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Abstract

A solution for energy storage is needed to balance supply and demand in future energy
markets with an increased share of fluctuating renewable wind and solar energy. A key
enabler is large-scale, seasonal energy storage, where porous underground formations are
suitable storage solutions. An experimental pore-scale study was performed with the
objective to investigate hydrogen flow, gas saturations, residual trapping and contact
angles in porous media. Hydrogen injections were performed on a water saturated two-
dimensional micromodel with pore network based on a natural sandstone relevant for
underground hydrogen storage in an aquifer. The effect of capillary number on primary
drainage and cyclic hydrogen injection was studied with a pore pressure of 40 bar and
room temperature. An image segmentation algorithm was developed to extract gas sat-
uration from microscope images of the pore space. A sensitivity analysis showed that
the image segmentation algorithm had on average a relative uncertainty of 12%, pre-
dominantly caused by water accumulations and uneven light source distribution. During
primary drainage the hydrogen saturation increased for increasing capillary numbers.
During imbibition the hydrogen saturation decreased until it stabilised at the residual gas
saturation, where hydrogen was disconnected from the main flow, immobile and unable
to recover. Static contact angles for primary drainage and imbibition varied between 19
to 71°. Local gas displacement through the field of view was observed during drainage
and imbibition, resulting in fluctuating hydrogen saturation despite an expected increase
for drainage and decrease for imbibition. Experiments showed that gas recovery should
increase for higher capillary number, but a lower recovery was observed for the highest
capillary number caused by local displacement through the field of view.

Cyclic injections were performed at different capillary numbers and the development in
hydrogen saturation was studied. Local gas displacements in and out of the field of view
affected the end-point hydrogen saturation for each cycle. The end-point hydrogen satura-
tion showed hysteresis where both gas development and end-points varied between cycles
and repeated injections with equal capillary numbers. The gas saturation dependency on
capillary number was weaker when gas was injected over several cycles. The relationship
between increased gas saturation with increased capillary number was weaker for cyclic
injections compared with primary drainage.

Hydrogen loss during cyclic injection was studied by identifying the overlapping hydrogen
distribution during drainage and imbibition. Trapped gas relative to initial gas satura-
tion after drainage decreased with increasing capillary number. The results indicated
increasing trapped gas with increasing cycles, but no clear trend was observed.
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Nomenclature

0 Contact angle

) Porosity

o Inter facial tension

%vol  percent by volume

%rel  percent relative uncertainty

N, Capillary Number

P Pressure

Q injection rate

Sy Hydrogen gas saturation
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Sw Water saturation
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u(x)  Uncertainty to the parameter x

ur(z) Relative uncertainty to the parameter
Abbreviations

CCS Carbon Capture and Storage

CDC Capillary Desaturation Curve

CH, Methane

CO, Carbon dioxide

GSm?®  Giga standard cubic meter
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Chapter 1

Introduction

Norway needs to reduce the Carbon dioxide(C'Os) emissions by 55% by 2030 compared
with 1990 levels to achieve its climate targets, with a further reduction down to net zero
by 2050[1]|. Therefore, an increase of renewable energy sources like hydropower, wind, and
solar energy in the energy mix is urgent to fulfil the decarbonisation targets. Due to the
strongly fluctuating behaviour of renewable sources, such as wind speed and sunlight, a
solution for energy storage is needed to balance supply and demand in new energy markets.
Hydrogen (Hs) as an energy carrier can be produced from renewable sources by Power-to-
H, technologies, then stored in nearby underground formations and withdrawn to convert
to electricity when the electricity demand is high. Large-scale and inter-seasonal storage
solutions will be required to enable hydrogen as a low-carbon energy pathway.

Underground geological structures such as depleted oil and gas reservoirs, aquifers and
salt caverns can be used for large scale seasonal gas storage [2]. An underground gas
storage facility uses the natural trapping mechanisms of the geological environment. Gas
can be injected into geological structures, where the storage capacity of both aquifers and
reservoirs is dependent on available pore space. Salt caverns have been considered as a
more feasible and flexible solution for pure hydrogen storage, however the storage capacity
of salt caverns is typically only 10% of the area of depleted reservoirs [3]. Hydrogen has
been stored successfully in three salt cavern locations in Texas (1983) and Teeside (1972)
[4]. Saline aquifers may be suitable for gas storage with available large-scale storage ca-
pacity, but have not been proven to trap hydrogen and must be developed. Depleted oil
and gas reservoirs are the most commonly used underground gas storage sites because
of their wide availability and existing infrastructure. Most of the necessary installations
and systems for injection and storage are already in place, resulting in lower investment
costs for reservoirs than for other structures [5]. To enable H2 as an energy transition in
future, the storage capacity of geologic formations is significantly important, especially
for depleted gas reservoirs, where the potential volume could easily up to 250 GSm?3|6].
Even though a large number of studies focus on geological storage C'Oy and natural gas
in depleted gas/oil reservoirs and aquifers, there is very little literature on the potential
challenges of underground hydrogen storage(UHS). As the physico-chemical properties of
hydrogen are different with COy and methane(C' H,), mechanisms of hydrogen flow in
porous media must be considered before UHS can be realised. Challenges of using de-
pleted gas/oil reservoirs as storage sites are connected to biogeochemical, physiochemical,
hydrodynamics, and microbial activities in porous media. The formation tightness is also
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different for hydrogen than methane due to the small hydrogen molecule and increased
possibility of gas migration into smaller fractures. Hydrogen flow behaviour and residual
hydrogen trapping determine the working gas capacity, hence the hydrogen recovery from
the formation. Residual hydrogen trapping occurs when the hydrogen is disconnected
from the main flow into immobile, disconnected hydrogen bubbles that cannot be with-
drawn, reducing the recovery efficiency. Gas migration and residual trapping is discussed
for CO4 storage [7],[8], but is not described for aquifer or reservoir UHS. Disconnected
hydrogen bubbles may be reconnected and mobilised during cyclic Hs injection. The ef-
fect is known as hysteresis and is described for hydrogen storage in nano-porous carbon
tubes|9] and for cyclic CO, injection in porous media[7], but is not described for cyclic
Hs injection, as of the author’s knowledge. The coexistence of cushion gas, water and
CH4 and hydrogen should be addressed to study the hydrogen behaviour and residual
trapping when other fluids are present. In addition, a mixture of formation fluids and
hydrogen will be produced during the withdrawal of hydrogen for depleted reservoirs and
aquifers, affecting the hydrogen purity. The amount of hydrogen loss by dissolution in
water, biochemical reactions and microbial activities must also be quantified to identify
the potential effect on hydrogen recovery. The study in this thesis focused on pore-scale
mechanisms of hydrogen flow during UHS in porous media. Lab-scale experiments have
been performed using a high-pressure two-dimensional micromodel to study gas satura-
tion, residual trapping and contact angles during primary drainage, primary imbibition
and cyclic injection. The results lead to the identification of reservoir storage capacity,
potential losses and wettability changes during hydrogen storage in aquifers. The results
of this study can give valuable insight into pore-scale behaviour of hydrogen in porous
media of two-phase immiscible fluids for UHS.

Pore-scale mechanisms of hydrogen flow during UHS in porous media will be addressed
to study hydrogen behaviour in a water filled aquifer. Lab-scale experiments have been
performed using a high-pressure two-dimensional micromodel to study gas saturation,
residual trapping and contact angles during primary drainage, primary imbibition and
cyclic injection. The results lead to the identification of reservoir storage capacity, poten-
tial losses and wettability changes during hydrogen storage in aquifers. The results of this
study can give valuable insight into pore-scale behaviour of hydrogen in porous media of
two-phase immiscible fluids for UHS.
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Chapter 2

Background

2.1 Future energy market

Forecasts on energy demand

The European Union has set a goal of net zero carbon emission by 2050, an ambitious
target that requires changes for both consumers and industry. The emission target is
necessary to limit the global average temperature in accordance with the 2°C or below
target set in the Paris Agreement in 2015. The energy sector is responsible for 3/4 of
the global greenhouse gas emissions, and clean and efficient energy technology is required
to meet the targets [10]. Rapid deployment of solar and wind technologies is expected,
and an increase in Norwegian solar capacity has already been observed, partly caused
by high electricity prices [11]. TEA forecasts an additional capacity of 630 GW of solar
photovoltaics and 390 GW of wind capacity by 2030 compared to 2020 level. Innovation
of new technologies will also be important in the next decades. It is expected that tech-
nologies in the demonstration or prototype phase today will be important contributors in
the reduction of emissions in the future.

Technology development in hydrogen, batteries and direct air capture and storage will
have an important role in reducing C'O, emissions between 2030 and 2050. New tech-
nologies and electrification will lead to higher electricity consumption in 2050: electricity
will be responsible for almost 50% of the total energy consumption, requiring an increase
of 2.5 times the total electricity generation in 2021 [10]. The petroleum industry has to
follow new paths when investments and profitability in fossil fuels are reduced. TEA re-
ports that there will be no need for investments in new fossil fuel supply in their net zero
pathway, but it is expected that the annual investment in C'Oy pipelines and hydrogen
infrastructure will increase from $1 billion in 2021 to around $40 billion in 2030.

The key feature of hydrogen as an energy carrier is the ability to store variable renewable
energy. Renewable energy production cannot follow market demand due to the fluctuating
energy sources, and energy is lost if the production is higher than the demand if the system
is not connectd to storage solutions. Net Zero 2050 forecasts a need for 70 GW installed
offshore wind globally, and the global hydrogen use is expected to increase from 90M¢t in
2020 to more than 200 Mt in 2030. Offshore wind has higher capacity factors and lower
variability than onshore wind and solar photovoltaics and has the potential to become
an important contributor to future energy production [12|. Hydrogen can be produced

4
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offshore for storage of offshore wind, but offshore hydrogen production is a relatively new
concept without commercial experience as of today. Nevertheless, the competence from
the oil and gas sector could be used directly within offshore hydrogen. It is forecasted
that hydrogen production and demand will increase rapidly during the next decades [13],
and an upscale of the hydrogen production will expand both market and infrastructure.
In addition, roughly estimated, 1/3 of the produced green hydrogen and 20% of produced
low carbon hydrogen must be stored before use in 2030, demanding about 3 million tonnes
of hydrogen storage capacity [14].

Power system flexibility is a critical factor for the use of renewable energy. Variable
renewable energy demands flexibility, including storage solutions for grid balancing at
peak demand and storage when production exceeds the demand. Renewable wind and
solar energy cannot follow demand patterns and must be balanced using energy carriers to
sustain energy security. Flexible operation requires flexible storage solutions, like batteries
and hydrogen. The Net Zero 2050 report forecasts an electricity demand for hydrogen
production at 12 000TWh in 2050. Storage solutions that complement batteries must be
developed and commercialised, and it will be necessary to develop low-carbon hydrogen
industries to address climate change and energy security. The key element could be
hydrogen combined with storage technologies that enables long term and seasonal storage

[10].

2.2 Hydrogen

Properties and characteristics

Hydrogen is the most common element on Earth but rarely occurs naturally alone. Hy-
drogen atoms exist as components of other molecules and can be produced from water or
hydrocarbons. The main properties of hydrogen are given in Table 2.1. Hydrogen can be
produced from renewable energy by the water electrolysis reaction given in Formula 2.1,
while Formula gives hydrogen production from natural gas (C'H,)2.2:

CH4 + 2H20 + heat — 4H2 + COZ (22)

Hydrogen is a colourless gas, but a colour categorisation is often used to clarify the
production method [15]. Grey hydrogen is produced from fossil fuels without Carbon
Capture and Storage (CCS), while blue hydrogen is produced from fossil fuels with CCS
technology. Green hydrogen is produced from renewable energy, either directly from
renewable sources or with renewable electricity from the grid. It is forecast that the
hydrogen production in 2050 will be a combination of green and blue hydrogen to ensure
a relatively quick increase in total hydrogen production. An increased share of green
hydrogen is expected within 2050 in correlation with policy support, cost reduction and
renewable energy capacity|[16]. However, the production cost is expected to be lower for
blue hydrogen in the first time period [17], and a combination of hydrogen produced from
renewable energy and fossil fuels with CCS is expected to accelerate the hydrogen market
[16].

Hydrogen properties and characteristics are important for understanding fluid behaviour
and for security reasons. Hydrogen is an energy carrier, and the energy can be released

5
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Table 2.1: Hydrogen properties [18|.

Properties Hydrogen

Molecular weight 1.008 g/mol

Boiling point -253°C

Energy density 33.3 kWh/kg

Density at STP 0.09 kg/m?

Density at 350bar(700bar) | 31.5 kg/m?(63 kg/m?)
Flammability in air 4-75%vol

Ignition energy 0.017mJ

through combustion or chemical reactions. Hydrogen has the highest gravimetric energy
density (kWh/kg) compared to traditional energy carriers like fossil fuels, batteries and
methanol, but the low volumetric energy (kWh/L) is a disadvantage for transport and
storage footprint. Hydrogen is self-igniting at 4-75 % by volume in air with ignition energy
at 0.017mJ. In comparison, C'H, is flammable with a concentration at 5-15%vol in air,
a range 6-7 times narrower than for hydrogen. In addition, hydrogen has 15-20 times
lower ignition energy and 6-7 times higher burning velocity than C'H, [18]. The hazards
for hydrogen explosion in air are greater than for C'H, due to larger pressure, shock
wave speed and flame propagation speed for a hydrogen/air explosion [19]|. Traditional
mitigation methods like venting or gas detection equipment will generally be too slow and
would not work for hydrogen due to lammability and explosions properties, and hydrogen
must be handled differently than traditional fuels where the focus should be on prevention
leakage rather than leakage handling. However, an outdoor release would have a lower
risk for hydrogen due to buoyancy and dilution if leakage occurs [18|.

Offshore hydrogen production

There is a large potential in offshore hydrogen production due to high offshore wind ca-
pacities. The capacity factor of a power generation system is used to describe the average
power produced relative to maximal capacity. Offshore wind has high energy potential
due to high capacity factor, high average wind speeds [20] and reduced turbulence due to
less obstacles offshore. Today, the capacity factor of onshore wind parks could be up to
40%, but an offshore installation could have a capacity factor up to 60 %|[21]. In com-
parison, a typical capacity factor of solar photovoltaics is between 10 to 30%, with large
variations in power production between summer and winter [22],[23]. Seasonal variations
were observed for both wind and solar energy, where wind energy has highest capacity
factor during winter and solar energy during summer. Offshore and onshore wind have a
similar hourly variability in power output with hourly variability up to 20%, a narrower
band than solar photovoltaics with typical fluctuations up to 40% [21]. Hydrogen can be
produced offshore when the electricity demand is low to exploit the full potential of the
variable renewable energy. Electricity transmission is an alternative to offshore hydro-
gen production, but the energy loss is estimated to be lower for hydrogen transport in
pipelines compared to electricity transmission through cables to shore. An energy loss of
0.2 - 0.4 % was estimated for hydrogen transport in pipelines, while an offshore wind farm
with HVDC cables to shore would have an average energy loss of ~2.2% [24]. Neverthe-
less, offshore hydrogen production is still in its initial state, and the value chain is under
development. Hydrogen produced offshore could potentially be stored in storage tanks on

6
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platforms or on the sea bottom, or stored in nearby underground formations.

Hydrogen Storage Technologies

Hydrogen can be stored in different states and time perspectives. The most common
storage technology is storage tanks, where hydrogen is compressed to increase volumetric
density. Steel is a common material for pressurised gas storage, but lighter composite
material would be preferred for hydrogen storage tanks where weight is essential|25]. Hy-
drogen can also be liquefied, but the process is energy consuming and requires cryogenic
equipment due to the low boiling point (-253°C)[24]. Other opportunities are converting
hydrogen to other chemical components like ammonia (N H3) and liquid organic hydrogen
carriers (LOHC), which can be stored in traditional storage tanks. It is also expected that
hydrogen can be stored in geological formations similarly to C'Hy and C'O,. The volu-
metric density is a challenge for hydrogen storage, but UHS enables large-scale, seasonal
energy storage in the range of 100 to 1000 MW [26]. Nevertheless, the small size of the
hydrogen molecule can cause trouble and hydrogen behaviour must be studied. In terms
of underground storage, the tightness of the reservoir could act differently when hydrogen
is present. Safety, small surface footprint and availability of geological structures are some
of the advantages of UHS compared to traditional storage tanks [5].

2.3 Underground gas storage

2.3.1 Gas storage in porous media

Gas can be injected into underground formations and stored under pressure. Gas will
be compressed when injected into the reservoir due to the pressure increase with depth,
and the reservoir pressure will increase when volumes are injected. It is important not
to exceed the fracture pressure to avoid fractures in the formation. Fractures will reduce
the tightness of the reservoir seal and could result in gas leakage. Hydrogen could easily
diffuse in small fractions due to the small molecular size, where the tightness could act
differently for hydrogen than for natural gas. The pressure gradient between the reservoir
and the wellhead drives the extraction of the stored gas. If the pressure drops below the
pressure at the wellhead, the pressure gradient will change direction, and the gas flow to
the production well will stop. A certain amount of gas must be left in the reservoir to
maintain a pressure gradient and cannot be extracted to maintain a minimum pressure in
the reservoir. The permanently stored gas is called cushion gas, while the withdrawn gas
is called the working gas [26] and defines the available capacity of the reservoir. Table 2.2
gives the typical working gas/cushion gas ratio for different geological formations. The
working gas can be extracted between the minimum pressure and the maximums pressure
of the reservoir. Storage in porous media is most suitable for seasonal and large scale
storage due to flow resistance when the fluid is moving through the formation [27]. The
residual CH, from depleted reservoirs can be used as cushion gas for hydrogen storage,
but miscibility, diffusion and density must be considered in the choice cushion gases [28|.
In contrast to permanent C'O, storage, hydrogen storage is temporary, and, ideally, all
stored gas could be extracted. However, disconnected hydrogen will be residual trapped
in the pore space in a depleted gas reservoir and cannot be recovered. Residual gas and
cushion gas will be miscible with injected hydrogen, and it is expected that the recovered
hydrogen also contains proportions of other gases.

7
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Table 2.2: Typical working/cushion gas ratio for different formations [26][5],]4].

Salt caverns Aquifer Depleted Hydrocarbon Reservoir
Working gas ratio 70-80% ~20% 40-50%
Cushion gas ratio 20-30% ~80% 50-60%

An underground storage facility uses the natural trapping mechanisms of the geological
environment. A suitable formation for gas storage has high porosity and high permeabil-
ity. Effective porosity describes the storage capacity of the porous media and is defined as
the ratio of connected pore volumes and the total reservoir volume. The recovery from the
reservoir is also dependent on permeability, a measure of the ability to the porous media
to transmit fluids. The high porosity enables storage of large volumes in the formation,
while a high permeability indicates that the fluid can easily be transmitted through the
formation. Porosity and permeability are not necessarily correlated, and a high porosity
does not necessarily indicate high permeability and vice versa. Typical formations and
rocks with these features are sandstones, limestones and conglomerates, and typical reser-
voir types are saline aquifers and depleted hydrocarbon reservoirs [26]. An illustration of
storage opportunities for UHS is shown in Figure 2.1.

s Gas combustion unit/
Electricity g Electricity
Renewable 0
Energy
Sources » Electrolyser Others hydrogen
Hydrogen using option

NA\\\\\\[CY [

Injection
Withdrawal

>< Salt caverns ;:—»

Underground - .
hydrogen _,< Deep )
storage _Bqifer _/
possibilities

" Depleted ™
gas field /

Depleted \, »
_ oilfield /

Figure 2.1: Schematic illustration for storage opportunities for a underground hydrogen storage
facility [5].
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Underground geological structures such as depleted oil and gas reservoirs, aquifers and
salt caverns can be used for large scale seasonal gas storage [2]. An aquifers have similar
characteristics as a depleted reservoir, but fresh or saline water fills the pore space, and
hydrogen cannot ignite in such a structure due to the absence of oxygen [5]. Salt caverns
have been considered as a more feasible and flexible solution for pure hydrogen storage,
however the storage capacity of salt caverns is typically only 10% of the area of depleted
reservoirs [3|. Depleted hydrocarbon reservoirs and natural aquifers may be suitable for
natural gas storage with available large-scale storage capacity, but have not been proven
to trap hydrogen and must be developed. The current experience in UHS is restricted to
storage in salt caverns and storage of town gas. Hydrogen has been stored successfully in
three salt cavern locations in Texas(1983) and Teeside(1972) [5]. Town gas, a gas mixture
of CHy, Hy, COs, carbon monoxide and nitrogen, has also been stored in depleted gas
fields and aquifers since the middle of the 1900s in countries like the Czech Republic,
France and Germany [29], [30], [31]. Table 2.3 gives an overview of the maturity for
underground storage types for different gases.

Table 2.3: Suitability and maturity for different storage type, adapted from [32].

Storage types CH, H, (CO,
Depleted hydrocarbon reservoirs * v 0
Aquifers and traps * v 0
Salt caverns * 0 -
Abandoned Mines v - -
Engineered cavities, host rocks 0 v -

Legend: *:mature, widely implemented; o Proven, sparsely implemented; v:prospective: pre-
commercial pilots and conceptual designs; -: not forseen to take place.

Hydrogen characteristics and behaviour in porous media must be considered before UHS
can be realised. There is a gap in knowledge on the potential challenges of UHS in
depleted reservoirs and aquifers, where the challenges are connected to gas mitigation,
residual trapping, gas contamination and gas mixing. The formation tightness is differ-
ent for hydrogen than C'H, due to the small hydrogen molecule and increased possibility
of gas migration into smaller fractures. Hydrogen flow behaviour and residual hydrogen
trapping determine the working gas capacity, hence the hydrogen recovery from the for-
mation. Residual hydrogen trapping occurs when the hydrogen is disconnected from the
main flow into immobile, disconnected hydrogen bubbles that cannot be withdrawn, re-
ducing the recovery efficiency. Gas migration and residual trapping is discussed for C'O,
storage |7],[8], but is not described for aquifer or reservoir UHS. Disconnected hydrogen
bubbles may be reconnected and mobilised during cyclic Hy injection. The effect is known
as hysteresis and is described for hydrogen storage in nano-porous carbon tubes [33] and
for cyclic CO, injection in porous media |7], but is not described for cyclic Hs injection, as
of the author’s knowledge. The coexistence of cushion gas, water and C'H; and hydrogen
should be addressed to study the hydrogen behaviour and residual trapping when other
fluids are present. In addition, a mixture of formation fluids and hydrogen will be pro-
duced during the withdrawal of hydrogen for depleted reservoirs and aquifers, affecting
the hydrogen purity. The amount of hydrogen loss by dissolution in water, biochemical
reactions and microbial activities must also be quantified to identify the potential effect on
hydrogen recovery. The study of flow functions, residual trapping, biochemical reactions
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and hydrogen loss is needed to determine the working gas capacity for UHS.

2.3.2 Drainage and imbibition

A drainage is performed when hydrogen is injected into water wet porous formations.
Wettability is "the tendency of one fluid to spread on or adhere to a solid surface in
the presence of other immiscible fluids" [34|, where the water is the wetting fluid for a
water wet formations. Historically, a reservoir was initially water wet and 100% water
saturated before hydrocarbons migrated into the formation millions of years ago. A
minimum pressure called the threshold pressure is needed for hydrogen to displace water in
a water wet system, where the threshold pressure is dependent on pore radius and pressure
difference between hydrogen and water. A primary drainage is performed hydrogen when
hydrogen is stored in an 100% water or brine saturated aquifer [35].

The process where water displaces hydrogen stored in an water wet aquifer is called
imbibition. Water will flow into the small and medium-sized pores with high capillary
pressure during imbibition, while hydrogen will be transported to larger pores where
hydrogen is easier displaced. Capillary pressure is the difference between hydrogen and
water pressure in the pore space and will be described in the next chapter. Hydrogen
that is trapped in the formation after imbibition is called residual gas, and is present as
immobile disconnected hydrogen bubbles or clusters. Most gas will be recovered during
water breakthrough, where most gas is displaced by the waterfront. Almost all remaining
gas would be immobile when the waterfront has passed the smaller pores and channels,
a mechanism called by-pass. The residual gas will typically be disconnected gas clusters
extending over several pores or gas bubbles in small pores or in the centre of larger pores.
Residual gas in smaller pores could block pore throats and reduces local relative water
permeability [35].

The wettability during drainage and imbibition can evaluated by measuring the static
contact angle # between the hydrogen interface and the grain surface as illustrated in
Figure 2.2. The relationship between wettability and contact angles is found in Table
2.4.

Wettability Contact angle
Strongly water wet 0°
Neutral water wet 90°

Strongly oil wet 180°

Table 2.4: Wettability classification and contact angle.

Figure 2.2: Shematic illustration of the static contact angle in a capillary tube.

10
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2.3.3 Capillary pressure and residual trapping

Residual gas is caused by capillary trapping and structural trapping. Capillary trapping is
a mechanism that occur due to the capillary pressure in the pore channels. The capillary
pressure is defined as the pressure difference between the non-wetting and wetting fluid
in a capillary tube and is dependent on wettability, saturation history and pore structure.
The capillary pressure can be expressed by the Laplace equation:

P = 20cosb

" (2.3)
where o [N/m]| is the gas-water IFT, 6 is the contact angle and r[m]| is the pore radius,
and the relation shows that the capillary pressure increase with decreasing pore radius.
Hysteresis effect is observed where multiphase flow characteristics change for drainage and
imbibition under equal conditions [36].The capillary pressure/gas saturation relationship
is dependent on wettability, pore structure, initial gas saturation and saturation history,
and gas saturation is also dependent on flow patterns [37]. The interaction and coupling
of parameters could result in different flow behaviour for identical experiments, and is
described as hysteresis.

Residual trapping will reduce the gas recovery for UHS. The main mechanisms for capillary
trapping is by-pass and snap-off. Gas can be snapped off from the hydrogen flow when
gas is displaced through narrow pore throats if the capillary pressure in the pore space is
significantly smaller than the capillary pressure in the pore throat. When the waterfront
is moving through the pore network, the gas could either be piston-like displaced by the
waterfront, or capillary trapped by by-pass or snap-off [38]. Other trapping mechanisms
like solubility- and mineral trapping occur on long term for gas storage and has been
observed for CO, storage [39]. Dissolution of residual hydrogen has been observed in
the literature[40], [41], but in in contrary to permanent storage of C'O,, the long term
trapping of gas is not a desired mechanisms for UHS because the residual gas cannot be
recovered. The dimensionless capillary number (V.) is used to describe the relationship
between viscous and capillary forces in capillary channels:

N, = viscous forces _ @ (2.4)

capillary forces o

where U is Darcy flow velocity [m/s|, 4 = 0.001002 is the water viscosity |Pas| at room
temperature and o is the hydrogen-water IFT [N /m|. The Darcy flow velocity is calculated

by:
Q

U:m

where Q is the hydrogen injection rate |[ml/h|] and L, d and ¢ are the micromodel’s
length|m|, depth|m] and porosity, respectively.

The relationship between the irredusible water saturation and capillary number NN, is given
by the capillary desaturation curve (CDC) presented in Figure 2.3. The irredusible water
saturation is the lowest water saturation obtained for the capillary number. Capillary
forces are dominating for low injection rates during drainage and imbibition[42], and
increased viscous forces will give a lower irredusible water saturation due to less residual
trapping. A CDC is fundamental in oil and gas recovery to increase recovery efficiency
and describes the required flow conditions for oil displacement. The CDC curve could
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be modified to describe the storage capacity of UHS, giving the relationship between
irredusible water saturation during drainage [40| by capillary number. The N, with the
lowest water saturation will correspond to the highest gas saturation and the highest
storage capacity.
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Figure 2.3: Schematic capillary desaturation curve [43].

2.3.4 Literature

UHS is a relatively new concept with few experimental data and scars experience. The
following section will give an overview of state-of-art underground hydrogen storage solu-
tions and present relevant published scientific articles on the topic.

Even though the experience of underground hydrogen storage is scarce, several projects
for underground hydrogen storage have been initiated the past year. Seven European
partners will demonstrate large-scale storage of green hydrogen in salt caverns in the
HYPSTER project claiming its the first project of its kind. The HyStorIES project,
funded by Horizon 2020 programme, aims to deliver technological developments for hy-
drogen storage in depleted fields and aquifers, including determination of the expected
microbial activity and development strategies for long lasting wells. The Horizon 2020
funded project HyUsPre will research the feasibility and potential of implementing large-
scale storage in porous media. The first parts of the delivery are a technical feasibility,
risk and potential of large-scale UHS in porous reservoirs in Europe. A roadmap for the
deployment of UHS up to 2050 will also be developed. Companies are also testing and
proving CCS technologies|44|, with broad experience of geological structures from the
petroleum industry.

Most papers published in literature studies are modelling UHS behaviour or overviews of
large-scale storage solutions. Fieldman et al. [45]have performed a numerical simulation
of hydrodynamic and gas mixing processes for UHS in a depleted gas reservoir. Lysyy
et al. [46] simulated hydrogen underground storage in a depleted gas field. Lysyy et al.
suggested a need for more experimental studies where key parameters were examined.
Suggested areas are miscibility with oil, diffusion and dispersion, residual saturations,
capillary pressure and relative permeability. Amid et al. [47] modelled hydrogen losses
for UHS for a sandstone reservoir at depth 2743m and temperature 365K with hydrogen
injection pressure between 5 to 10 MPa during 12 moths. They estimated hydrogen loss
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to diffusion from water-filled pores in the caprock (¢ = 0.05) and the underlying aquifer(¢
= 0.2), assuming pure water. Leakage losses were 0.035% of the stored hydrogen after 12
months, where 0.029% was lost to the aquifers and 0.006% to the caprock. The estimates
are an upper bound due to the use of pure water, where saline water would have a lower
solubility and dissolution. The paper concluded that the reservoir’s losses from dissolution
and diffusion would be less than 0.1%. They also estimated the biological consumption
of hydrogen and found that only 3.7% of the hydrogen would be lost to conversion to
methane or biogas over storage lifetime in a worst-case scenario. H,S can also be produced
from microbial reactions in the formation and is not beneficial|47] because H»S' is toxic,
corrosive, and can damage fuel cells. Purification of hydrogen can be necessary after
extraction due to contaminations in the reservoir. Hydrogen dissolution was also studied
by Bo et al [48]. They performed a geochemical modelling to examine hydrogen loss in an
UHS with pressure at 0.1 to 101 MPa and temperature in the range of 30 to 200°C. The
results of the study showed that an increase in pressure and temperature only increased
the hydrogen solubility slightly in brines, and an increased salinity decreased the hydrogen
solubility. They also concluded that hydrogen loss caused by geochemical reactions would
be minor for UHS [48]. Other studies are more general and presents overview of storage
solutions and feasabilities. Amid et.al. [47] has performed a feasibility study of seasonal
storage of hydrogen in depleted natural gas reservoir. Papers by Andersson et.al. and
Matos et.al. gives overview and criteria for large-scale UHS [49],|26]. Site selection is also
a topic in Nemati et al. [50] and Arvantis et al. [51].

Lab scale experiments are also conducted in the study of hydrogen behaviour in un-
derground geological structures. Flesch. et. al. have performed core experiments on
reservoir sandstones under simulated reservoir conditions in depleted reservoirs or sed-
imentary aquifers [31]. Hart [40] and Lysyy et al.[41] studied pore-scale behaviour of
hydrogen-water-micromodel system. Hart found that hydrogen saturation increased with
capillary number during drainage until a specific water saturation was reached, and that
hydrogen dissolution was mainly driven by advection at the water-hydrogen interface.
The dissolution was also observed to be correlated with increasing capillary number,
where hydrogen solubility was slightly dependent on capillary number and high depen-
dence of micromodel pressure. Lysyy et.al. also observed increased hydrogen saturation
after drainage with increasing capillary number. In addition, static and dynamic contact
angles were measured in the range from 17 to 56°.

The study of cyclic hydrogen injection and withdrawal is essensial to obtain more realistic
conditions for UHS, but are not found in literature. However, literature on cyclic injection
of CO, exist and can be used as comparison in lack of other studies. Edlemann et.al.(2018)
studied cyclic injection of C'Oy and water over 6 cycles at 1ml/min was performed using a
high flow rig with in-situ conditions|52] where the experiments were conducted on a core
sample of a Fell sandstone with porosity at 20.3%. It was found that fluid mobility was
influenced by pore space and geometry, wettability and residual saturation of CO, and
water. A pressure was also observed for cyclic CO, injection where that the differential
pressure increased dramatically before it decreased to a lower level, indicating that water
was the wetting phase[52]. Cyclic injection of supercritical C'Os and brine was also studied
by Herring et.al.(2016) in Bentheimer sandstone cores. It was observed that the residual
C' Oy trapping increased dramatically after the first cycle of injection at same capillary
numbers. They also mentions that the magnitude of the residual trapping was hysteretic
and would be dependent on the drainage processes. The capillary hysteresis effect was
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observed to be limited to the first and second flooding cycle for C'Os-brine flooding dur-
ing core experiments in studies by Saeedi et al.[36]. Ahn et al. simulated C'O; injection
with experiments using n-hexane and water, where it was observed that the random flow
patterns gradually converted to less ramified paths over multiple cycles [8].

Jafari et al. presents a technique for contact angle measurement of C'O, in a micromodel
[39]. Contact angles are often measured on a flat surface, however this is not a suitable
approach for fluid flow in porous media. The paper presents a in-situ method at pore-scale
to in a micromodel. A wide range of pore-scale contact angles was measured, implying a
complexity even on model scale. Wettability is often quantified using contact angles. The
paper measured both static and dynamic contact angles, where static angles are measured
when the interfaces between water and C'O; is in no motion and dynamic contact angles
are measured in motion. The methods can also be applied for hydrogen. The receding
contact angle should be considered when hydrogen is injected. H, will push water through
the model. Water imbibition will displace Hy out of the pore channels, but portions of
Hs will be trapped if discontinuity occurs. A wide range of contact angles at pore-scale
was observed, despite use of a smooth, homogeneous glass micromodel.

2.3.5 Pore-scale study using micromodels
Micromodel

Lab scale experiments can be useful to study mechanisms and processes occurring on field
scale. Microfluidics is the science and technology where small amount of fluids (1079 to
1071 liters) are manipulated using a channeled network [53|. A typical microfluidic system
is only a few centimetres and very small quantities of fluids is necessary. Microfluidics is
suited for early stage research due to low costs, small experiment footprint and laminar
flow. For a multi-phase flow in a microsystem, fluids will low parallel, and a laminar
flow is obtained due to no convectively mixing. Microfluidic systems also offers a small
window to observe specific phenomena, investigate mechanisms and behaviour of fluids.
A typical microfluidic systems consist of fluids, equipment to move the fluids and devices
to collect data for further analysis [53].

A micromodel is an example of a microfluidic system and can be used to study the
behaviour of fluids in micro structures such as porous media, where micromodel will
be an idealised representation. Micromodels are usually two-dimensional with a constant
depth, where the pore network consist of small pores to make sure that the capillary effects
will be considerable. They are typically used for displacement of immiscible fluids, and
the fluid flow and transport can be studied within the pore space. Examples of processes
are drainage, imbibition, viscous or capillary fingering, relative permeability, saturation
and snap-off. Fluid interfaces can also be studied using micromodels, but the curvature
of the interfaces cannot be determined by video analysis due to the two-dimensional
visualisation. In addition, it is not possible to measure the local phase pressure within
the network as of today, and micro sensors should be developed [54]. Micromodels can
have different geometry and patterns, depending on what structure the micromodel will
idealise. Perfect regular patterns, fractal patterns and irregular patterns are examples of
patterns and can be generated by computer [54].

Phase distribution and qualitative data can be visualised and extracted using a microscope
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and/or digital cameras. Two-phase fluid flow parameters such as interfacial area and
saturations can be measured by analysing video material and images. A microscope-
camera setup is a simple setup that can monitor in-situ and save video material to the
camera and the connected computer. A disadvantage with the setup is that the microscope
is focused on a specific area, the Field of View (FoV) of the micromodel, and the processes
outside the FoV could not be observed unless the microscope is moved. The system setup
has limitations in the study of dynamic effects of the whole system, but an advantage of
a narrow FoV is high resolution images.A camera can also be placed at a longer distance
from the microscope to observe the entire micromodel, but the images will have a lower
resolution which will increase the uncertainty [54].

Porosity and saturation calculations based microscope images

Porosity and gas saturation can be calculated based on the microscope images. A two-
dimensional micromodel will be used to study hydrogen fluid behaviour in an aquifer in
this thesis. Data were collected from videos and images captured by the camera mounted
to the microscope, similar to the described microfluidic system. Porosity is defined as the
storage capacity of a porous media and can be calculated based on the microscope images
from the FoV of the micromodel. The FoV porosity can be calculated based on thee pixel
area of the grains or pore space in the FoV:

1-A Tain
a)p = — " 100% (2.5)
Atot
A ores
¢ = LT 100% (2.6)
Atot

where A,,es[px] is the the area of the pore space, Ay qins[pz] is the area of the grains, and
Ajot[pz] it the total area of the FoV.

Hydrogen saturation can be calculated by measuring the pixel area of the hydrogen in the
microscope images. A water wet micromodel would have thin film of water at the surface,
but it is assumed that the pore space is 100% gas saturated. Saturation is defined as the
ratio between the volume fluid present V;, and the available pore volume V,,.:

A
- (2.7)

where A,[px] area of hydrogen in the FoV, A;[pz| is the total area of the image and ¢ is
the FoV porosity.

Sy
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Chapter 3

Method

This chapter will describe the methods used during the experiments and image processing.
The chapter is divided in two sections: experimental setup and image analysis. Direct
observations of hydrogen flow behaviours in porous media were enabled by a high-pressure
microfluidic setup. During experiments, videos were taken to capture the fluid flow in the
micromodel and the raw data was analysed using MATLAB and ImageJ.

3.1 Experimental setup and equipment

Experiments were performed in the hydrate laboratory at the Department of Physics and
Technology at the University of Bergen (UiB). Figure 3.2 shows the experimental setup
for the hydrogen injection experiments, with the main elements described in detail in sub-
chapters below. A total of 15 experiments were performed in this setup with objectives to
investigate hydrogen saturation, contact angles and residual gas. Drainage and imbibition
processes were investigated in a high pressure micromodel, which offered a small window
to study fluid behaviour in the pore structure. The experiments were divided in two
parts: Part A and part B. Primary drainage and imbibition were performed in Part A,
with objective to continue and complete the previous work performed by a previous Msc.
Student and a Phd student with the identical experimental setup [40],[41]. For the cyclic
hydrogen injection in part B experiments, a bypass channel was added to the initial setup
to perform 4 to 5 cycles of drainage and imbibition. All the experiments were performed
at 40 bar and room temperature with different injection rates to investigate the sensitivity
to capillary number.

The system contains equipment to inject hydrogen or water into the microsystem for
pore-scale investigations of hydrogen flow in porous media at elevated reservoir pressure.
A high precision plunger pump (Quizix Q5200 pump) was operated in independent mode
and used for H2 injection and withdrawal. The Quizix QX pump was connected to the
micromodel by a combination of 1/16” PEEK and 1/8” steel tubing and used for distilled
water injection. The system was pressurised by two injection pumps, which one was
operated at constant mode to keep the pressure in the system, and the other pump was
operated at constant flow rate mode for gas/liquid injection. A camera (Nikon D7100)
was mounted to a microscope (Nikon SMZ1500) to observe and record the experimental
processes in the micromodel. A concentrated light source was attached to the microscope
to illuminate the FoV. The experiments were recorded continuously either with interval
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Figure 3.1: Illustration of the experimental setup of this thesis. By post-doc Na Liu, adapted
from [55]

images or videos, depending on the duration of the experiments. All fluids were filtered
through a 0.5pm inline filter assembly (Idex, A-431) prior to entering the micromodel.
Prior to every run in cyclic experiments, the water channel and the hydrogen channel
were cleaned through the bypass line to remove trapped hydrogen/water from previous
runs. Port 1 and port 4 were unused and plugged during experiments.

The equipment and experimental fluids used during experiments:
e High-pressure micromodel
e Quizix Q 5200 pump system for hydrogen gas injection
e Quizix QX pump for water injection
e Stainless-steel casing
e 1/16” PEEK (Polyether Ether Ketone) and 1/8” steel tubing
e Nikon SMZ1500 microscope Nikon D7100 camera
e Photonic LED F1 Cold Light 5500K light source
e Computer
e Hydrogen gas from Nippon gases

e Distilled water (DI water)

3.1.1 Micromodel

The pore network of micromodel used in this thesis is designed based on a natural sand-
stone with a large variation in grain and pore sizes and shapes, which is shown in Figure
3.2 with the properties given in Table 3.1. A pattern (6.74 x 2.50 mm) was extracted
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Figure 3.2: Full-scale image of micromodel including dimensions, highlights of four flow-ports
and the two open-channel fractures between two pairs of ports. The FoV is highlighted in red.By
post-doc Na Liu, adapted from [55]

from thin sections of the natural sandstone, which was repeated 36 times to create the
micromodel porous network. The full-scale pore network has the dimensions of 2.7 cm x
2.2 cm x 30 pm in length x width x depth, respectively. The average porosity is 0.61 for
the entire micromodel. There are 4 ports in 4 corners to connect the micromodel with ex-
ternal fluid flow tubes, and two open channels between ports to allow evenly distribution
the injected fluids.

The FoV of the microscope only displayed approximately 1% of the micromodel[41], which
has the dimensions of 3.5 mm x 1.8 mm in length x width, respectively. The porosity
of FoV was quantified to 0.44 at average based on the available pore space relative to
the total area, and the pore volume of FoV was 0.088 pL. Average grain size of FoV is
calculated to 3374 pm? and average pore throat length is 41 pm, with the shortest pore
throat being 0.7 pm with square or rectangular cross-section.

Table 3.1: Properties of the micromodel used in the experiments.

Parameters Full-scale micromodel FoV
Effective Porosity ~ 0.61 ~ 0.44%
Absolute permeability 2.97D
Dimensions (Width/Length/Depth) | 2.2 cm/ 2.8 cm /30pm | 3.5mm/1.8mm/30pm
Pore volume 0.011 mL 0.0881L
Wettability strongly water wet strongly water wet
Repetition of pattern 36 1
Grain size 0.5-78366pm 0.5-78366pm
Pressure range 0-150 bar 0-150 bar

18



19

CHAPTER 3. METHOD

3.2 Experimental procedures

3.2.1 Part A - primary drainage and imbibition

A total of four experiments of primary drainage and imbibition were performed at different
capillary numbers at 40 bar and room temperature, where pressure and injected volumes
were recorded during experiments. The experimental conditions are shown in Table 3.2.
The following procedure was performed for four experiments:

1.

The micromodel was cleaned by water from port 3 to 4 to remove the residual
hydrogen from previous experiments. The outlet valve in port 4 was open with
tubing exiting in a sink inside a fume hood.

. After cleaning, the micromodel was pressurised by the water pump by injection of

water from port 3 to 2. The Quizix QX pump was operated at the constant flow
rate mode to increase the system pressure step by step until reaching to 40 bar.

. The Quizix Q5200 pump was refilled with hydrogen gas at 40 bar. The pressure in

both pumps should be equal to ensure that there was no pressure gradient between
port 2 and port 3 when the hydrogen valve was opened.

. The desired FoV was adjusted at the microscope. It was attempted to use the same

FoV was used for all experiments.

. Primary drainage - injection of Hy: The water pump was set to retract mode at

constant rate to draw hydrogen out of the gas cylinder!. The hydrogen pump was
set to constant pressure to maintain the pressure. 100 pore volumes (PV) were
injected after hydrogen was observed in the FoV.

. Imbibition - injection of water: After drainage, water was injected at constant rate

into the micromodel until the hydrogen was swept out or dissolved from the FoV.
The hydrogen pump was at constant pressure.

After the experiment, hydrogen was injected to the model to ensure that there was
no water left in the hydrogen tubing. The hydrogen valve was then closed and step
1 was repeated.

Table 3.2: Experimental conditions in Part A.

Experimental Flowrate, Flow velocity, Capillary number, N,

conditions | Q [mL/h] £0.2% Ulm/s] +0.2% +0.2%

P = 40 bar 0.1 5.51-107° 7.59-1077
T = 22°C 1 5.51-10~* 7.59 -1076
10 5.51-1073 7.59-1071
50 2.76 - 102 3.80-107*

'Based on experience from PhD student and former master student. Due to the compressibility of
hydrogen, previous work stated that it was challenging to inject hydrogen into the model at a suitable
time period. In order to perform the hydrogen drainage, water was retracted at the same time that the
hydrogen injection occurred.
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3.2.2 Part B - cyclic injection

Four different flow rates were applied for cyclic injection: 1, 2.5, 5 and 10 mL/h, with
corresponding flow velocity (U) and capillary numbers (V) shown in Table 3.3.

Three experiments were performed at 10 ml/h (40 bar) to standardise the procedure
for cyclic injection. A test experiment C1 was performed by following the procedure
from Part A, where step 5 and 6 was repeated for a total of 5 cycles. Filtered distilled
water was used instead of distilled water. The analysis showed that 100PV injected was
not necessary to reach the end-point saturation. 100PV would also probability lead to
water in the gas pump and vica verca. A second test experiment C2 was performed with
small changes from the the first experiment. A filter was installed at the water inlet to
ensure that no dust or particles entered the micromodel and disturbed the mechanisms
and processes in the model. The outlet in port 4 was moved to a dual valve in port 2,
were the diagonally flow from port 3 to 2 would increase flushing performance after the
experiments. At drainage in step 5, the hydrogen pump was set to constant rate and
the water pump was at constant pressure mode. 20 PV was injected after hydrogen was
observed in the FoV. Otherwise, the procedure was the same.

The test experiments C1 and C2 showed that the constant pressure mode at the pump was
insensitive to the given pressure value. Previous work recommended not to use constant
rate for gas injection [40]. To obtain a more realistic procedure, a constant rate was
attempted during drainage in a test experiment C3 without problems. The disadvantage
with constant pressure mode is that the actual hydrogen injected rate would be alternating
to regulate the pressure. The use of constant pressure could cause a wrong impression of
injection rate and capillary number, given that the rate is fluctuating. Figure 5.3 shows a
typical behaviour of primary drainage at constant rate for the water pump and constant
pressure mode for the hydrogen pump.

A by-pass line was added to the setup after the test experiments. Gas was retracted into
the water tubing during drainage, and water was retracted into the gas tubing during
imbibition for C1-C3. As a consequence, a two-phase displacement would occur in the
first time period of drainage and imbibition because both fluids was present in the tubing.
This could affect the gas distribution and made it difficult to determine the entry of the
water and hydrogen fronts and not just redistributions of fluids. Water and gas could
be injected into the by-pass to ensure a uniform flow of water and gas in the tubing,
respectively.

Table 3.3: Experimental conditions in Part B.

Experimental Flowrate, Flow velocity, Capillary number, N,
conditions | Q [mL/h|] £0.2% U[m/s] +0.2% +0.2%
T = 22°C 1 5.51 1074 7.59-107°
2.5 1.38-1073 1.90-107°
5 2.76 - 1073 3.80-107°
10 5.51-1073 7591074
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The procedure for cyclic injection during experiments in Part B:

1.

Water was flushed through the system to ensure that no residual hydrogen was in
the system. The outlet valve in port 4 was open with tubing exiting in a sink inside
a fume hood. The water was pumped from the Quizix QX pump through port 3
to the micromodel. The micromodel was pressurised to 40 bar by closing port 2,
and the micromodel was fully saturated with water. Two pumps were connected to
balance the pressure in both sides of micromodel before primary drainage.

. Drainage - Injection of Hy: The water pump was set to constant pressure mode

while hydrogen was injected at constant rate. 20-30PV of hydrogen was injected
into the micromodel after hydrogen was observed in the FoV, expect for the first
cycle where gas was injected until it was certain that the maximum saturation was
reached (~50 PV). Before imbibition, water was injected to the by-pass to displace
the gas phase in the tubing.

2b. Subsequently, water pump was pressurised to the desired pressure through
bypass line.

. Imbibition - injection of water: Both pumps were operated on constant rate mode?.

The imbibition was stopped when gas was disconnected. The Quizix QX pump was
operated at extend mode with constant flow rate to inject water to the micromodel,
while the Quizix Q5200 pump worked at retract mode with the same flow rate as
the water pump to maintain the system pressure.

3b. Prior to the next cycle, gas was injected into the bypass to flush the residual
water in the gas tubing. The valve was closed and the bypass outlet was opened
exiting in the fume hood. The procedure was repeated twice to avoid too high
pressure in the bypass.

3c. The bypass outlet was closed and the pressure was adjusted to the desired
pressure.

For each cycle, step 6 and 7 was repeated. A total of 4-5 cycles were performed.

. After the experiment, the micromodel was depressurised and step 1 was repeated.

Cleaning of micromodel

Black spots and small movements were observed in the micromodel during water injec-
tion during the first experiments. To reduce the potential influence on mechanisms and
processes, the micromodel was cleaned after the experiments in Part A. A syringe was
used to inject the fluids diagonally from port 1 to outlet in port 4. The micromodel was
cleaned in cooperation with post-doc Na Liu. Procedure for cleaning:

1.

Injection of filtered DI water.

2. Injection of isopropanol.

3. Injection of filtered DI water.

4. Injection of H,Oy to make sure the conditions of the surface did not change.

2The imbibitions in experiment B5-1 and B8-1 followed the same procedure as in Part A, with constant
rate for water pump and constant pressure for the hydrogen pump.
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5. Injection of filtered DI water.

6. The micromodel was then flushed with DI water to make sure that the micromodel
was 100% water saturated.

3.3 Image analysis

This part describes the essential image analysis tools created during this master thesis
and the scripts can be found in Appendix A.

3.3.1 Data collection

Data were collected from videos and images captured by the camera mounted to the
microscope. The right image in Figure 3.2 shows a typical microscopic view of the pore
network saturated with hydrogen and distilled water. An image extracted from a video
had a display resolution of 1920 x 1080 pixels, resulting in a total area of 2073600 pixels.
The snapshot photos had a resolution of 4096 x 2296 pixels, a total of 9404416 pixels. The
object detection in the images was determined by image processing tools from ImageJ and
MATLAB based on colour differences.

3.3.2 Image analysis by ImagelJ

The open-source software ImageJ was used for image analysis in previous work [40]. The
ImageJ tool "colour threshold" was used to identify and distinguish hydrogen from water
and grains. A point light source was used during experiments with highest concentra-
tion in the centre of the FoV, resulting in an uneven illumination causing difficulties in
the image processing. Figure 3.3 shows a typical background image with enhanced con-
trast to the maximum to better observe the light distribution in the FoV. All elements
in the micromodel was in the same colour region, and ImageJ struggled to distinguish
the difference between the elements present. Previous work emphasised the challenge
and uncertainties using ImageJ caused by the similarity in colour and the uneven light
distribution. The problem was addressed by manually colouring the hydrogen in a new
colour using Paint-3D, and ImageJ could measure the area of the coloured pixels. With
a high number of videos and images, the image processing was time-consuming. Another
disadvantage with ImageJ is that every image had to be selected manually regardless of
the luminosity of the image and colour differences.

ImageJ was used in combination with manual colouring for local porosity calculation and
uncertainty measurements. The iPad iOS application ibisPaint (Version.9.3.0) with an
Apple pencil was used for colouring the hydrogen to increase porosity precision. The
original background was overlapped by a segmented image of the background. A copy of
the background image was processed in ImagelJ to increase colouring precision where the
efficiency of the bucket tool function increased by using a segmented image processed in
ImageJ. The segmented image was created by using the "find maxima" function under the
process tab with prominence >20.00 and selecting "segmented particles" as the output
type. The segmented image with black background and white lines was inverted by
Image>Adjust threshold. The segmentation was not accurate for all grains, and some
grains had to be coloured manually using the original image. An example of the different
layers is shown in Figure 3.4.
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Figure 3.3: FoV colour contrast. Example of background image in the FoV with enhanced
contrast to the maximum.

Procedure:
1. Original image was added in the first layer.

2. The original image was processed using ImageJ and the segmented image was added
as a new layer.

3. Bucket tool was adjusted to 15% strength with an expansion of 1.0 and used to
colour the grains, including the segmented image lines.

4. Background colour was added in a separate layer and placed under the coloured
layer.

3.3.3 Image analysis by MATLAB

A new method for gas detection was developed in MATLAB to optimise the image pro-
cessing, increase the quality of the obtained data. The video material was converted to
image sequences with intervals of 1 frame per second, and the first image with 100% wa-
ter saturation was chosen as a background image. The background image was subtracted
from the original microscope images in the image segmentation algorithm, producing a
filtered binary image (filtered image). The image segmentation algorithm was developed
in cooperation with Post-doc Na Liu. The algorithm calculated the hydrogen saturations
of the filtered images, and the saturation data was saved to an excel file enabling further
analysis. The MATLAB scripts are attached in Appendix A.

The overall procedure for image analysis: /vurder om det evt skal VA:YG i appendix.

1. A video-to-image script saved the images in a designated folder, and the images
were sorted with the same name as the second it was extracted. For instance, image
0001.jpg was captured in the first second of the video. The images were extracted
at a frequency of 1 image per second.

2. Choosing best-suited background image. It was important to have the same position
for the background and the image sequences to remove the grains and pores with
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Figure 3.4: The image processing method by colouring the grain area with different layers
for local porosity measurments(~ 44%). a) Original image b) Segmented image ¢) Colouring of
grains in a separate layer.

water from the image. Ideally, the the first image from the first video could be used
as the background image.

3. The background image was converted to grayscale.

4. A for-loop went through the folder with the original images and ran the function
for image segmentation.

4b. The original image was converted to a grayscale.

4c. The background was subtracted from the original image. The noise was re-
moved using the function bwareopen, and the water holes were closed using imclose,
and smaller holes were filled using imfill.

4d. The function also calculated the saturation by counting the number of
white pixels in the binary image. The pixels were used in saturation calculations by
Formula 2.7.

4e. The saturation and the filtered image were returned to the main script.
5. The filtered images were saved in a separate folder.

6. The saturations were saved in a list and saved to an excel file that enabled further
analysis.

Small vibrations and movements of the micromodel could affect the image segmentation
results. If the FoV position was not identical during the experiments, the segmentation
function would return images with too much noise and error to rely on the results. In
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some cases, a background image was manually manipulated due to movements of the
microscope during the experiment. A background image was created by combining a sat-
urated image with the desired FoV and the background image of the first video (100%
water-saturated). The images were imported into different layers in ibisPaint. The back-
ground image’s position was adjusted to match the grains in the saturated image. If gas
was observed in the new background image, the hydrogen was manipulated using a colour
eyedropper, pencil, smudge and blur to match the original background of that image. An
additional version of the segmentation function was created for experiments with more
vibrations and movements in the videos during the experiments to reduce noise in the
filtered images.

3.3.4 Contact angle measurements

Static contact angles were measured for the different experiments using the angle tool in
ImageJ. Each angle and corresponding pore channel diameter were measured 5 times and
the average was calculated. A total of 5 measuring points were chosen for drainage and
imbibition. Not all angles were possible to measure due to high uncertainties caused by
pore structure, grain roughness and image resolution. The contact point of the interfaces
could also be challenging to determine due to thickness of the grain lines and grain-gas
interfaces. The uncertainties were calculated using standard deviation. The formulas for
uncertainties is in Appendix B. Lysyy et al. [41] measured static contact angles while gas
was flowing. They indicated that their similarities between receding contact angles and
static contact angles for drainage could be linked to the experimental procedure. The
procedure was updated, and the static contact angles were measured when no fluids were
injected.
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Chapter 4

Method sensitivity

A sensitivity analysis was performed to investigate the uncertainties in the image segmen-
tation algorithm presented in chapter 3 Method. Systematic uncertainties was calculated
to increase reliability in the results, and a selection of images was analysed to examine
the sensitivity for different hydrogen saturations and independent experiments. The sen-
sitivity analysis showed that the image segmentation algorithm had on average a relative
uncertainty at 12%.

4.1 Uncertainty from water accumulation and grains

The filtered images were compared with original microscope images to study the accuracy
of the image segmentation algorithm. Figure 4.1 shows an example of a filtered image
combined with the original image during drainage and imbibition to illustrate the accuracy
of the image segmentation algorithm. Both Figure 4.1(a) and 4.1(b) shows that the
most of the hydrogen present in the original image is also present in the filtered image.
However, some grains is ignored and hydrogen is missed in some locations. A close-up of
the figure is presented in Figure 4.2. The image segmentation algorithm may be tuned to
separate grains from gas, or water accumulations (in form of droplets) and gas. It was not
possible to separate grains, gas and water accumulations using a single set of parameters.
Hence, the chosen parameters reflect a compromise between including a majority of grains
and water accumulations. If more of the grains would be removed, most of the water
accumulations would be removed as well. Uncertainties of saturation measurements came
from the noise threshold during image segmentation to close the water accumulations
and exclude some small grains in the gas area, as observed in Figure 4.2. The water
accumulation volume was difficult to quantify and were assumed to be gas during image
analysis. Hence, the water accumulation was not removed by the segmentation algorithm.
Removal of water accumulation could be observed even though the algorithm should
not removed the water accumulation from the filtered image. Figure 4.2 shows that
the segmentation occasionally ignored grains surrounded by gas, but at the same time
hydrogen was missed in another location. Area of ignored gas and covered grains were
assumed to be the same, supported by the qualitative sensitivity analysis performed later
in this chapter.

The dimensional aspects of a multiphase flow was not accounted for during the image
analysis. Hydrogen saturation was calculated by pixel area of the gas by Formula 2.7
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(a) Primary drainage, Sg =0.42+0.05 (b) Primary imbibition, Sg =0.314+0.04

Figure 4.1: Image segmentation. Example of an original image overlaid by the transparent
filtered image for different saturations. a) Primary drainage, b) Primary imbibition

Figure 4.2: Image segmentation close-up. Overview of typical observations in the FoV when the
filtered image and the original image are combined. Examples of water accumulation, hydrogen,
grains and ignored areas are labelled.

under the assumption that the micromodel was two-dimensional and 100% gas saturated
in the gas filled pores. A thin water film would also be present at the surface due to the
water-wet behaviour of the micromodel, and the assumption of 100% gas saturation in
the gas filled pores resulted in an overestimate of gas saturation. Figure 4.3(a) illustrates
the assumed fluid distribution when gas is present in the pores, while Figure 4.3(b) is
schematic illustration of the hypothesis of water accumulations and thin water films in
hydrogen filled pores. The water accumulation was caused by both surface roughness and
the depth of the micromodel and presents a systematic uncertainty of the method. The
micromodel bottom and edges were not smooth because of the microfabrication.

Water accumulation is present during both drainage and imbibition. Water accumulation
decrease with increased PV hydrogen injected for steady- state flow during drainage, where
a higher amount of water accumulation was observed if gas was displacement several times
in the FoV during drainage period. The water accumulation was present during imbibition
and was mostly constant when gas was disconnected in smaller hydrogen bubbles, but an
increase was occasionally observed in larger gas clusters. Only small changes in water
accumulation were observed for hydrogen injection below 50PV, but a larger decrease was
observed when 100PV hydrogen was injected after gas entry in the FoV. Figure 4.4 shows
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Hydrogen Hydrogen

Water

(a) Assumed fluid distribution (b) Fluid distribution with water accumulation

Figure 4.3: Fluid assumption in pores. Illustration of assumed and actual fluid distribution
where water accumulation is present.

Figure 4.4: Reduction in water accumulation with increasing PV. Water accumulation was
decreased in size during 13 PV gas injection at N, = 3.80 - 10~%.

the reduction in water accumulation at high capillary number when 13 PV was injected.
Nevertheless, water accumulation was still observed after 100 PV of gas injection.

The hydrogen saturation was observed to increase slightly between drainage and imbi-
bition for some of the experiments. A small gas expansion was observed for some ex-
periments when both water and gas pressure stabilised to equilibrium in the micromodel
after the gas injection was stopped during drainage. The water accumulation was also
observed to decrease after drainage when no gas was injected, which would result in a
higher imbibition H, saturation at the start of imbibition due to less water accumula-
tion. The assumption of no water accumulation in the gas flow was a better match for
drainage processes when 50 PV to 100 PV was injected, and occasionally at the begin-
ning of imbibition before gas is displaced in the FoV. No clear relationship between water
accumulation and capillary number was observed.

Relative uncertainties were calculated based on a selection of filtered images from differ-
ent experiments. The uncertainties will be descried as the uncertainty u(x) and relative
uncertainty ug(z) for the parameter x. The formulas for uncertainty calculations is given
in Appendix B. The relative uncertainty up(S,(filter)) of the saturation based on im-
age segmentation algorithm, S,(filter), was calculated to ugr(Sy(filter)) = 0.4% for
Sy(filter) > 0.3 and ur(Sy(filter) = 0.3% for S,(filter) <= 0.3 by standard deviation
of sequential images after drainage or imbibition was stopped. A filtered image was man-
ually adjusted 3 times to evaluate the systematic uncertainty of the manually mapping
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of hydrogen, resulting in a colouring relative uncertainty at S,(colouring) = 0.2%. An
overview of the uncertainties is found in Table 4.1.Figure 4.5 shows the relative uncer-
tainties in relation to hydrogen saturation (Figure 4.5(a)) and capillary number (Figure
4.5(b)). 76 % of the data had relative uncertainties between 2 to 12%), while the remaining
percentage included 3 outliers with relative uncertainty of 31, 31 and 32%. One measure-
ment was slightly higher than the majority of measurements, at 17 %rel. No clear trend
was observed for neither saturation or capillary number, but it was observed that most
of the measurements was concentrated below 12 % relative uncertainty. For simplicity,
the total relative uncertainty was assumed to be ug(total) = 12% for all experiments,
except for experiment (exp.) A3, A4 and B8-2 where the specified uncertainties will be
used.

Table 4.1: Uncertainties of the image segmentation algorithm for different saturations and
capillary numbers. ug(filter): relative filter uncertainty.ug(total): The assumed total relative
uncertainty for each measurement(assumed for most experiments).

Uncertainties
up(Syfilter) > 0.3 wug(S,filter)<=0.3 ug(colouring) Assumed ug(total)
Uncertainty (%rel) 0.010% 0.08 % 0.04 % 12 %
Drainage

Exp.# N, +0.02% S, filter S,y colouring S, colouring - S, filter ur(S, filter)
A2 7.59E-06 0.13 0.13 0.002 2%
B5-1 7.59E-06 0.20 0.197 -0.006 2%
B5-2 7.59E-06 0.15 0.1581 0.009 6 %
B6-1 3.80E-05 0.562 0.589 0.027 5%
B6-2 3.80E-05 0.443 0.444 0.001 9%
B7-1 1.90E-05 0.453 0.470 0.017 4%
B8-1 7.59E-05 0.424 0.442 0.019 4%
B8-2 7.59E-05 0.500 0.567 0.096 12 %
A4 3.80E-04 0.492 0.596 0.0104 17 %

Imbibition

B5-1 7.59E-06 0.023 0.02300 -0.006 2%
B5-2 7.59E-06 0.024 0.0358 0.029 31 %
B6-1 3.80E-05 0.22 0.02486 0.029 11 %
B6-2 3.80E-05 0.298 0.0307 0.009 3%
B6-2 3.80E-05 0.358 0.0395 0.037 9%
B7-1 1.90E-05 0.28 0.0316 0.037 12 %
B8-1 7.59E-05 0.316 0.0337 0.021 6 %
B8-2 7.59E-05 0.21 0.0304 0.096 31 %
A2 A4 3.80E-04 0.199 0.0295 0.096 32 %

4.2 Uncertainty of colour changes

The image analysis utilise the colour difference between hydrogen and a background image
with 100% water saturation. Generally, the image segmentation algorithm subtracts the
background image from the original microscopic image that is analysed. Hydrogen, water
and grains reflect different colour due to different refraction indices, and if the pixels
value were equal, the numeric value would return 0 and a black pixel would be displayed
in the filtered image. The colour dependency was a limitation of the image segmentation
algorithm where concavities in the gas-water interfaces and small water accumulations
would be missed due to the colour similarity with the background image. Figure 4.6
shows an example of unsatisfying filtering caused by darker areas in the gas flow. The
large area with darker colour was caused by smaller but dense water accumulations in
the hydrogen flow. Generally, by Table 8.5, the relative uncertainty was lower than 12%
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Figure 4.5: Uncertainty analysis. a) Relationship between relative uncertainty(%) and hydro-
gen saturation(%). Most data points are below 12%. b) Relationship between relative uncer-
tainty(%) and N.. No clear trend was observed.
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(a) Filtered image, S, filter ~ 0.25 (b) Original image, Sycolouring ~ 0.4

Figure 4.6: Colour dependency. Darker areas in the gas results in high uncertainty saturation

using the image segmentation algorithm for experiment B6-2, resulting in a relative uncertainty
of 38%.

for most experiments, however relative uncertainties up to 32% was observed in specific
experiments. The wide range of uncertainties for capillary numbers 7.59-107¢,7.59-107°
and 3.8 - 107% in Figure 4.5(b) was caused by a larger share of darker gas colour during
the experiments.

Experiments have shown that the luminosity affected the colours in the original images
and can also explain the differences between sequential videos or images. It has been
observed that typical deviations occur in the same locations for different experiments.
Small pore throats and pore space near the edges were excluded in the filtered images, a
result of the light distribution with highest intensity in the centre, Figure 3.3 showed an
example of the FoV with maximum contrast, emphasising the luminosity difference in the
FoV. The left and right edges was considerably darker than the centre of the FoV, with
the darkest locations at the bottom of each side. The darker areas in Figure 3.3 were also
the areas where difficulties occurred using ImageJ in previous work [40].An uniform light
distribution is expected to increase the accuracy of the segmentation function. Unintended
movements of the microscope have also affected the processing accuracy. A tiny change,
as small as 50pm, in FoV caused noise in the segmentation due to a difference between
the background image and the current FoV. If the change was only temporary (vibrations
or returned to the original position), the data point could be ignored. If the movements
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were permanent, a new background image had to be used and/or a new noise threshold
had to be used to adjusted for noise. The choice of method depended on the amount of
noise in the image.

It was also observed that sequential hydrogen saturations fluctuated even though the sat-
uration was observed to be constant in the microscope videos. Light source flicker or
other parameters that could not be distinguished visually could have caused the satura-
tion fluctuation between sequential images. The image segmentation algorithm was used
to an image sequence of 100 duplicates to excluded the filtering process itself as a source
of uncertainty. Zero uncertainty was observed, as expected. The uncertainty of a con-
stant saturation for an image sequence will be referred to as "filter uncertainty" and was
generally low compared to the relative uncertainty calculated from a manually coloured
image.

4.3 Saturation fluctuations caused by change in FoV

The sensitivity of the image segmentation algorithm caused change in saturation for exp.
A1-A3 during the experimental period. Figure 4.7 shows the saturation development for
exp. A2. The fluctuations observed was not caused by gas displacements through the FoV.
The spikes observed at ~ 7 PV was caused by temporary movements of the microscope
where noise was produced in the filtered images. The saturation was observed to be zero
until local gas displacement was observed at 16PV. The stepwise change in saturation
the saturation was caused by the effect of saturation change for sequential videos, in
combination with microscope movements, where the amount of noise varied both within a
video and between videos. A new background image had to be produced during drainage
at t = 50 PV due to a change in the FoV at 100pm. More gas was observed at the
left edge in the initial FoV compared to the new position where the FoV was moved to
the right. The shift in position resulted in an overall increase in saturation. Note that
the gas distribution did not change, the FoV did, and illustrates the sensitivity of small
movements of the microscope. Change in FoV was also observed during A2 imbibition at
the time t = 140 PV which caused the sudden saturation increase where new background
images had to be produced for the rest of the video material due to a slightly changed
FoV. A constant saturation between t = 140 PV and 280 PV was supported by video
material. These effects are largest for low capillary numbers due to the long injection
periods with several videos during both drainage and imbibition where the microscope
are moved during the experiments. Small changes in the FoV changed the saturation or
increased noise if a new background images had to be produced. A similar behaviour
due to movement of the microscope during the experiments was observed for exp.A1l and
A4. Less noise was observed during exp.A3, but an underestimate of gas was observed,
caused by unfocused images and water accumulations in the gas flow. The end-point gas
saturations for exp. Al-A4 was mapped manually by colouring due to high uncertainties
caused by movements of the microscope during the experiments. The uncertainty varied
between videos and the hydrogen saturation uncertainty did not vary systematically.
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Figure 4.7: Saturation development for exp. A2. Changes in FoV caused changes in the gas
saturation curve, even though the saturation was observed to be constant.

4.4 Comparison to previous work

Previous work was also analysed to study the uncertainty of the image analysis method.
Hart [40] wrote his thesis as a part of a research group at the Department of Physics
and Technology at UiB, and the raw data has been accessed to study the sensitivity of
the image segmentation algorithm. Hart used a mean local porosity at 0.36 & 0.01. Raw
images from Hart has been filtered using the image segmentation algorithm with local
porosity at 0.36 £0.01, and the gas saturations were compared to the original values
presented in his thesis. The results can be found in Table 4.2. Figure 4.8 shows an
example of filtered images for high and low saturation. The relative uncertainties was in
the range 3 % to 27 %, but the relative uncertainties was the range from 3 to 14% if the
maximum is excluded. The raw data and published data were not presented in the same
order, and an estimate based on calculated injection rate from Hart’s experimental data
log (pressure and volume) has been used to identify the capillary number corresponding
to each experiment. Hence, it may not be the exact numbered experiment located and
could explain the deviations for some of the experiments (e.g. exp. H4). The range was
corresponding with previous uncertainty measurements in Table 4.1, and supports the
assumption of 12 % relative uncertainty for most experiments.

P
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Table 4.2: Comparison end-point saturations. Raw images from Hart (2021) [40] was analysed
using the image segmentation algorithm. Sg; is the experimental data from [40] and Sgo is the
experimental data using the image segmentation algorithm on the raw data.

Parameters Previous work Comparison
Bt | Yoo s o | S0 WS | Se S-S un(Se
H1 10 1 7.70E-05 | 0.65 0.02 0.742 0.092 14.2 %
H2 25 1 1.90E-04 | 0.67 0.02 0.726 0.056 8.3 %
H3 50 1 3.80E-04 | 0.67 0.02 0.732 0.062 9.2%
H4 1 30 7.87E-06 | 0.09 0.01 0.115 0.025 27.4 %
Hb5 10 30 7.70E-05 | 0.53 0.02 0.531 0.001 0.1%
H6 50 30 3.90E-04 | 0.61 0.02 0.639 0.029 4.8 %
H7 0.1 1 7.70E-07 | 0.05 0.02 0.49 -0.001 2.6 %
HS8 1 30 7.80E-06 | 0.09 0.02 0.100 0.010 10.6 %

(a) 10 ml/h at 1 bar (100PV)

(b) 1 ml/h at 30 bar (100PV)

Figure 4.8: Filter accuracy compared to previous work. a) Primary drainage at 10 ml/h and 1

bar injected for 100PV. b) Primary drainage at 1 ml/h and 30 bar injected for 100 PV.

33



34 CHAPTER 5. RESULTS AND DISCUSSION

Chapter 5

Results and Discussion

A total of 15 experiments were performed at 40 bar and room temperature using differ-
ent capillary numbers with the objective to investigate hydrogen displacement, hydrogen
saturation, residual trapping and contact angles.This chapter will present the experimen-
tal results for primary drainage, imbibition and cyclic injection. The local porosity of
the FoV was calculated for each experiment due to the porosity dependence of hydrogen
saturation.

5.1 Local porosity

The FoV porosity was calculated for each experiment because the FoV was only covering
a small percentage of the micromodel. Approximately the same location was used for
the experiments, but deviations could occur due to the manual adjustment of the FoV
The porosity was calculated by two methods, grain method (Formula (2.5)), where the
grain area was measured, and pore method (Formula (2.6)), where the pore space area
was measured. The FoV porosity for the different experiments are presented in Table 5.1,
where the grain and pore space methods are labelled "grains" and "pores", respectively.
The mean porosity was estimated to 0.44£0.01, where the uncertainty was the combined
uncertainty based on standard deviation and the relative colouring uncertainty.

The porosity uncertainty was generally low for all experiments. The uncertainty for
each experiment was the standard deviation based on the porosity from grains and pore
space pixels. Note that even though two porosity values are presented, the image was
only coloured once by colouring of the grains. The uncertainty could be different if the
pore space was coloured manually as well. The presented uncertainty represents the
precision of including all pixels in the coloured image. The method by adding layers
was expected to have higher precision compared to colouring the grains by free hand
and bucket tool. The porosity of B5-1 was calculated 3 times in total to determine
the colouring uncertainty, resulting in a relative uncertainty at 0.2% and is used as the
colouring uncertainty. The result indicates that a high precision was obtained for local
porosity, however, uncertainties in accuracy and systematic error might occur but were
harder to calculate. Other systematic uncertainties are the restrictions of the FoV. The
FoV was covering about ~ 1% of the micromodel and grains were cut at the edges of the
FoV. It was not possible to observe or determine fluid behaviour or grain structure beyond
the edges of the FoV. Pore space could be enclosed by grains just outside the edges. The
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Table 5.1: Local porosity for the experiments. The local porosity was calculated based on
measurments of both grain and pore space area. *:The colouring of grains were performed 3
times and mean values are presented.

Exp.# Method | Area|px] ) Mean u(o)
O R Y
s | ¥ 3o | wnt vummn O 2
A3 pores | 866955 0.418091725 4180915 ) 3E-07
A ir:;:: 1818876233781 gﬁﬁzggigéi 0427871 | 3E-06
B5-17 ffif’ 1825176504388 Od.44113:355651591271 04136 k-4
b2 ir:rlgi 1913339777833 00.44550033134691131 045033 ) 2805
B6-1 irjrl:ss 1914303138631 00.214553344036311564 045342 | 2E-05
| e ST
Br-l pores | 932537 0449718846 44976 | OE-05
a o WL GRS | s
ugr(Colouring) - - 0.2%
Mean porosity - - 0.44 0.01

pore space at the edges was assumed to be in a connected network for simplicity. The
grain colouring uncertainty was the dominant factor for porosity. However, the assumed
relative uncertainty at 12% for the image segmentation algorithm would be dominating
in the saturation calculations, and the porosity uncertainty could be neglected.
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e,

Figure 5.1: Local porosity. Manually grain colouring of the FoV of exp. B8-2 with local
porosity ~ 0.44. The porosity was calculated based on pixel measurements using ImagelJ.

5.2 Primary drainage and imbibition

Knowledge of primary drainage and imbibition processes is essential to understand hydro-
gen displacement and residual trapping in porous media. End-point drainage saturations,
Sg.ar, describes the storage capacity of a formation, while end-point imbibition satura-
tions, Sy ims, gives an indication of the potential gas loss to the formation. The effect
of capillary number, pressure and recovery on primary drainage and imbibition will be
studied in this chapter, where the capillary numbers and experimental conditions for the
experiments are found in Table 5.2. The capillary numbers was calculated by Formula
2.41,

Table 5.2: The capillary number N, used for the different experiment.

Exp+# N,
Al | 7.59E-07
A2 | 7.59E-06
A3 | 7.59E-05
A4 | 3.80E-04

5.2.1 Methodical limitations

The study of fluid behaviour in a micromodel gives valuable insight in displacement mech-
anisms and residual trapping. However, the microscope used in the experimental setup
has a limited FoV where only approximately 1% of the micromodel was observed. In
addition, the choice of operational mode of the pumps resulted in fluctuation hydrogen
injection to maintain the micromodel pressure. This section will describe the limitations
of the method used for primary drainage and imbibition.

!The experiments was performed at room temperature, and the water viscosity was set to o =
0.001002N/m. The hydrogen IFT was calculated to p = 0.072733Pas based on extrapolation of the
presented hydrogen-water IFT to 40bar at 25°C in Chom et. al’s paper [56].
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Figure 5.2: The positions used in the study of location dependency for hydrogen saturation in
the micromodel. Position A is used for the experiment conducted in the thesis.

Gas displacement in and out of the FoV caused is a limitation of the experimental setup.
A FoV of the entire micromodel would enable a deeper study of fluid distribution and flow
patterns. It could also be valuable to observe the water distribution in the understanding
of relative permeability, residual trapping and displacement of hydrogen in the micro-
model. The local displacement in the FoV could give a false impression of the hydrogen
saturation and distribution during both drainage and imbibition. By theory, hydrogen
saturation will increase when gas is injected into the micromodel. However, it could ap-
pear that the hydrogen saturation decreases when the observations was limited to the
FoV, even though the overall hydrogen saturation of the micromodel increased.

Still images was captured in different locations at the end of drainage and during imbibi-
tion to study the representation of the experimental data for the entire micromodel. The
micromodel consisted of a repeated network of grains, and approximately identical grain
structures to the FoV were chosen to investigate if the location would affect end-point hy-
drogen saturations. The positions in the micromodel is illustrated in Figure 5.2, and the
corresponding saturations is found in Table 5.3. u(S, 4-) and u(S, imp) are the uncertainty
for drainage and imbibition gas saturation, respectively.

Table 5.3: Saturation by manually colouring of gas in different position A-E in the micromodel
for exp. A4.

Exp.# Position | Sy w(Sgar) | Sgimb  w(Sgimp)
A 0.596  0.002 0.295 0.001
B 0.437  0.002 0.315 0.001
A4 C 0.322  0.001 0.1199  0.0005
D 0.509 0.002 | 0.2293 0.0009
E 0.409  0.002 - -
Mean 0.5 0.1 0.24 0.9
UR 0.2 04

The end-point values for different position indicates a location dependency. The end-point
drainage saturation was in the range from 0.32 to 0.60 with a mean saturation at 0.540.1,
while the saturations during imbibition was between 0.12 to 0.32 with mean 0.2 £ 0.9.
The relative uncertainty of the mean for drainage was 20%, while the relative uncertainty
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for imbibition was the doubled at 40%. The drainage hydrogen saturations could indicate
a correspondence between saturation and choice of FoV. The lowest drainage hydrogen
saturation (0.322 £ 0.001) was observed near the water inlet in port 3 where the distance
from hydrogen outlet in port 2 was largest, where the second lowest was observed in
position E in the centre of the micromodel with the largest distance from the distribution
channels. For imbibition, the lowest hydrogen saturation was observed in position C,
closest to the water outlet, and the highest saturation was observed in position B. The
second highest saturation was in position A, and a similar trend to drainage saturation
could be observed.

The choice of operation mode for the hydrogen pump due to the compressability of hydro-
gen would affect the actual injection rate and hence capillary number for the experiments.
The fluctuating hydrogen injection rate for a primary drainage at 10ml/h is shown in Fig-
ure 5.3, where the hydrogen pump was at operating at constant pressure mode, while the
water pump was retracting fluids at constant rate at 10 ml/h. Consequently, the hydrogen
rate was not constant spanning a large set of values, and the mean injection rate could
be different than the stated experimental rate. Hence, the capillary number should be
different. The injection rate was not recorded during this part of the experiments, and a
record would give a more detailed description of the actual hydrogen injection rate used
for the experiments and potential effects of the fluctuation hydrogen rate. The constant
pressure mode was used to maintain the pressure in the micromodel, and the pressure
development during drainage is observed in Figure 5.3. The jump in water pressure was
observed a few seconds before the gas entered the FoV. The curve shows that the pressure
difference between the pumps was maintained, but the overall pressure fluctuated during
the drainage. As shown in Figure 5.3(b), the pressure change of the hydrogen pump and
water pump is consistent, even though the hydrogen pump was working as constant pres-
sure mode during injection. This might be related to the sensitivity of the Quizix pumps
which need more time to respond to the pressure changes. Therefore, the current method
was not able to obtain the pressure drop data during drainage.
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Figure 5.3: Pump behaviour using constant pressure at the gas pump. Left figure: Injection

rate primary drainage at 10ml/h. The water pump was set to constant rate, while the hydrogen

pump was set to constant pressure mode resulting in alternating injection rate. Right figure:

Pressure development for hydrogen and water pump when water is retracted at 10ml/h and the

hydrogen pump is operating on constant pressure mode.
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5.2.2 Hydrogen displacement during drainage and imbibition

In order to understand the displacement mechanisms and storage potential in an UHS
system, it is important to study the saturation development during drainage and imbi-
bition processes. Primary drainage and imbibition were performed at different capillary
numbers to study end-point hydrogen saturation, residual gas and gas recovery. Figure
5.4 shows the saturation development during primary drainage and imbibition for exp.
A4. Fluctuations in the experimental data can be observed and was caused by the filter
uncertainty addressed in Chapter 4 Method sensitivity. Unintended movements of the mi-
croscope caused noise in the filtered images and an change in hydrogen saturation in the
experimental data, as observed after t = 450 PV. The experimental data from the image
segmentation algorithm was smoothed with a moving average over 10 points. Note that
the figure presents the experimental data based on the image segmentation algorithm,
but the end-point saturations in Table 5.4 was calculated based on manually mapping of
hydrogen.
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Figure 5.4: Saturation development for exp.A4 at Nc = 3.8 - 1074, Primary drainage were
performed for 100PV after hydrogen was observed in the FoV.

Fluctuations in the saturation development was observed during both drainage and im-
bibition. However, an increase in gas saturation would be expected based on primary
drainage theory. No gas was observed in the FoV until 50 PV of hydrogen was injected
into the micromodel. The delayed increase in hydrogen saturation was partly caused by
the threshold pressure of the pore structure, but was also an effect of the limited FoV.
Gas increase in the micromodel would be expected at the beginning of drainage when the
threshold pressure was reached. However, in micromodel experiments with a limited FoV,
the gas displacement outside the FoV is unknown. Even though the hydrogen saturation
was expected to increase towards a maximum end-point saturation during drainage, a
saturation decrease was observed when 50 PV was injected after gas entry in the FoV at
t =120 PV.

The terms local and global displacement was defined to describe the hydrogen behaviour
in the micromodel for gas displacement to distinguish between gas displacement in the
FoV and outside the FoV. Global gas displacement was defined as gas displacement out-
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side the FoV. The gas in the FoV was mobilised by global displacement events outside
the FoV and could not be controlled nor observed. A local gas displacement was defined
as the gas displacement observed in the FoV. The analysis performed in this thesis will
be on local displacements in the FoV, but the local displacement will be dependent on
global displacements. After the local gas displacement at t = 120 PV, the gas saturation
increased to S, = 0.47 when a total of 100 PV was injected. Similar local FoV effects was
observed during imbibition. By definition, the gas saturation should have decreased when
water was injected. A decrease in hydrogen saturation was observed after approximately
t = 120 PV. The waterfront displaced gas locally, and snap-off and bypass caused residual
trapping of hydrogen. The fluctuations during imbibition was caused by local gas dis-
placement induced by globally displaced gas bubbles, and the fluctuating behaviour could
shows that hydrogen was relatively easy to mobilise by water. A stepwise decrease in sat-
uration was observed during imbibition until t = 400 PV where the hydrogen saturation
had stabilised, indicating that the water flow paths was established. The remaining gas
in the pore structure was immobilised, and a residual gas saturation was reached. The
residual gas saturation was S; ~ 0.2 and represents the amount of gas that cannot be
extracted from a formation at the given conditions. The residual gas saturation will be
referred to as end-point imbibition in this chapter. A minimum of residual trapping is
preferred for UHS in order to have the highest round-trip energy efficiency. The further
saturation reduction was caused by dissolution and does not represent an additional gas
recovery because the dissolved gas will be lost to the formation water.

The observed increase between end-point drainage and start-point imbibition saturation
in the experimental data in Figure 5.4 could be caused by several factors. The differ-
ence was partially be caused by the sensitivity of the image segmentation algorithm to
water accumulation, as discussed in Chapter 4.1 Uncertainty from water accumulation
and grains. Less water accumulations was observed in the gas at the maximum point
and at the beginning of imbibition compared to the end of the drainage. The amount of
water accumulations was reduced with increasing PV hydrogen injected during drainage,
and the observation is supported by previous work [40],[41]. Hence, it could indicate
that end-point drainage saturation could reach a saturation at ~ 0.52, similar to the first
maximum point, if more PV was injected. A small gas expansion was also observed for
some experiments when the pressure stabilised to equilibrium in the micromodel when the
hydrogen injection was stopped after drainage. In addition, drainage and imbibition was
recorded in different videos, and the observed increase of a few percentages between end-
point drainage and start-point of imbibition could be caused by the effect of sequential
videos and images discussed in Chapter 3.3 Image analysis. Lastly, the microscope was
moved between drainage and imbibition, and the FoV was changed slightly. Different FoV
could results in different saturations, even though the hydrogen in the FoV was observed
to be static.

5.2.3 Effects of capillary number and pore pressure

It is important to know the effects of capillary number during drainage and imbibition
to find the best suited flow conditions for UHS. Primary drainage at different capillary
numbers showed a positive correlation between saturation and capillary numbers. An
overview of the end-point hydrogen saturations and recovery is found in Table 5.4. The
highest end-point drainage hydrogen saturation observed was at 0.596 £ 0.002 for the
highest capillary number, while the lowest saturation was observed for the lowest capillary
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number at 0.0365 £ 0.0001. Figure 5.5 shows the local end-point hydrogen distribution
for drainage at different capillary numbers. The gas distribution was affected by the local
pore structure, grain distribution and pore radius. The capillary pressure is defined as the
pressure difference between hydrogen and water pressure, but is also inverted proportional
with the pore radius. For low capillary numbers, the gas flow was blocked by the high
capillary pressure in narrow pore throats and was unable to enter the pores connected to
the larger networks in the centre of the FoV, resulting in a lower hydrogen saturation.
The gas distribution for different capillary numbers is shown in Figure 5.5, where 5.5(a)
and (b) shows that the gas was located at the edges of the FoV for the lowest capillary
numbers. Narrow pore throats was also observed in the same area, blocking the gas
flow. A correlation between residual trapping and capillary number was also observed.
The end-point hydrogen saturations for imbibition presented in Table 5.4 represent the
residual gas that was immobilised and trapped by the pore structure, and were measured
when disconnected bubbles were observed and no further local gas displacements were
expected.

Table 5.4: End-point saturation for drainage and imbibition for the different experiments.S, 4,
end-point drainage saturation, Sy ;s end-point imbibition saturation.

Nc Sg,dr Sg,imb

Exp. 7+ (£0.2%) (£ 0.3%)  (£0.3%)
Al 7.59-10797  0.0365 0.00648 0.0301 £ 0.0001
A2 7.59-107% 0.1308 0.0556 0.0752 + 0.0005
A3 7.59-107% 0570  0.1928 0.377 4 0.002
A4 3.80-10%-%  0.596  0.0295 0.301 £ 0.003

Sg,dr - Sg,imb

Similar gas behaviour is observed during primary drainage and imbibition in the literature.
A relationship between increasing capillary number and increasing end-point hydrogen
saturation was observed at 1 bar and 40 bar with hydrogen injection rates at 0.1, 1, 10,
25 and 50 mL/h . The results showed a pressure dependency at higher capillary numbers.
Experiments by Lysyy et al.[41] at 5 bar with injection rates at 0.1, 1, 10 and 50 mL/h
did also show increase in gas saturation with increasing capillary numbers.

A CDC curve was modified to UHS to describe the relationship between pressure, cap-
illary number N, and the lowest possible water saturation (irreducible water saturation)
during drainage [40]. The relationship between the irreducible water saturation and cap-
illary number is shown in Figure 5.6, where experimental data from Hart [40] at 1 and 30
bar was included. The figure shows that irreducible water saturation decreased with in-
creasing capillary number. Hence, an increased hydrogen saturation and storage capacity
is expected with increasing capillary number. The water saturation for 1 bar approached
a lower irreducible water saturation limit, indicating the maximum hydrogen capacity for
the formation. The water saturation at 40 bar approach similar saturations to 30 bar,
indicating that the pressure difference at 10 bar did not affect the irreducible water satu-
ration. However, a pressure dependency was observed between 1 bar and 30/40 bar where
pore pressure had higher effect at high capillary number, but the dependency might be
reduced with system pressures above 30 bar. Studies by Lysyy et al. present a hydrogen
saturation as high as S; = 0.8, lower than corresponding saturation for 1 bar, which con-
tradict with a pressure dependency for increasing gas saturation [41]. At the same time,
a gas saturation at S, = 0.41 was observed for N, = 7.68- 7%, lower than gas saturation
with pore pressure at 1 bar, 30 bar and 40 bar. Experiments by Lysyy et al. and Hart
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(c) No=17.59-10%, 5, = 0.57 (d) N.=3.80-10"%, 5, = 0.60

Figure 5.5: End point saturations. End-point saturations for primary drainage the experiments
after 100PV. a)N. = 7.59-10"7" b) N, = 7.59-1076 ¢)N, = 7.59 - 10" d) N. = 3.80 - 10~%.

was performed independently with a micromodel with limited FoV. The choice of FoV
and FoV position could therefore have affected the gas saturations due to different local
porosity and pore structure. Only a small change in FoV would change the gas satura-
tion, as observed in Chapter 4 Method sensitivity and Chapter 5.2.1 Method limitations.
Future work should study pore pressure dependency where the entire micromodel would
be analysed to avoid FoV effects.
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Figure 5.6: Modified Capillary Desaturation Curve at 1 bar, 30 bar and 40 bar. 1 bar and 30
bar saturation data by Hart|40].
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5.2.4 Hydrogen recovery

The objective of underground hydrogen storage is to temporarily store gas with withdrawal
after demand. Ideally, all stored gas would be recovered, where residual trapping would
reduce the efficiency of the storage facility. The recovery for the experiments is presented
in Table 5.4. The recovery for different capillary numbers was within the same range
with overlapping uncertainties. A relationship between increased recovery by capillary
was observed for N, >= 7.59-107°, but the highest recovery was observed for the lowest
capillary number at ~ 82%. The hydrogen recovery R; was calculated based on the
saturation difference between end-point drainage and imbibition relative to the end-point
drainage saturation:

R, — Sg,dr - Sg,imb
Sg,dr

Table 5.5: End-point saturation for drainage and imbibition and hydrogen recovery for the
different experiments.

Nc Sg,dr Sg,imb
Exp. (£0.2%) (£ 0.3%)  (£0.3%)
Al 7.59E-07 0.0365 0.00648 0.0301 82.3 £ 0.05
A2 7.59E-06 0.1308 0.0556 0.0752 57.5 £ 0.05
A3 7.59E-05 0.570  0.1928 0.377 66.2 £+ 0.05
A4 3.80E-04 0.596  0.0295 0.301 50.5 £ 0.05

R;[%
Sg,dr - Sg,imb f[ O]

The gas distribution and residual trapping was affected by the local pore structure. Resid-
ual trapping occurs when gas enters pores followed by a snap-off from the main flow when
hydrogen is displaced by water and was observed for all experiments. However, the gas
distribution during drainage would affect the potential of residual trapping during imbi-
bition. For the lowest capillary number, the gas flow was blocked by the high capillary
pressure in small pore throats and was unable to enter the pores connected to the larger
networks during drainage. If hydrogen did not pass through a narrow pore throats during
drainage, less residual trapping was observed and hence a higher recovery was achieved.
The residual trapping was lower for the lowest capillary number because most of the gas
was connected in the largest pores at the edges of the FoV. The highest gas recovery
was observed for the lowest capillary number, but the recovery could be misleading due
to the low injection rate where only small volumes were recovered. For higher capillary
numbers, local displacement was initiated by global displacement events and could have
effected the end-point drainage saturations and the actual recovery. Hence, the recovery
should be used with precaution in micromodel studies where a limited FoV is used.

5.3 Cyclic injection

The effect of cyclic injection of hydrogen and water on gas displacement and residual
trapping will be studied in this chapter to get valuable insight into hydrogen behaviour
in UHS. Hydrogen will be injected over several cycles during UHS, depending on the
hydrogen production and demand. The experimental setup was developed to study cyclic
injection, where drainage and imbibition were performed in 4 to 5 cycles for different
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capillary numbers. The cycles will be referred to as cycle 1 (C1), cycle 2(C2) etc. The
experimental time period at 800PV is not realistic for cyclic injection on a field scale,
but the PVs per cycle were necessary in the experiments due low flow rates and small
volumes.

5.3.1 Hydrogen displacement during cyclic injection

The gas saturation during cyclic injection was studied to examine displacement mecha-
nisms and potential gas trapping by the pore structure. Figure 5.7 shows the hydrogen
saturation development for exp. B8-2 at N, = 7.59 - 107°. Hydrogen saturation develop-
ment for other capillary numbers can be found in Appendix C.

C1 C2 C3 C4 C5

0.6 A

w 4

I

Hydrogen saturation
o
w

0.2 - v \
0.1 -
0 —
0 100 200 300 400
Time (PV)
Experimental data Smoothed data End drainage End imbibition

Figure 5.7: Saturation development for exp. B8-2 for 5 cycles where the cycle number is at the
top of the figure. Grey lines indicate the end of drainage and the start of imbibition and yellow
lines indicate the end of imbibition and the start of drainage in the sequential cycle.

Generally, the hydrogen saturation increased during C1 drainage and decreased during C1
imbibition, similar to the observations for primary drainage and imbibition for exp.A1-A4.
The gas saturation was constant during the first 70 PV injected while the gas pressure
increased for C1 drainage. A stepwise increase in gas saturation was observed while the
gas pressure increased. However, the fluctuations in the the plateaus during C1 drainage
was not caused by local displacement through the FoV. A small gas retraction occurred
at the first plateau before an additional gas increase was observed, while one spike was
observed in the second plateau, caused by a rapid gas displacement in the FoV. The
increased gas pressure allowed the gas to penetrate narrow pore throats, and a large pore
area was filled with gas. The gas displacement was so quick that the hydrogen-water
interface was not defined in the raw images. In addition, the gas had a temporary darker
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colour that was not detected during the displacement. The gas saturation stabilised after
injection of 50 PV after gas entry in the FoV indicating a steady-state flow where further
gas displacements were not expected. 50 PV was injected for C1 drainage to ensure that
the hydrogen saturation was stabilised and that the maximum gas saturation was reached.
A smaller amount of PV was injected after gas entry for the other cycles, with 40 PV for
C2, 40PV for C3, 30PV for C4 and 30 PV for C5.

The saturation development behaved differently when the micromodel was gas saturated
for drainage in C2 to C5. A decrease in gas saturation due to hydrogen dissolution in
water was observed at the beginning of the drainages caused by a delay in the FoV. The
global drainage began when hydrogen penetrated the pore network in the micromodel.
However, the C2 drainage was delayed locally because the gas front did not reach the FoV
until 50 PV was injected into the micromodel. Hydrogen dissolution was also observed
during primary imbibition for exp. A1-A4, and the gas present in the FoV experienced a
local imbibition when water was displaced by gas globally. The residual gas was dissolved
while the gas pressure increased caused by the hydrogen injection into the micromodel.
A similar development in gas saturation was observed for C2, C4 and C5 for the local
drainage, but the end-point gas saturations could vary, which is an hysteresis hysteresis
effect where path dependency and saturation history will affect the gas saturation for
identical processes. Fluctuations in gas saturation were observed over 30 PV (from t
= 380 PV to t = 410 PV) for C3 drainage where several local gas displacements were
observed after a maximum gas saturation was reached. The local gas distribution resulted
in a lower end-point saturation than the maximum gas saturation in the cycle.

The end-point gas saturation for drainage per cycle increased in all cycles except for
C3 drainage. However, hydrogen was missed during image segmentation for C3 end-
point hydrogen saturation. A comparison of the original image and filtered image for C3
maximum hydrogen saturation after 30 PV, C3 end-point hydrogen saturation after 40 PV
and C1 end-point hydrogen saturation after 50 PV is shown in Figure 5.8. The PVs are the
PV injected after gas entered the FoV. Hydrogen was missed in the locations where small
water accumulations caused a darker colour, as discussed in chapter 4 Method sensitivity.
The C3 maximum gas saturation (Figure 5.8(c)) missed gas to the left and in the centre of
the FoV. The overall error in the image segmentation was higher for C3 compared to C1
because less PV was injected at a stable gas distribution, and more water accumulations
were observed in both Figure 5.8(c) and (d). C3 maximum hydrogen saturation was
calculated to Sy = 0.45+0.05, with an upper bound at S; = 0.50. The value is within the
uncertainty range of C1 end-point drainage hydrogen saturation at S, = 0.4940.06, which
is reasonable based on the gas distribution in Figure 5.8(c) and (d). The gas distribution
shows that the maximum hydrogen saturation for C3 should be similar to C1 end-point
hydrogen saturation, but local displacements caused a saturation decrease during the C3
drainage. C3 illustrates the limitations of a limited FoV. Gas was displaced in and out of
the FoV several times before the hydrogen saturation stabilised.

The hydrogen saturation development during imbibition was similar for all cycles in Figure
5.7. Generally, the hydrogen saturation was decreased stepwise for each cycle. However,
a small difference between end-point drainage and start-point imbibition hydrogen satu-
ration was observed for C3 and C5. As discussed in the previous chapter, experiments
showed a decrease water accumulations after the hydrogen injection was ended, increasing
the hydrogen saturation in the experimental data. The amount of water accumulations
were expected to be higher at the end of the drainages for the cycles due to local displace-
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Figure 5.8: Third cycle comparison for N, = 7.6 - 107°(Exp.B8-2). Comparison of image
filtering for different PV injected after gas entry in the FoV. (a) Original image of C3 maximum
saturation, (b) the maximum saturation in C3 at 27PV, (c¢) and end-point saturation in C3 at
40PV, (d) and end-point saturation in C1 after 50PV.

ment at the end of the injection period. However, C3 had a fluctuating increase compared
to C4.The end-point imbibition hydrogen saturation was affected by the amount of local
gas displacement during imbibition. The hydrogen saturation decrease stepwise during
C1 imbibition, while the fluctuations in hydrogen saturation were caused by local gas
displacement by the water front, similar to what was observed for C1 drainage. A similar
trend was observed for imbibition in all cycles but with variations in end-point imbi-
bition saturation. The fluctuations with largest span in the experimental data during
imbibition had the lowest hydrogen end-point hydrogen saturation. For instance, a rapid
saturation change was observed in Cl1, resulting in the lowest imbibition hydrogen satu-
ration for all cycles. Less fluctuations was observed for C2 imbibition, which also had the
highest end-point imbibition saturation, even though it was observed that the imbibition
was stopped after dissolution had begun. The imbibitions was stopped manually when
disconnected gas was observed, preferably before dissolution had started, to study the
drainage behaviour and residual trapping in the sequential cycle when the pore network
was hydrogen saturated. The end-point imbibition hydrogen saturation was highest for
C2 even though the imbibition was stopped after dissolution had started. The fact that
the dissolution had started during imbibition resulted in a larger decrease during the local
imbibition at the beginning of C3 drainage.

5.3.2 Effects of cyclic injection on hydrogen saturation

It is important to understand the effects of cyclic injection on hydrogen saturation when
geological formations are used as storage media. Table 5.6 gives an overview of the
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end-point hydrogen saturation for drainage and imbibition for the cyclic experiments.
Experiments on each capillary number was performed twice to study the reproducibility
and potential hysteresis effects. The negative difference between S, 4, and S ;s for C1
in exp. B5-2 was caused by local displacement through the FoV, resulting in a higher gas
saturation at the end of imbibition compared to drainage gas saturation. Exp.6-2 and
exp. B7-2 was performed by post-doc Na Liu.

The relationship between end-point gas saturation during drainage for each cycle is shown
in Figure 5.9. The end-point saturation per cycle showed a stable or increased end-point
saturation compared to the first cycle for most experiments and capillary numbers. Hys-
teretic dependency was also uncovered where a difference in gas saturation was observed
for experiments with identical capillary numbers caused by different flow distribution per
cycle and and experiments. Similar effects has also been observed for cyclic COy ex-
periments [52|, [36]. The hydrogen gas distribution for each cycle and experiment was
dependent on path and saturation history. The gas distribution was also affected by the
pore network and would preferably enter the largest pores where the capillary pressure
was lowest. If the established paths did not include the entry to the larger pore areas, a
lower gas saturation would be expected for the cycle. There was a relationship between
gas saturation with increasing capillary numbers on average for C1, as previously observed
in Chapter 5.2 Primary drainage and imbibition. Figure 5.9 indicates that the correlation
between capillary number and gas saturation was stronger for C1 drainage, where gas
saturation at N, >= 3.8 - 10~° would approach similar gas saturations. The result is
supported by cyclic COy-brine flooding during core experiments, where the capillary hys-
teresis effect was limited to the first and second flooding cycle [36]. The overall range of
hydrogen saturations was narrower for C4 and C5, where the increase was largest for the
lowest capillary numbers. End-point saturations for both experiments at N, = 7.59 - 1076
increased from S, 4, = 0.2 to Sy 4r = 0.4 for exp. B5-1 and from Sy 4, = 0.15 to Sy 4 = 0.35
B5-2, respectively, resulting in an increase by ~ 100 and ~ 172%. Gas saturation for other
capillary numbers did not increase by the same factor. Only two experiments observed
a small decrease during the cycles, exp. B6-1 and B7-1, but a overlap in uncertainties
was observed between C1 and C5 gas saturations for both experiments. Hence, it could
indicate that the gas saturation remained stable or increase during cyclic injection. The
presence of residual gas in the pore network before drainage could have enabled connec-
tions between channels that would not be possible to enter if the path were not already
established, where the effect was highest at lower capillary numbers.
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Table 5.6: End-point hydrogen saturation for drainage and imbibition during cycling injection.

EXp. Nc Cycle Sg,dr Sg,img Sg,dr — Sg,imb U(Sgydr — Sg,z’mb) Rf U(Rf)
+0.2% +12% +12%
1 0.20 0.024 0.17 0.02 88 16
2 0.053 0.023 0.03 0.007 57 15
Bo-1 7.59279k-07 3 0.22 0.039 0.18 0.027 82 16
4 0.40 0.25 0.14 0.06 36 15
1 0.15 0.024 0.12 0.02 84 16
2 0.083 0.058 0.02 0.01 30 15
B5-2  7.59279E-07 3 0.14 0.037 0.10 0.02 74 15
4 0.04 0.077 -0.03 0.01 -80 26
5) 0.34 0.033 0.31 0.04 90 16
1 0.45 0.28 0.17 0.06 38 15
2 0.45 0.44 0.00 0.08 1 17
B6-1  1.8982E-05 3 0.26 0.22 0.04 0.04 14 16
4 0.41 0.33 0.08 0.06 20 16
5) 0.43 0.30 0.13 0.06 31 15
1 0.40 0.38 0.02 0.05 5) 11
2 0.49 0.46 0.03 0.06 7 11
B6-2 1.8982E-05 3 0.44 0.42 0.03 0.05 6 11
4 0.59 0.28 0.30 0.03 52 6
5) 0.63 0.38 0.25 0.05 40 7
1 0.56 0.22 0.35 0.07 62 15
2 0.64 0.22 0.42 0.08 66 15
3 0.50 0.26 0.24 0.07 47 15
Br-1 3.79639E-05 0.51 0.23 0.28 0.07 56 15
5) 0.55 0.32 0.23 0.08 42 15
1 0.44 0.31 0.14 0.06 31 15
2 0.69 0.32 0.36 0.09 53 15
B7-2 3.79639E-05 3 0.73 0.28 0.45 0.09 62 15
4 0.57 0.31 0.26 0.08 45 15
5 0.60 0.31 0.29 0.08 49 15
1 0.43 0.32 0.11 0.06 26 15
2 0.53 0.28 0.25 0.07 48 15
B&-1 - 7.59279E-05 3 0.46 0.29 0.17 0.07 37 15
4 0.56 0.29 0.28 0.08 49 15
1 0.50 0.20 0.29 0.06 59 15
2 0.50 0.17 0.33 0.06 66 15
B8-2 7.59279E-05 3 0.36 0.22 0.14 0.05 39 15
4 0.60 0.23 0.37 0.08 61 15
5} 0.52 0.20 0.31 0.07 61 15
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Figure 5.9: End-point gas saturation for each cycle for different capillary number. The indi-
cator represents the experiment number while the colour represent the capillary number. (a) all
experiments (b) Mean gas saturation for each each capillary number.

Even though the gas saturation was different for different experiments, a general trend
could be observed for the mean of each capillary number. The mean gas saturation
during the cycles for each capillary number is presented in Figure 5.9(b). Generally,
there was a relationship between increased gas saturation for increasing capillary number.
An expectation was N. = 3.80 - 107°, where the gas saturation was higher than the
saturation for N, = 7.59 - 10~ during C2, C3 and C4. In addition, the highest capillary
number had lower gas saturation than both N, = 3.80 - 107° and N, = 1.90 - 107> for
Cbh. Note that the highest and lowest capillary number had only one measurements for
C5 and were not averages. Based on the relationship between N, = 1.90 - 107 and
N, = 3.80 - 107%, an increase in gas saturation for C5 could be expected for the highest
capillary number. The results shows a clear relationship between gas saturation and
capillary number for capillary numbers lower than N, = 3.80 - 107°. For higher capillary
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numbers, no clear relationship between gas saturation and capillary numbers was observed
and could indicate that an increase in capillary numbers over the N, = 3.80 - 10™° does
not necessarily increase the storage capacity of the medium. The results shows that
the storage capacity is approximately stable or slightly increased for each cycle, where
the largest increase in storage capacity was observed at low capillary numbers. The
observation is also supported by the CDC presented in Figure 2.3.

The effect of capillary number and cyclic injection on storage capacity are also described by
the modified CDCs for each cycle in Figure 5.10. The CDCs are the average gas saturation
for each capillary number. The relationship between the irreducible water saturation and
increased capillary was similar to the behaviour discussed during primary drainage in
Figure 5.6 in Chapter 5.2 Primary drainage and imbibition. An increase in irreducible
water saturation was only observed between N, = 3.80 - 107° and N, = 7.59 - 107% in
C2 and C3. As previously discussed in Figure 5.7, local displacement through the FoV
was observed during C3 for No = 7.59 - 1075 and caused a gas saturation decrease
during C3 drainage. Hypothetically, if the local displacements during C3 drainage had
not happened, the end-point saturation would be close to the C3 maximum-saturation
resulting in an irreducible water saturation to S, = 0.53 for the cycle. An overlap in
uncertainties was observed, and it could indicate that the irreducible water saturation
increase with increasing cycles, as previously observed for primary drainage. Figure 5.10
shows that the water saturation was dependent on cycle number, but the relationship was
not as clear as for capillary number. The water saturation approached a approximately
constant water saturation during C5 indicating that a the maximum gas saturation will
be reached independent on capillary number during injection of five cycles or more for
N, >= 1.9 -107°% and hysteresis effects was reduced for increasing cycles. Figure 5.5
and 5.10 shows the gas saturation relationship to capillary number was not that strong
when gas was injected for more than five cycles. For future work, cyclic behaviour over
more cycles could be valuable for UHS, preferably in a system not restricted by a limited
FoV.

Pressure drop during cyclic injection

A pressure drop was observed at maximum hydrogen saturation during drainage for cyclic
injection. The relationship between gas saturation and gas pressure is found in Figure 5.11.
The gas pressure increased gradually while the gas saturation increased stepwise, and the
gas pressure development was reproducible for each cycle in many of the experiments with
different pressure drops. The maximum hydrogen saturation was reached for the drainage
when the pressure dropped, indicating a steady-state hydrogen flow in established paths.
Hysteresis was observed for experiment at the same capillary numbers where the pressure
drop could vary. The end-point saturation for drainage was observed to increase slightly
compared to the first cycle, with exceptions, and was observed for all capillary numbers.
Figure 5.11 shows the largest pressure drops for the highest gas saturations and with
increasing pressure drops with increasing cycle from C2 to Cb, with a pressure drop at
more than 2 bar for C4 and C5 for exp.B8-2. The pressure drops for the same capillary
number in exp. B8-1 followed a similar trend with increasing pressure drops for each
cycle. The largest pressure drop was observed in the last cycle (C4) at ~2.5 bar. A
pressure drop at ~ 2 bar was also observed for N, = 3.80 - 107°. The pressure drop was
dependent on capillary number and it was observed that the pressure drop was smaller
for N, < 3.80-107°. However, the pressure drop for capillary number N, < 7.59-107° was
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Figure 5.10: CDC for each cycle

relative constant for each drainage cycle, with only one exception in C4 for N, = 3.80-107°
(exp. B7-1). Hydrogen saturation decreased before gas entry in the FoV for C2 drainage
after C1 imbibition due to a delay in drainage start caused by the FoV, as previously
discussed. Hydrogen dissolution was observed at the beginning of drainage for from C2
to C5 and decreased with increasing gas pressure. Hydrogen dissolution relative to end-
point imbibition in the previous cycle was observed to increase with increasing capillary
number, and will be discussed in chapter 5.4.2 Hydrogen dissolution. The relationship
between end-point gas saturation and pressure drop was also described for cyclic CO,
injection [52].

The third cycle in Figure 5.11 in the figure had a fluctuating hydrogen saturation caused
by local displacement through the FoV and lower end-point hydrogen saturation was
achieved. The gas pressure peak was wider over more PV injected for C3 compared to the
other cycles, indicating that the flow paths were not established, supported by observation
of local gas displacement during C3 drainage. More PV injected could have increased
the pressure drop and increased hydrogen saturation. The end-point gas pressure could
indicate that the drainage was stopped before all gas flows were established.
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Figure 5.11: Pressure development during cyclic hydrogen injection in relation to hydrogen
saturation for N. = 7.6 - 1075(exp. B8-2). The pressure is given in pressure difference (A
Pressure) compared to the initial gas pressure at P = 41 bar.

5.4 Hydrogen loss

One of the main objectives for underground storage is to exploit variable renewable energy
sources by converting excess energy to hydrogen when the demand is low. Similarly, the
hydrogen could be extracted when the demand is high, and the gas recovery is an essential
factor for an energy system’s round-trip efficiency and profitability. Hydrogen loss to the
to the formation will reduce the efficiency and should be kept at a minimum. This chapter
will focus on hydrogen loss due to residual trapping and hydrogen dissolution in water,
where the observations will be similar to the expected behaviour in an aquifer.

Similar recovery trends could be observed for cyclic injection (Table 5.6) and primary
drainage and imbibition for exp. A1-A4. The highest recovery was observe for the lowest
capillary number, with a recovery at ~68% on average, when the negative recovery was
excluded. Local gas displacement through the FoV during imbibition resulted in a higher
end-point H, saturation during imbibition compared to the end-point during drainage.
The lowest recovery was observed for N, = 3.80 - 1075 with an average at ~ 19%. Both
N, = 3.80-107% and N, = 7.59-107° had an average recovery at about 50%, and the similar
recovery for the two capillary numbers indicated similar end-point H, saturations despite
a lower capillary number. The pressure drop was also observed to be similar, indicating
that N, > 3.80-107° will have similar hydrogen displacement and trapping behaviour. An
average gas recovery for all measurements per capillary number was about ~50% for all
capillary numbers expect N, = 3.80 - 107°. N, = 3.80 - 10~ had an average gas recovery
at ~ 20% caused by the high imbibition Hs saturation. The recovery seemed to be
independent on cycle, where small changes was observed from cycle to cycle. N, = 1.89-
10~° was the only capillary number with increasing recovery with increasing cycles.

92



53 CHAPTER 5. RESULTS AND DISCUSSION

5.4.1 Residual trapping

The study of end-point imbibition saturations during cyclic injection gives insight in the
residual trapping in the FoV where the imbibition gas saturations indicates the amount
of immobile hydrogen and residual trapping in the pore structure. Figure 5.9 shows the
end-point saturations for each cycle for different capillary numbers. The imbibition was
stopped manually when disconnected gas was observed and preferably before dissolution
had started. The experiments showed hysteresis in imbibition hydrogen saturation for
each capillary number, but the difference could parlty be caused by visual determination
of the imbibition end.As discussed in Chapter 5.3.1 Hydrogen displacement during cyclic
injection, local displacement was observed in the FoV during imbibition and could also
have affected the end-point gas saturations. The amount of local displacement during the
cycles indicates that the gas would relatively easy be mobilised by global water and gas
displacements.
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Figure 5.12: End-point imbibition gas saturation during cyclic injection at different capillary
numbers. End-point gas saturation for each cycle for different capillary number. The indicator
represents the experiment number while the colour represent the capillary number.

Disconnected hydrogen clusters and bubbles were analysed using the filtered microscope
images produced from the image segmentation algorithm to study residual trapping during
cycle injection. Because a limited FoV was used as study area, the imbibition gas satu-
ration includes two parts, local residual gas and new gas from global events. The change
in local residual gas with cycles was studied in this thesis. The end-point gas saturations
used in this chapter correspond to the last image of the process and could therefore be
slightly different to the mean gas saturations presented in Table 5.6. End-point filtered
images were compared to quantify residual trapping by measuring the common area be-
tween drainage and imbibition for each cycle. End-point hydrogen saturation for drainage,
imbibition and the residual gas present for each cycle are found in Table 5.7. Figure 5.13
shows the stepwise procedure for determining the common area for C1 for exp. B7-2.
The filtered images of C1 drainage in Figure 5.13(a) and C1 imbibition in Figure 5.13(b)
were combined in one image to find the common gas area over the cycle(Figure 5.13(c)).
The common areas were calculated and a new layer of the intersection area was added to
emphasise common areas of residual trapping, as shown in (Figure 5.13(d). The residual
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gas algorithm is appended in Appendix B. The comparison for all cycles are presented in
Figure 5.14.

200 tum -

(a) Drainage (b) Imbibition
(c) Drainage + imbibition (d) Common area emphasised

Figure 5.13: Residual gas for C1 B7-2. The different steps to obtained the common area
of drainage and imbibition for the are presented. The end-point hydrogen saturation during
drainage (blue) (a) and imbibition (red) (b) are combined in (c). The intersection area, and
trapped gas, are emphasised in purple in (d).
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Table 5.7: End-point saturation, residual gas saturations and relationships between them. Sy,: residual gas(common area between drainage and

imbibition). Sg, .u: residual gas present in all cycles (green area).

N,

Sgdro

Sy.dr

Sy imb

Sar

Sar

Exp.# 0.02% Cycle +19% +19% 1129 S(zr u(SyT) Sgr.all U(Sgr.all> % u(%) Sgrimb u(swmt) 52;?” U(sz'j”) Ry [%] u(Rf)[%]

1 - 0.197  0.02264 0.020254 0.000005 - - 0.103  0.002 0.9 0.1 - - 89.46 10.74

B5-1 | 7.59279F-06 2 0.021  0.05641 0.02252 0.022142 0.000002 0.019945 0.000001 0.393 0.003 1.0 0.1 0.90 0.01 98.33 11.80
3 0.021 0.218 0.03921 0.03661  0.00001 0.019267 0.000002 0.168 0.004 0.9 0.1 0.53 0.01 93.38 11.21

4 0.040 0.395  0.25299  0.2168 0.0001  0.019246 0.00002  0.55 0.03 0.9 0.1 0.09 0.01 85.68 10.28

1 - 0.14881 0.02436 0.022027 0.000004 - - 0.148  0.003 0.9 0.1 - - 90.42 10.85

2 0.014  0.08361 0.03617 0.035472 0.000004 0.013127 0.000001 0.424 0.005 1.0 0.1 0.370 0.004 98.08 11.77

B5-2 7.59E-06 3 0.053  0.13921 0.05777 0.048526 0.000009 0.01268  0.00001  0.35 0.01 0.8 0.1 0.261 0.005 83.99 10.08
4 0.040  0.04313 0.07645 0.035908 0.000004 0.009802 0.000001 0.83 0.01 0.47 0.06 0.273 0.003 46.97 5.64

5 0.012  0.34017 - - - - - - - - - - - 0.00 0.00

1 - 0.45251  0.2793 0.1816 0.0001 - - 0.40 0.03 0.65 0.08 - - 65.02 7.80

2 0.280 0.44746 0.49797  0.2568 0.0002 0.1256 0.0003 0.57 0.05 0.52 0.06 0.49 0.04 51.57 6.19

B6-1 1.90E-05 3 0.029  0.2629 0.22022  0.1542 0.0001 0.0556 0.0001 0.59 0.02 0.70 0.08 0.36 0.01 70.04 8.40
4 0.000 0.40679 0.32239  0.1149 0.0001 0.0489 0.0001 0.28 0.02 0.36 0.04 0.43 0.03 35.65 4.28

5 0.046  0.42813 0.33957  0.1606 0.0001 0.0294 0.0003 0.38 0.02 0.47 0.06 0.18 0.01 47.28 5.67

1 - 0.40642 0.38725  0.1838 0.0001 - - 0.45 0.03 0.47 0.06 - - 47.47 5.70

2 - 0.50259 0.46751  0.3011 0.0002 0.1175 0.0003 0.60 0.05 0.64 0.08 0.39 0.03 64.41 7.73

B6-2 1.90E-05 3 - 0.44902  0.4219 0.2668 0.0002 0.0526 0.0004 0.59 0.04 0.63 0.08 0.20 0.01 63.24 7.59
4 - 0.59474 0.28539  0.2718 0.0002 0.0338 0.0001 0.46 0.04 1.0 0.1 0.12 0.01 95.23 11.43

5 - 0.63958 0.38418  0.2805 0.0003 0.0194 0.0001 0.44 0.04 0.73 0.09 0.07 0.01 73.02 8.76

1 - 0.56203 0.22012  0.1204 0.0001 - - 0.21 0.02 0.55 0.07 - - 54.70 6.56

2 0.10  0.65222 0.22299  0.1787 0.0001 0.0622 0.0001 0.27 0.02 0.8 0.1 0.35 0.03 80.14 9.62

B7-1 3.80E-05 3 0.0078  0.4899 0.26598  0.1294 0.0001 0.02422  0.00005  0.26 0.02 0.49 0.06 0.19 0.01 48.66 5.84
4 0.015 0.49054 0.22845 0.1326 0.0001 0.0137 0.0002 0.27 0.02 0.58 0.07 0.10 0.01 58.03 6.96

5 0.031 0.55713 0.32588  0.1978 0.0002 0.00721  0.00001  0.36 0.03 0.61 0.07 0.04 0.00 60.69 7.28

1 - 0.44361 0.29789  0.1731 0.0001 - - 0.39 0.03 0.58 0.07 - - 58.10 6.97

2 0.17  0.64173 0.32877  0.2403 0.0002 0.0942 0.0002 0.37 0.03 0.73 0.09 0.39 0.03 73.10 8.77

B7-2 3.80E-05 3 0.18  0.73407 0.28564  0.2269 0.0002 0.0384 0.0001 0.31 0.03 0.8 0.1 0.17 0.02 79.45 9.53
4 0.21  0.56309 0.31889  0.2544 0.0002 0.0269 0.0001 0.45 0.04 0.8 0.1 0.11 0.01 79.76 9.57

5 0.22  0.60059 0.28308  0.2245 0.0002 0.0206 0.0004 0.37 0.03 0.8 0.1 0.09 0.01 79.30 9.52

1 - 0.42643  0.332 0.1872 0.0001 - - 0.44 0.03 0.56 0.07 - - 56.39 6.77

B&1 | 7.59279E-05 2 0.0072 0.52671 0.27476  0.1830 0.0001 0.0809 0.0001 0.35 0.02 0.67 0.08 0.44 0.03 66.59 7.99
’ 3 0.0000 0.4641 0.28903  0.1795 0.0001 0.0625 0.0001 0.39 0.03 0.62 0.07 0.35 0.02 62.12 7.45

4 0.0015 0.55381 0.28822  0.1657 0.0001 0.0425 0.0001 0.30 0.02 0.57 0.07 0.26 0.02 57.48 6.90

1 . 0.4917 0.18356 0.07819  0.00006 - - 0.16 0.01 0.4 0.1 - - 42.60 13.21

2 0.11  0.50966 0.17524 0.08761  0.00007 0.027887 0.00003  0.17 0.01 0.5 0.2 0.32 0.03 49.99 15.50

B8-2 7.59E-05 3 0.044  0.33534 0.21771 0.10119  0.00008 0.012313 0.00002  0.30 0.02 0.5 0.1 0.12 0.01 46.48 14.41
4 0.11  0.60364 0.23846  0.1602 0.0002  0.007639 0.00002  0.27 0.03 0.7 0.2 0.05 0.00 67.19 20.83

5 0.057 0.50793 0.20106 0.10034  0.00009 0.006418 0.00023  0.20 0.02 0.5 0.2 0.06 0.01 49.91 15.47
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(e) C5, Sy =0.22+0.04 (f) C5 + residual hydrogen through all cycles.
Sgr.an = 0.02 £ 0.04

Figure 5.14: Residual hydrogen for cyclic injection C1-C5 for N. = 3.8-107° (Exp. B7-2). Blue:
drainage, red: imbibition, residual gas(intersection area): purple, green: residual gas through all
cycles

The residual gas is disconnected hydrogen bubbles and clusters at end-point imbibition
and are considered lost to the formation. Figure 5.14 shows the residual gas in C1 to
C5 for N. = 3.8 - 107°(exp. B7-2). Local displacement was observed during the cycles,
and 31 to 45% of the drainage gas saturation was residual trapped. 58 to 80% of the
imbibition hydrogen saturation was also present during drainage, where the remaining
percentage consisted of gas displaced to new locations due to local displacement. Note
that residual gas coloured in purple was not necessarily immobile during the cycle, but
gas is present in the pore space at end-point drainage and end-point imbibition. The
green area in Figure 5.14(f) marks residual gas present in all cycles. The size of the green
area was controlled by the smallest common areas for the cycles. The residual gas was
compared to the residual gas in the previous cycle. It was observed that the residual gas
saturation (S,r) was reduced from C2 to C3 in the areas marked in red squares, resulting
in a decrease in the residual gas present in all cycles, Sy, all. Syr, all was expected to be
higher if C3 was e excluded. Residual hydrogen relative to end-point imbibition saturation
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was highest for N, = 7.59 - 1076 with relative residual hydrogen between 47 and 98% of
the end-point imbibition saturation. In contrary to higher capillary number, gas was not
locally displaced through the FoV, and the same areas were saturated during the cycles,
with few exception. It was observed that the gas flow could not penetrate the smallest
pores to enter the largest pore space in the centre of the FoV for the lowest capillary
number due to the low injection rate and pore pressure.

The amount of immobilised hydrogen during cyclic injection will affect the gas recovery
for the storage facility and must be accounted for in the study of energy efficiency and
hydrogen loss. The relationship between residual gas saturation and end-point imbibition
and drainage hydrogen saturation is presented in Figure 5.15. The coefficient of determi-
nation R-squared assesses how strong the linear relationship is between the two variables,
where a value of 1.0 is a perfect fit. R? = 0.70 indicated a strong, positive correlation
of the residual gas and imbibition saturation (5.15(a)), which means that an increase
in residual gas is expected with increased end-point gas saturation during imbibition.
The relative trapping was between 34 to 98% of the end-point imbibition saturation for
all experiments, where the average relative trapping was lowest for the highest capillary
number. The lower relative trapping compared to imbibition saturation was supported
by the observation of a higher frequency of local displacement in the FoV for higher cap-
illary numbers. The hydrogen loss relative to the stored gas is of highest importance for a
storage unit. The relationship between residual gas and end-point drainage hydrogen sat-
uration had a moderate, positive correlation at R? = 0.57 in Figure 5.15(b), which could
indicate that an increase storage volume will have a larger hydrogen loss to the formation
when capillary number is not considered. The moderate correlation also indicates that
more of the small pores were gas filled during drainage increasing hydrogen saturations
before the gas was snapped off or by-passed by the waterfront during imbibition.
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Figure 5.15: Residual gas relationship. (a) A strong, positive correlation was observed between
residual gas and end-point imbibition saturation at R? = 0.7962. (b) A moderate, positive
correlation was observed between residual gas and end-point drainage saturation at R = 0.5501.

The relative residual trapping to drainage gas saturation tended to decrease with increas-
ing capillary number by Figure 5.16. The residual gas was observed to be moderate,
positive correlated to end-point drainage hydrogen saturation. The highest percent of
residual gas relative to end-point drainage saturation was observed for low capillary num-
bers, but the highest mean residual gas saturation was observed for N, = 3.80 - 107°. A
high saturation was reached for the capillary number during drainage despite being a low
capillary number with lower gas pressure. The high share of residual trapping could be
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caused by the gas displacement mechanisms during imbibition. Local gas displacement
through the FoV was observed at B6-1 during C2 imbibition where the start-point im-
bibition saturation was almost identical to the end-point drainage saturation but with
different gas distribution in than the previous cycle. The capillary trapping when gas was
displaced during imbibition could also have caused the high residual gas saturation. The
high drainage hydrogen saturation for several cycles at N, = 3.80 - 107° showed that the
gas was able to enter the pore network during drainage, but the residual trapping could
indicate the gas was restricted by narrow pore throats to be displaced during imbibition.
Snap-off and disconnection occurred at a higher gas saturation during local gas displace-
ment compared to higher capillary numbers at similar gas saturations. It could also seem
from Figure 5.16) that the residual gas relative to drainage saturation could increased by
increasing cycles.
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Figure 5.16: Residual gas relative to drainage(%) compared to capillary number.

The effect of cyclic injection and capillary number on relative trapping could be diffi-
cult to identify by one factor. Multi phase processes are dependent on several factors
where trends and relationships could not be identified by a single parameter. Hysteresis
caused by path dependency and saturation history resulted in different values for for at
similar conditions. However, Figure 5.15(b) indicates that it is a relationship between
increased residual trapping and increased drainage gas saturation for C5, while a decrease
in residual gas was observed by increasing capillary number for C5 in Figure 5.16. Rela-
tive residual trapping was also observed to decrease with increasing capillary number on
average, but no clear effect of cyclic injection and capillary number could be concluded.
The relationship between residual trapping and initial saturation has also been studied
for cyclic injection of supercritical COy (scC'O,) and water over three cycles by Herring
et.al.|7]. The experiments showed that increased trapping of scC'O, with increasing cycle,
but the magnitudes in increase was exhibited a hysteresis dependency. The corresponding
relationship in Figure 5.15(b) does not show a similar clear trend for residual trapping
over several cycles independent on capillary number.
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5.4.2 Hydrogen dissolution

Gas dissolution in water is one of the trapping mechanisms occurring in a geological
formation, and will decrease the recovery for UHS. The amount of hydrogen dissolved
during pressure build up during drainage is quantified in this section. A gas dissolution
occurred during the pressure build-up before local gas displacement was observed and the
amount of dissolved gas is the difference between end-point imbibition saturation and the
saturation when local gas displacement was observed. A minimum hydrogen saturation
point was observed, S, 40, and was the initial drainage saturation locally. The minimum
point was observed in Figure 5.7 and can be found in Table 5.7. If the imbibition was
stopped after dissolution (as observed in C2 for Figure 5.7), a lower minimum point
would be expected. Figure 5.17 present the dissolution of hydrogen during drainage
relative to end-point imbibition saturation by capillary number, where the curve shows
an increase in dissolution on average for increasing capillary numbers. The increase in
dissolution might be related to the pressure increase with increasing capillary numbers.
The range of values was narrower for higher capillary numbers. Note that the dissolution
for N. = 1.9-107° was only calculated based on one experiment and more measurements
could have affected the mean value. Both discussion of Figure 5.11 and dissolution of
hydrogen support previous work where a hydrogen cluster dissolved at a faster rate for
high capillary numbers [40)].
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Figure 5.17: Hydrogen dissolution relative to imbibition saturation for different capillary num-
bers before gas breakthrough during drainage. "Mean" is the mean of all values for each capillary
number. The increase might be related to the high pressure increase at high capillary numbers.
Only one experiment were included for N, = 1.9 - 1075,

Experiments have shown that residual trapping occurs over several cycles and that dis-
solution also reduce the hydrogen recovery. Hydrogen dissolution was observed when the
pressure increased, but are also closely connected to both hydrogen solubility in water
and salinity. For future work, the water could be pre-saturated with hydrogen to reduce
hydrogen dissolution when pressure increases during drainage. Less hydrogen dissolution
could be valuable to study the reconnection of larger hydrogen clusters and smaller bub-
bles. The larger cluster decreased to a smaller size in the present setup, while smaller
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bubbles could fully dissolved. Saline water should be used to study more realistic reservoir
behaviour in future experiments to study the effect of salinity in a hydrogen-brine system.
The cushion gas used under UHS should have lower solubility in water to make sure that
the cushion gas does not dissolve in water.

5.5 Contact angles

Wettability will affect fluid flow and is important for hydrogen distribution and displace-
ment. Static contact angles was measured during primary drainage and imbibition for all
experiment.

Contact angles were measured in pore channels with pore diameter from 27 to 150pm,
where the highest frequency of measurements was observed between 20 to 50 pm. A large
span of contact angles per N, are observed by Figure 5.18. The top figure present the
mean contact angles for each capillary number, where the uncertainty is the combined
uncertainty based on standard deviation from the mean of contact angles per experiment
and standard deviation per contact angle measurement. The uncertainty bars in the top
figure span over a range cover all data points in the bottom figure. Mean static contact
angles between drainage and imbibition was observed in the same range. The measured
contact angles varied from 19 to 72°, with the highest data point density between 19 to
60°. The measured angles was similar to contact angles 17-56° in an identical hydrogen-
water-micromodel system, as well as contact angles at 22-45° in hydrogen-water-sandstone
systems [57],|58].

Contact angles at low capillary numbers was measured at pore diameters between 30
and 90 pm, with only one exception. The angle distribution by pore size was a direct
result of hydrogen saturation and distribution. Figure 5.5 showed that the hydrogen was
distributed at the edges of the FoV low capillary numbers. It was observed that the gas
front was blocked by small pore channels that could lead to the centre of the FoV where
more space was available.

N, =1.9-107° have a deviation from the mean at & 26° and 25° for drainage and imbibi-
tion, respectively. The higher uncertainty could be correlated with saturation distribution
and capillary pressure. Contact angles for N, = 1.9 - 10~° were measured in pores with
diameter from 30 to 90 pm by Figure 5.19, indicating that the gas fronts were stopped by
capillary pressure in narrow pore throats. The large variation is also caused by the differ-
ence between minimum and maximum angles for the experiment: a total angle difference
at 35° was observed during Exp.B5-1 imbibition. The mean standard deviation for each
measurement at 6° was also above the calculated average of all measurements at 4°, and
could be a result of image resolution. Uncertainty measurements were also dependent on
image resolution, and not all angles were possible to measure due to thick lines at the
interfaces. As previously discussed, the image quality and brightness was lower at the
bottom edge for each side of the FoV, and could have affected the measuring precision.
The raw images from the experiment had a bad focus and a low saturation distribution
near the edges, where both elements could have caused an increased uncertainty compared
to other measurements.

The systematic uncertainty in the manually measurement of angle was addressed by re-
peating each measuring point 5 times. However, the systematic uncertainty of the method
is subjective due to measurement based on visual observation. Grain structure could cause
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Figure 5.18: Static contact angles by capillary number. The top figure shows the mean contact
angles with uncertainties for each Nec.

uncertainty where the contact point between grain and hydrogen interface could be hard
to identify due to grain surface, grain shadows and hydrogen-water concavities. Another
source of uncertainty is the random hydrogen distribution which hindered measurements
of angles in the same pores. These uncertainties are also addressed by Lysyy et al. [41]. In
addition, contact angles could not be measured in the smallest pores due to the thickness
of the grain-hydrogen-water interfaces. Despite uncertainties with the method, the results
gives valuable data for wettability and relative permeability estimations. The method also
enable the study of static and dynamic contact angles in the pore structure and not only
indirect measurements.[41]. Cyclic injection of CO, have showed that wettability could
be alternated when C'O, was injected over several cycles. For future work, contact angles
could be measured over cycles to study the effect on cyclic hydrogen injection [52].
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Chapter 6

Conclusion

Micromodel experiments have been performed to study pore-scale mechanisms of hy-
drogen flow during primary drainage, imbibition and cyclic injection, where an image
segmentation algorithm was developed to study gas displacement and gas saturations for
different capillary numbers. The relationship between H2 saturation, capillary number
and residual trapping have been analysed. Static contact angles were also measured to
study potential wettability changes for capillary numbers. Key results based on the work
in this thesis are presented in the list below:

Image segmentation algorithm

e water accumulation in the hydrogen flow affected the uncertainty of the algorithm

where hydrogen with water accumulation had darker colour and was ignored. The
amount of water accumulation was highest at low PV injected and if rapid changes
in gas distribution occurred, increasing the uncertainty of the image segmentation
algorithm.

The image segmentation algorithm was precise when the microscope was stable
without movements of the FoV. Based on the sensitivity analysis of a selection of
filtered images from different experiments, the relative uncertainty of H2 saturation
was on average 12

No trend between relative uncertainty and H2 saturation or capillary number was
observed. The main factors affecting the relative uncertainty was water accumula-
tion and light source distribution.

Primary drainage and imbibition

e The hydrogen saturation increased for increasing capillary numbers during drainage

in the water-saturated micromodel.

e The hydrogen saturation decreased until it stabilised at the residual gas saturation.

The residual gas was present as immobile, discontinuous bubbles and clusters, repre-
senting the amount of gas that cannot be recovered. The residual gas was dissolved
when bypassed of water.

e Local displacement caused by global events resulted in fluctuating hydrogen satu-

ration during both drainage and imbibition.
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The relative recovery seems to increase with capillary number, with the exception
of N, = 7.59 - 1077, which was the highest recovery. However, the recovery was
connected to less residual trapping due to gas distribution at the edges of the FoV
and did not penetrate narrow pore throats.

The image segmentation algorithm was not suited for experiments where the micro-
scope was moved during the experimental period. Changes in FoV caused change in
H2 saturation in the experimental data and increased noise, with higher probability
of FoV change when several videos were used during the experiment.

An analysis indicated a dependency between H2 saturation and FoV position, where
the distance from the water and hydrogen inlets likely affected the H2 saturation in
the FoV.

Cyclic injection of hydrogen

A decrease in hydrogen saturation was observed during drainage when the micro-
model was gas saturated caused by FoV effects: the hydrogen in the FoV experienced
a prolonged imbibition before the gas front entered the FoV.

A stable or increased end-point drainage H2 saturation with increasing cycles was
observed for most experiments and capillary number.

The gas saturation dependency on capillary number is weaker when gas is injected
over five or more cycles. A stronger correlation between capillary number and in-
creased gas saturation was observed for primary drainage compared to the drainage
in the forth cycle. Results indicate that N, >= 3.80 - 10~ would approach a sta-
ble end-point H2 saturation during drainage. Hence, the storage capacity of cyclic
injection could be identified.

The gas pressure increased before gas entry in the FoV, increasing the gas saturation
stepwise. A pressure decrease was observed at the maximum hydrogen saturation,
indicating that the gas front had passed and flow paths were established.

A strong, positive correlation was observed between residual gas and end-point
imbibition gas saturation.

A moderate, positive correlation between residual gas saturation and end-point
drainage gas saturation was observed, indicating that more gas will be residual
trapped for higher storage volumes.

The relative residual trapping (normalised to drainage H, saturations) tends to
decrease with increasing capillary number.

Results could indicate a relationship between increased residual gas relative to
drainage gas saturation with increasing cycles, but no clear trend was observed.

Hydrogen dissolution was observed as a consequence of local imbibition events dur-
ing drainage when the micromodel was gas saturated, similar to what was observed
during experiments for imbibition. Hydrogen was dissolved when the gas pressure
increased. An increase in dissolution was observed for increasing capillary numbers
caused by the increased pore pressure.

Static contact angles
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e The measured contact angles varied from 19 to 71° during primary drainage and
imbibition for all experiments measured in pores with pore diameter 30 — 150pm,
confirming the water-wet wettability of the micromodel.
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Chapter 7

Future work

The experiments is a part of the UHS project HyPE, a collaboration between NORCE and
UiB. The result leads to the identification of reservoir storage capacity, potential losses
and wettability changes during hydrogen storage in aquifers, but further experiments
must be performed to understand the hydrogen behaviour in UHS. The list below gives
suggestions for future work:

use saline water instead of distilled water to have a more realistic behaviour.
Investigation of the effect of saline water on H, dissolution.

Pre-saturated water with hydrogen for better study of the reconnection of larger
hydrogen bubbles.

Cyclic injection over more than five cycles.
Hydrogen mixed C'H, and other gases typically used as cushion gas.

Use of microbial organisms to study microbial effects and get closer to a reservoir
environment.

Measurement of advancing and receding contact angles to investigate wettability
alternation for cyclic injection.

Use experimental data from micromodel and core experiments for detailed UHS
modelling.

The use of fluorescent tracers for water and/or hydrogen to study flow patterns and
relative permeabilities.

Suggestions for future work based on the method:

A FoV of the entire micromodel will give a better understanding of the mechanisms
and gas displacement. Different gas saturations was observed in different FoV posi-
tions.

Adjust experimental setup for better image processing conditions by using a uniform
light source and increase stability of the setup to reduce unwanted movements of
the microscope.
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Further development of image segmentation algorithm. The algorithm is sensitive
to light distribution, colour change and small movements of the FoV.

Connect a pressure transducer to the micromodel for continuously observation of
the pressure in the micromodel, not only in the pumps.

The use of more sensitive pumps will reduce uncertainties and increase sensitivity
to rapid change in the system, increasing the efficiency of the experiments.

Accumulator to measure the retracted gas from the micromodel.

Improved procedure for contact angles in pore channels with lower uncertainties.
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Chapter 8

Appendix

werdtsertd beskrivelse

8.1 Appendix A

Image segmention algorithm
The function was developed in colloboration with Na Liu and is given below.

function [saturation,new] = segmentation(fullfilename_I,
img_bg_gray)

%SEGMENTATION: The function returns the hydrogen area from
the subtracted image and the processed image in a logical
matrix.

himage segmentation

%thresh=10; noise=300;close_holes=10;thresh2=1200;

hthresh=10; noise=2000 for part A;close_holes=10;thresh?
=1200; %Treshhold if movements of the microscope/much
noise with the above treshhold.

I = imread(fullfilename_1I);
I_gray = im2gray(I);
J = I_gray - img_bg_gray;
J1 = J > 10;
%“remove noise
J2 = bwareaopen(J1,300);
%close water holes
se_disk = strel('disk',10); % radius=10
J_close = imclose(J2, se_disk);
new = J_close;
%close small holes
filled = imfill(J_close, 'holes');
holes = filled & “J_close;
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bigholes = bwareaopen(holes, 1200); 71000 pixels as
threshold
smallholes = holes & “bigholes;
new = J_close | smallholes;
hfigure
%imshow (J1) ;
hfigure
% imshow(new) ;
yA hcalculate #pixels
totpx_void = numel (new)*0.515904225; % Porosity: update
for each experiment
new_H2 = sum(new(:));
saturation = new_H2/totpx_void*100; Ypercent
end
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The main script:

clc;
clear;
close all;

imageDir = 'Experiment 15/ex15_4054_image';

himage segmentation
files = dir(fullfile(imageDir,'*.jpg'));
N = length(files);

Do
ot
filename = "";
%collects the file names
for i=1:N
file_content = string(struct2cell(files(i)));
filename (i)= file_content(1); %1 for A¥ hente ut navnene.
end

hsorts the file names in natural order.

names = sort_nat(filename.'); Jtranspose. Copyright (c) 2008,
Douglas M. Schwarz. All rights reserved.

names = names.';

hget the background image

hbg = files (1) .name; %if background is the start of video.
bg_folder = 'Experiment 15/ex15_4054_image';

bg = '0001.jpg"';

fullFileName_bg = fullfile(bg_folder, bg);

img_bg = imread (fullFileName_bg);

img_bg_gray = rgb2gray(img_bg);

hhinitiation

%saturation = [1:N];

image = struct;

hspecify the folder of the images

folder = files(1l).folder; 7%all images are in the same folder
ToTh
imageDir_filter = 'Experiment 15/ex15_filtered_4054"';

mkdir (imageDir_filter);

himage proceccing

for i=1:N
fullfilename_I = fullfile(folder ,names(i));
himg_filtered = image.(sprintf ('img¥%d',i));
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[saturation (i), image.(sprintf ('img%d',i))]=segmentation (
fullfilename_I, img_bg_gray);

hhSaves filtered images to file

baseFileName_2 = sprintf ('’04d.jpg', i); % e.g.
filter_0001. jpg"

fullFileName_filt = fullfile(imageDir_filter,
baseFileName_2) ;

imwrite (image . (sprintf ('img’d',i)),fullFileName_filt,'JPG'
)

end

ToTh

hsaturation plot

time=1:N;

time_T = time.';’transpose to get them vertically
saturation_T = saturation.';’transpose

fig = figure;

plot (saturation);

xlabel ('Time '), ylabel ('H2 saturation (%) ');

title('H2 saturation over time');

saveas (fig, imageDir_filter, 'fig');

ToTh

hsave saturation into a xlsx file

hCreates table

T = table(time_T,saturation_T);

hset properties

T.Properties.VariableNames{'time T'}='Time';

T.Properties.VariableNames{'saturation_T'}='H2 saturation';

T.Properties.Description = 'Table that saves experimental
data as a time series';

T.Properties.VariableDescriptions{'Time'}='Time steps (add
unit) ';

T.Properties.VariableDescriptions{'H2 saturation'}='Hydrogen
gas saturation at the given time)';

description = ['Experiment 15. g = 2,5 mL/h. 40 bar.Cyclic
injection i 5 cycles. Date:09.02.2022. '];

S = table({description}'); well.

S.Properties.VariableNames{'Varl'}="'Experiment number: 15°';

filename = 'Experiment 15/experimentlb5_data.xlsx';

“hwrites to file

writetable(S,filename, 'Sheet','4154 Saturation', 'Range','Al",
"AutoFitWidth',true) ;

writetable (T,filename, 'Sheet','4154 Saturation', 'Range','Ad"',
"AutoFitWidth', true) ;
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Residual gas

End-point drainage and imbibition filtered images were analysed for each experiment by
comparing the common area between drainage and imbibition for each cycle. A binary
image of the intersection area was produced. The images were combined in one figure.
The intersection area of the cycle was compared to the following cycle, and a binary image
of residual gas during all cycles was created. The binary images were coloured to easier
distinguish the processes.

close all;
clear;

N=5; %number of cycles.

hbg = imread('bg.jpg');

porosity = 0.446483652;

for i=1:N

drain_name = sprintf('Cld_drain.jpg',1i);
imb_name = sprintf('Cld_imb.jpg',i);

im_drain = imread(fullfile(drain_name));
im_imb = imread (fullfile(imb_name)) ;
hfolder = sprintf ('Ex15 C%d results',i);
%mkdir (folder) ;

RGB_imb = cat(3,im_imbx*1, im_imb*0, im_imb#*0); % (cat(3,R,G,B)

%red
RGB_drain = cat(3,im_drain*0, im_drain*1,im_drain*1); YJdrain
magneta/blue

himwrite (RGB_imb, fullfile(folder,sprintf('C)%d_imb_RGB.jpg',1i
DD

himwrite (RGB_drain, fullfile(folder,sprintf('C%d_drain_RGB.
jpg',1)));
%Find colour: c = uisetcolor ([0.6 0.8 1])

residual_bin = bitand(im_drain,im_imb); ’common area (binary
image, black and white)

himwrite (residual_bin,sprintf ('Cld_residual_bin. jpg',1i));

RBG_rec = cat(3,residual_bin*1, residual_bin*0,residual_bin
*1); 7% common area colour magneta

himwrite (RBG_rec ,fullfile(folder,sprintf ('CY%
d_residual_bin_RBG_lila.jpg',i)));

% % Combine the images in 1
fig = figure;
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himshow (bg) ;
alpha (0.5);
hold on;
imshow (RGB_imb) ;
hold on;
alpha('color') Jremove background
imshow (RGB_drain) 7%add drainage image
alpha('color')
imshow (RBG_rec); %add common image to better observe colour.
Not nesassary but a better colour contrast
alpha('color');
hold off;
b
figname = sprintf('Ex 15 C%d residual',i);
saveas (fig,figname, 'jpg');

hresidual gas

totpx_void = numel (residual_bin)*porosity;’Porosity: mean
based on different labs with field of view.

residual_Sg= sum(residual_bin(:) >127) ;7%

%black = sum(“white(:));

saturation_res (i) = residual_Sg/totpx_void*100;

hsaturation draiange and imbibiton comparison

px_drain = sum(im_drain(:)>127); %<127 are black values.
px_imb = sum(im_imb (:) >127);

Sg_d(i) = px_drain/totpx_void=*100;

Sg_i(i) = px_imb/totpx_void=*100;

hrelative to drainage
res_rel_drain(i)= saturation_res(i)/Sg_d(i)*100 ;%residual
relative to drainage)

end

Cl= imread('Cl_residual_bin.jpg');
C2 = imread('C2_residual_bin.jpg');
C3 = imread('C3_residual_bin.jpg');
C4 = imread('C4_residual_bin. jpg');
C5 = imread('C5_residual_bin. jpg');

hcommon area of the cycles
resl = bitand(C1,C2);

res2 = bitand(C2,resl);
res3 = bitand (C3,res2);
res4 = bitand(C4,res3);
resb = bitand(C5,res4) ;
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Jicount

/Y

hcount for each cycle comparison

residual_all (1) = sum(resl1(:)>127)/totpx_void*100;
residual_all(2) = sum(res2(:)>127)/totpx_void*100;
residual_all(3) = sum(res3(:)>127)/totpx_void*100;
residual_all (4) = sum(res4(:)>127)/totpx_void=*100;
residual_all(5) = sum(resb5(:)>127)/totpx_void=*100;

% %add colour
% RGB_resbh = cat(3,res5*0, resb*1l, resb*0); %(cat(3,R,G,B) %
pink

% %hdisplay and save

% fig = figure;

% imshow (RGB_resb) ;

% alpha('color');

% saveas(fig,'RGB_CommonAreaCyclel-5','jpg');
/Y

YA
% Excel

cycle = 1:N;
htranspose
cycle = cycle.';
Sg_d = Sg_d.';
Sg_i = Sg_i."';
saturation_res = saturation_res.';
res_rel_drain = res_rel_drain.';
residual_all = residual_all.';

% S = table({description}'); %headline/description can be
added to the file as well.

%S .Properties.VariableNames{'Varl'}="'Experiments';

filename = 'exl15_residual gas.xlsx';%

T = table(cycle,Sg_d, Sg_i, saturation_res,res_rel_drain,
residual_all);

T.Properties.Description = 'Ex15 residual gas extracted by
combining end-point drainage and imbibition images in
MATLAB.';

hdescription = 'Ex15 residual gas extracted by combining end-

point drainage and imbibition images in MATLAB.';
%D = table(description);
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writetable(T,filename, 'Sheet',' Residual hydrogen exl1l5 v2','
Range','A3','AutoFitWidth',true);

8.2 Appendix B

Uncertainties have been calculated for the measurements and calculations performed in
this thesis. Uncertainties was calculated by standard deviation, uncertainty for a function
and combined uncertainty:

Standard deviations for a sample N of a population:

std(x) = \/E’:;V(xl —2) (8.1)

-1

Uncertainty of a function f(x,y):

u(f(2.9)) = ¢ (5 A2+ (5 0 (52

Combined uncertainty:

ur(@,y) = vVul)? + u(y)? (8.3)

Relative uncertainty:

ug(z) = UTHE@ (8.4)

The uncertainty of the saturation based on the filtered images was calculated by:

Ag = Zm = 5f 100, (8.5)
Sym

where the difference between the hydrogen saturation from filling in manually

(Sgm) and the returned saturation from the script (S,¢) relative to S,,,. The combined
uncertainty includes both the uncertainty of the filter (for constant saturations) and the
uncertainty of the filter compared to manually mapping of hydrogen.

8.3 Appendix C

Saturation developments for cyclic injection for different capillary numbers are presented
in the following figures. The time is the effective time when gas injection and withdrawal
was performed.
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Raw data
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Figure 8.1: Hydrogen saturation for exp. B5-1 at N, = 7.59 - 1076.
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Figure 8.2: Hydrogen saturation for exp. B6-1 at N, = 1.90 - 107°.
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Experimental data
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Figure 8.3: Hydrogen saturation for exp. B7-2 at N, = 3.80 - 107°.
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Figure 8.4: Hydrogen saturation for exp. B8-1 at N, = 7.59 - 107°.
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