upper chamber reached at the end of
the gas release [Pal; Puin = Pon

Pressure at which the compressibility is calculated [Pa]

Normalized pressure value [-]

Normalized pressure in segment ¢ at the beginning of the modeling -]
Normalized measured pressure in the lower chamber at the end of time step
J

Normalized pressure in segment ¢ at the end of time step j, after the gas
flows le and V},Hl have concluded [-]

Normalized pressure in the upper chamber at the end of time step 7, including
both heating and gas flow shares [-]; ) y =0

Normalized pressure in segment ¢ at the end of time step 7 — 1, and thus at
the beginning of time step j |-]

Normalized value of P"™ [-]; Fiw™ =0

Inner radius of the casing [m]

Time that has passed since the beginning of the experiment [s]

Calculated temperature in the upper chamber (segment N) at the end of
time step j, including both heating and gas flow shares [K]; To x = Tinin
Calculated temperature in the upper chamber at the end of time step j — 1
and thus at the beginning of time step 7, calculated according to Equation 36
K
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.ﬂow
N

warm
I N

Wm
WRMSE
Ym

Calculated temperature in the upper chamber at time step j, including the

temperature increase from gas flow at time step j, but not the temperature

increase due to heat flow from steel to gas at time step j [K]; TO‘?]‘{,W = Thin

Calculated temperature in the upper chamber at time step j, accounting

for heat flow from gas to steel during time step j. The temperature change

caused by gas flow during time step j is not included [K]

Calculated temperature in the upper chamber at time step m [K]; Ty = Truin

Measured temperature in the upper chamber before the gas release [K]

Calculated minimum temperature in the upper chamber immediately after

the gas release [K]

Temperature in the upper chamber at time ¢ [K]

Volume of a gap segment [m?]

Volume of the upper chamber (segment N) [m?]

Volumetric flow rate [m3/s]

Volumetric flow rate between grid point ¢ — 1 and grid point ¢ during time

step j; can be positive (gas flow from point ¢ — 1 to point 7) or negative (gas
B

Volumetric flow rate (pressure-normalized) between grid point ¢ — 1 and grid

flow from point ¢ to point i — 1) |

point ¢ during time step j; can be positive (gas flow from point i — 1 to
point ¢) or negative (gas flow from point i to point ¢ — 1) [%2];

‘/JIJ : (Pmax - Pmin) - ‘/},i

Width of the straightened annular gap [m]; see Figure 4

Weight assigned to time step m in the WRMSE calculation [-]

Weighted root mean square error [-]

True (measured) normalized pressure in the upper chamber at time step m
[

Predicted (modeled) normalized pressure in the upper chamber at time step
m [-]

Compressility factor of nitrogen at the pressure P, and temperature T" at

which the compressibility is calculated [-]

Chemical symbols

Ca012
CaCOg
C&(OH)Q

Calcium chloride
Calcium carbonate
Portlandite

Caz(Al, Fe);05 Brownmillerite (C4AF in cement notation)

Ca2 Si04
Ca3A12 06

Belite (CyS in cement notation)
Tricalcium aluminate (C3A in cement notation)
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CazSiOs Alite (C3S in cement notation)
CO, Carbon dioxide
COg_ Carbonate ion
C-S-H Calcium silicate hydrates (cement notation)
Fe/Fe*t Iron (elemental/cationic form)
FeS Iron(IT) sulfide
H,/H* Hydrogen (molecular/cationic form)
H,.CO; Carbonic acid
HCO; Bicarbonate
HCI Hydrogen chloride
H,O Water
H.S Hydrogen sulfide
N, Nitrogen
Abbreviations
API American Petroleum Institute
Issues industry standards
B/B test Bleed-down /build-up test
Diagnostic test based on a pressure release (bleed-down) of an annulus
and the following rise (build-up) of the pressure curve within 24 hours
CVF Casing Vent Flow
Gas or liquid flow through an open annulus
DE Differential evolution
Optimization algorithm
H Model version H
Automated model that uses the gap aperture h as a fitting parameter
HC Model version HC
Automated model that uses the gap aperture h and the heat transfer factor
c as fitting parameters
HP Model version HP
Automated model that uses the gap aperture h, the minimum pressure
Pin, and the maximum pressure Py, as fitting parameters
LS Least squares
Optimization algorithm
L-BFGS-B  Limited-memory Broyden—Fletcher—Goldfarb—Shanno with

Bounds
Optimization algorithm
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MAASP

MAWOP

NM

NOPSEMA

NORSOK

SCP

SCVF

UGS

WOMP

WRMSE
XRD

Maximum Allowable Annulus Surface Pressure

Maximum pressure that is allowed at the wellhead, calculated for each
annulus

Maximum Allowable Wellhead Operating Pressure

Maximum operating pressure that is allowed at the wellhead, calculated
for each annulus

Nelder-Mead method

Optimization algorithm

The National Offshore Petroleum Safety and Environmental
Management Authority

Australian authority

The Norwegian Shelf’s Competitive Position

Issues industry standards

Sustained Casing Pressure

Pressure in annuli that rebuilds when it is bled down and that is not
caused by thermal fluctuations or the operator

Surface Casing Vent Flow

Gas or liquid flow through the open surface casing annulus
Underground Gas Storage

Caverns, depleted oil and gas fields, or other subsurface structures used to
store gas in the underground

Well Operations Management Plan

Weighted root mean square error

X-ray diffraction

A method used to identify crystalline phases by measuring the diffraction
pattern of X-rays passing through a sample.
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AN UNEXPECTED OBSERVATION

An Unexpected Observation

,Moria! Moria! Wonder of the Northern world! Too deep we delved there, and woke the
nameless fear.” (Tolkien, 1954)%

Surprisingly, J.R.R. Tolkien may have been more knowledgeable about well integrity than
commonly assumed. How else could we interpret delving too deep and awakening the
Flame of Udun if not as a fire caused by gas migrating to the surface? Tolkien is even
more specific regarding the evil awakened in the depths: the Balrog, a fiery being that is
quite literally burning. The Balrog of Morgoth was eventually halted by Gandalf the Grey
with the famous words: “You cannot pass.” Considering both the color of cement and
its purpose of preventing fluid migration, it seems obvious that Gandalf represents the
cement barrier, while the Balrog represents gas attempting to migrate upward. Indeed,
the Balrog migrates from the underground toward the surface, pursued by Gandalf, until

it is finally defeated and thrown back down from the peak of Zirakzigil.

After the battle, Gandalf the Grey becomes Gandalf the White. This transformation likely
represents remedial well intervention (perhaps placing a — rather white — salt plug?), as no
competent well engineer would continue to rely on a barrier that had already allowed a
Balrog to pass.

Tolkien, J.R.R. (1954): The Fellowship of the Ring. London: George Allen & Unwin
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APPENDIX

Appendix

A) Operator splitting algorithm

Here, the main algorithm implemented in Python 3.9 is provided. It represents the pro-
grammatic implementation of the mathematical description given in Section 3.2. The full
source code and all experimental data are included on the supplementary CD accompa-
nying the physical copy of this document and are also available through KITopen (DOLI:
10.35097 /ybrjg8rd9dupktum).

1 """ Hagen-Poiseuille function """

2 # Calculation of the volumetric flow rate through a rectangular cross -section
3 # according to Hagen -Poiseuille (finite difference model)
4 # If/Else statement to capture unrealistic flow rates , usually caused due to

5 # large time steps

6 def Q_HP(DeltaP, DeltaZ, Eta, K, TubeHeight, TubeWidth):

7 try:

8 Vdot = K*TubeHeight**3*TubeWidth/(12*Eta)*DeltaP/DeltaZ
9 except:

10 Vdot = 0.0

11 print ("Error while calculating --> Vdot set to 0")

13 if Vdot < np.inf:

14 Vdot = Vdot

15 else:

16 Vdot = 0.0

17 print (DeltaP ,DeltaZ,"Error while calculating --> Vdot runs to infinity")
18 time.sleep (4)

19 return Vdot

21

22

23

24 "wv Main algorithm """

25 k=1 - np.exp(-c*dt) # Heat transfer factor

26 VolumeAutoclave = VolumeAutoclave + 0.5*VolumeSegment

27 const_gap = dt/VolumeSegment

28 const_autoclave = dt/VolumeAutoclave

29

30 # For each modeled data, the closest pressure (lowerP_values) and
31 # temperature (lowerT_values) in the lower chamber are identified
32 closestIndices = timelIndices["closestIndex"].astype(int).values
33 lowerP_values = LowerChamber.iloc[closestIndices, 1].values

34 lowerT_values = LowerChamber.iloc[closestIndices, 0].values

35

36

37 # HAGEN -POISEUILLE GAS FLOW:

38

39 for j in np.arange(l, lengthOfTime, 1): # length0fTime = number of time steps
40

41 #Lower chamber

12 Pi[0] = lowerP_values[j-1]

13 closestTime[j] = lowerT_values[j-1]

44 # Regression -based isothermal compressibility

15 kappa[0] = (-0.000000002973239 * (Pi[0]*(PO-P1)+P1) + 0.000000342476357)
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48 # Gap segments :

49 for i in range(1,N,1):

50 DeltaP = Pi[i-1]-Pi[i] # Pressure difference

51 DeltaZ = dl # Flow length

52 # Regression -based isothermal compressibility

53 kappal[i]l] = (-0.000000002973239 * (Pi[i]*(PO-P1)+P1) + 0.000000342476357)
54 # Hagen -Poiseuille flow

55 Qi[i]l = Q_HP(DeltaP, DeltaZ, Viscosity, K, TubeHeight, TubeWidth)
56 dPi[i] = Qil[il*const_gap/kappalil

57 Pi[i] = Pi[i] + dPil[i]

58 Pi[i-1] = Pi[i-1]1-Qi[il*const_gap/kappali-1]

5

60 # Upper <chamber :

61 # Regression -based isentropic compressibility

62 kappa[N] = ((-0.000000002973239 % (Pi[N]*(PO-P1)+P1)

63 + 0.000000342476357) /Adiabatic_Index)

64 # Hagen -Poiseuille flow

65 Qi [N] = Q_HP(Pi[N-1]-Pi[N],dl,Viscosity, K, TubeHeight, TubeWidth)
66 dPi[N] = Qi[N]*const_autoclave/kappa[N]

67 PAutoclave[j] = PAutoclave[j-1] + dPil[N]

68 Pi[N-1] = Pi[N-1]-Qi[N]*const_gap/kappal[N-1]

69

70

71 # THERMAL EFFECTS (upper chamber only):

~
N

~

# Non -normaized pressure at beginning of time step j

74 PAutoclave_abs_start_j = PAutoclave[j-1]*(PO-P1)+P1

75 # Current temperature difference between steel and gas (upper chamber)
76 Delta_T[j] = a - T_Curve_k[j-1]

e # Temperature evolution due to heat exchange between steel and gas
78 T_Curve_k[j]l] = T_Curve_k[j-1]1 + (Delta_T[j]l * k)

79

80 # Pressure increase due to heat transfer from steel to gas:

81 # Calculate pressure from heat flow (isochoric , upper chamber)

82 P_from_T_abs[j] = PAutoclave_abs_start_j/T_Curve_k[j-1]1*T_Curve_k[j]
83 P_from_T[j]l] = (P_from_T_abs[jl-P1)/(PO-P1) # wWormalization

84

85 # Pressure difference from heat flow (upper chamber), which is 1later
86 # added to the total pressure

87 Delta_P_from_T[j] = P_from_T[j] - PAutoclavel[j-1]

88

89 # Temperature change due to gas flow induced pressure changes in the
90 # upper chamber (isentropic):

91 T_from_gasflow[j] = (T_Curve_k[j-1] x*

92 (PAutoclave_abs_start_j

93 /(PAutoclave [j1*(PO-P1)+P1))

94 **((1-Adiabatic_Index)/Adiabatic_Index))

95 Delta_T_from_gasflow[j] = T_from_gasflow[j]l - T_Curve_k[j-1]

96

97 # Add gas flow induced temperature change to temperature curve

98 T_Curve_k[j]l = T_Curve_k[j] + Delta_T_from_gasflowl[j]

99 # Add heat flow induced pressure change to pressure curve

100 PAutoclave[j] = PAutoclave[j] + Delta_P_from_T[j]

101 Pi[N] = PAutoclavel[j]
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B) Monolithic model

The full monolithic 1D model implemented in Python 3.9 and described in Section 5.3.2 is
provided below.

1 # -%- coding: utf -8 -%-
9 wn

3 Monolithic 1D finite-volume model

4 Automated fitting and reading of input data
5 wn

6 import numpy as np

7 import matplotlib.pyplot as plt

8 from scipy.integrate import solve_ivp

9 from scipy.optimize import least_squares

10 import pandas as pd

11 import os

12

13 R e

14 # Read excel data

15 R

16 # Adjust input folder and file if necessary

17 # Expected columns :

18 # "Time [sl", "P_uc [bar]", "P_lc [barl", "TO0 [deg CI1", "T1 [K]", "V_uc [m~31",
c [1/s1", "1 [m1"

16

20 folder = r"D:\Modeling_ Data"

21 filename = "C2_V51.xlsx"

22 path = os.path.join(folder, filename)

23

24 df = pd.read_excel(path)

25

26 # Time series (continuous) - upper and lower chamber pressures

27 t_exp = df["Time [s]"].to_numpy(dtype=float)

28 p_top_exp = df["P uc [bar]"].to_numpy(dtype=float) * 1leb # in Pa

29 p_bot_exp = df["P 1lc [bar]"].to_numpy(dtype=float) * 1leb # in Pa

30

31 # Individual values (first valid entry from the respective column)

32 def first_valid(colname):

33 vals = df [colname].dropna().to_numpy ()

34 if len(vals) == O0:

35 raise ValueError (f"Column '{colname}' does not contain valid values.")

36 return float(vals[0])

37

38 TO_C = first_valid("TO [deg CI")

39 TO = TO_C + 273.15

40 T1 = first_valid("T1 [K]")

41 V_chamber = first_valid("V_uc [m~3]")

42 c = first_valid("c [1/s]1")

43 L = first_valid ("1 [m]")

44 DiameterWell = first_valid("Diameter [m]")

45

16 R e

47 # Physical parameters for N2

48 R e

19 R = 296.8

50 cp = 1109.6

51 cv = 754.38

52 mu = 20.7e-6
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69

83
84
85
86
87
88
89
90

91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

to the

longitudinal

# Temperature when gas enters chamber

T_in = TO

B ommmmm e e e e e e e

# Geometry

B o m m o e o e e e e e e

w = 0.5*np.pi*DiameterWell # [m] gap width (transverse
direction)

# 1D FV discretization

N = 20

dx = L / N

B om m m e e e e e e e e e e e e e e e e e e e e e - =

# Interpolation p_bot(t): linear; constant outside

B om m m e e e e e e e e e e e e e o

def p_bot_of_t(t):

return np.interp(t, t_exp, p_bot_exp,
B o mmm e e e e e e e e e e e e e e e e e e —— - =
# Starting conditions
B om m m m e e e e e e e e e e e o o
P1 = p_top_exp[O] # first measured pressure in wupper

def build_initial_state(h):

left=p_bot_exp[0],

V_cell = w * h * dx
# Linear pressure distribution in the gap between p_bot (t
p_init = np.linspace(p_bot_exp[0], P1, N)
m_cells = p_init * V_cell / (R * T_in)
m_chamber = P1 % V_chamber / (R *x T1)
return np.hstack([m_cells, m_chamber, T1])
B m o o o o o e e
# Simulation for given h
B o o oo o m e e
def simulate_pressure(h):
V_cell = w * h * dx
# Hagen -Poiseuille coefficient per cell (Squared form for

isotherma)

C_HP_cell = (h**3 * w) / (12.0 * mu * dx)
yO = build_initial_state (h)
def rhs_fit(t, y):

m_cells = y[:N]

m_ch = y[N]

T = yIN+1]

# time -dependent lower chamber

p_bot_t = p_bot_of_t(t)

pressure

# Pressures

right=p_bot_exp[-1])

=0) and P1

compressible/

p_cells = m_cells * R * T_in / V_cell
p_ch = m_ch * R * T / V_chamber
# Mass flow (p~2-form)
mdot = np.zeros(N+1)
mdot [0] = C_HP_cell * (p_bot_t**2 - p_cells[0]**2) / (2.0 * R * T_in)
for i in range(1l, N):
mdot [i] = C_HP_cell * (p_cells[i-1]**2 - p_cells[i]**2) / (2.0 *x R x*

T_in)
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134
135
136

138
139
140

sol

m_ch
T_ch
p_ch

# In
p_in
retu

def resi
h =
p_mo
retu

h_initia

result =

mdot [N] = C_HP_cell * (p_cells[N-1]**2 - p_ch**2) / (2.0 * R * T_in)

dmdt_cells = mdot[:-1] - mdot[1:]

mdot_in = mdot [N] # Flow into wupper chamber

# Energy balance upper chamber

if m_ch <= 0:

Tdot = 0.0
else:
Tdot = (mdot_in * cp * T_in + ¢ * m_ch * cv * (TO - T) - mdot_in * cv
* T) / (m_ch * cv)

return np.hstack([dmdt_cells, mdot_in, Tdot])

= solve_ivp(

rhs_fit,

[float(t_exp[0]), float(t_expl[-11)1,
yo,

method="Radau",

max_step=0.5

sol.y[N]
= sol.y[N+1]
= m_ch * R * T_ch / V_chamber

terpolation at measurement times
terp = np.interp(t_exp, sol.t, p_ch)

rn p_interp

Function for fitting

duals (h_array):

float (h_array [0])

del = simulate_pressure(h)

rn (p_model - p_top_exp) / 1eb # scale to bar

1 = 30e-6

least_squares(

residuals,

x0=[
boun
)
h_fit =
print (£"
print (£"
4 ————-o
#
4 ——--o-
p_fit =
4 ——---
#
4 —-----

# Adjust

plt.figu

h_initiall,
ds=(1e-6, 100e-6)

float (result.x[0])
\nFitted gap height ({filenamel}, 1D):")
h = {h_fit=*1e6:.10f} 10E-6 m\n")

Final simulation with fitted h

output folder if mnecessary

re(figsize=(7,4))
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172
173

174

~
o

plt.plot(t_exp, p_top_
plt.plot(t_exp, p_fit/1le5,

ll)
plt.xlabel ("Time [s]")

plt.ylabel ("Upper chamber pressure [bar]")

plt.legend ()
plt.grid(True)

# Safe figure

exp/leb,

[

o',

label="Experiment (P_uc)")

label=f"1D FV monolithic (h

{h_fit*1le6:.2f} 10E-6 m)

out_path = rf"C:\Users\Marcel\Desktop\temp\monolithic_{filename}_n={N}.png"

plt.savefig(out_path,

dpi=300)
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