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A B S T R A C T

Underground Hydrogen Storage (UHS) is an attractive technology for large-scale (TWh) renewable energy
storage. To ensure the safety and efficiency of the UHS, it is crucial to quantify the H2 interactions with
the reservoir fluids and rocks across scales, including the micro scale. This paper reports the experimental
measurements of advancing and receding contact angles for different channel widths for a H2/water system
at P = 10 bar and T = 20 ◦C using a microfluidic chip. To analyse the characteristics of the H2 flow in
straight pore throats, the network is designed such that it holds several straight channels. More specifically,
the width of the microchannels range between 50 μm and 130 μm. For the drainage experiments, H2 is injected
into a fully water saturated system, while for the imbibition tests, water is injected into a fully H2-saturated
system. For both scenarios, high-resolution images are captured starting the introduction of the new phase into
the system, allowing for fully-dynamic transport analyses. For better insights, N2/water and CO2/water flows
were also analysed and compared with H2/water. Results indicate strong water-wet conditions with H2/water
advancing and receding contact angles of, respectively, 13◦–39◦, and 6◦–23◦. It was found that the contact
angles decrease with increasing channel widths. The receding contact angle measured in the 50 μm channel
agrees well with the results presented in the literature by conducting a core-flood test for a sandstone rock.
Furthermore, the N2/water and CO2/water systems showed similar characteristics as the H2/water system. In
addition to the important characterization of the dynamic wettability, the results are also crucially important
for accurate construction of pore-scale simulators.
1. Introduction

The contribution of renewable energy, especially wind and so-
lar, in the future global energy mix is expected to increase signifi-
cantly (MacKay, 2008). The intermittent nature of these energy re-
sources makes the development of large-scale (TWh) energy storage
facilities an essential component of future green energy systems (Heine-
mann et al., 2021). Hydrogen (H2) is considered an attractive energy
carrier because of its high energy content per mass, and its clean com-
bustion products. However, because of its low density, being the tiniest
molecule, surface-based storage facilities do not offer the volumes
required for large-scale (TWh) energy storage. Geological formations,
such as depleted oil and gas reservoirs, aquifers and salt caverns have
proven to provide safe storage options for gasses such as methane and
carbon dioxide, and could also offer potential solutions for hydrogen
storage (Hashemi et al., 2021a; Ali et al., 2021; Zivar et al., 2020;
Heinemann et al., 2021).

The feasibility of underground hydrogen storage in porous reser-
voirs highly depends on the flow and transport behaviour of hydrogen

∗ Corresponding author.
E-mail address: w.a.vanrooijen@tudelft.nl (W. van Rooijen).

during subsequent injection and withdrawal cycles in the reservoir,
which is governed by complex pore-scale processes (Hashemi et al.,
2021b; Rücker et al., 2019; Kunz et al., 2018; Pan et al., 2021; Carden
and Paterson, 1979; Heinemann et al., 2021). A common approach
to investigate the impact of pore-scale processes on continuum-scale
behaviour, as well as to derive meaningful continuum-scale transport
parameters such as relative permeability and capillary pressure, is pore-
network modelling (Blunt et al., 2002; Joekar-Niasar and Hassanizadeh,
2012; Celia et al., 1995; Constantinides and Payatakes, 1996; Oren
et al., 1998; Patzek, 2001). In pore-network modelling the relevant
physics at the pore-scale (e.g., contact angles and interfacial tension)
is explicitly taken into account. However, for pore-network models
to be successful, representative models of the pore-structure of the
porous medium are required, as well as accurate descriptions of the
wettability of the system (Dong et al., 2008; Ryazanov et al., 2009;
Øren and Bakke, 2003). The wettability can be then characterized by
the contact angle between the H2/brine/rock interfaces (Section 2.1,
Fig. 1) (Hashemi et al., 2021b; Blunt, 2017; Bear, 2013). The contact
vailable online 13 May 2022
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Fig. 1. Schematic drawing showing the interface between the wetting and non-wetting
phase. The advancing (ACA) and receding contact angles (RCA) are indicated by 𝛩A
and 𝛩R, respectively. The static contact angle is also illustrated by 𝛩S.

angle is a function of, among other factors, pore size and pore geome-
try (Behnoudfar et al., 2022; Rabbani et al., 2016, 2017). Furthermore,
the contact angle can potentially be different during drainage and imbi-
bition cycles, even in tube-like channels, used in pore-network systems.
This phenomena is known as the contact angle hysteresis. Contact angle
hysteresis is the result of the pore-structure heterogeneity, chemical
interactions between the fluid and solid rock surface, as well as surface
roughness (Behnoudfar et al., 2022; Sauer and Carney, 1990; Tadmor,
2004). Contact angle hysteresis has a direct impact on the amount of
residual and capillary-trapped non-wetting phase (Juanes et al., 2006),
in this case H2, and the economic feasibility of UHS, as the trapped H2
cannot be produced from the reservoir.

Contact angles can be directly measured experimentally using the
Captive bubble method (Hashemi et al., 2021b; Saraji et al., 2014),
Sessile drop method (Dickson et al., 2006; Espinoza and Santamarina,
2010; Dalton et al., 2020), Capillary tubes (Li et al., 2013; Heshmati
and Piri, 2014; Al-Zaidi and Fan, 2018; Castro et al., 2018), Tilted
plate method (Arif et al., 2017), Wilhelmy plate method (Kim et al.,
2015), Microfluidic chips (Jafari and Jung, 2017; Castro et al., 2018),
and In-situ μCT measurements (Dalton et al., 2020; Sun et al., 2020; Al-
hammadi et al., 2017; Higgs et al., 2022), of which μCT measurements
of the contact angles are most representative of local pore geometries.

Morrow (1975) studied the dependence of the advancing and re-
ceding contact angles on intrinsic contact angles. The intrinsic contact
angles were measured on a smooth PTFE surface, for different fluid
pairs. However, importantly to note, the corresponding advancing and
receding contact angles were measured in roughened PTFE tubes. Un-
der these conditions, Morrow (1975) showed a systematic dependency
of the advancing and receding contact angles on the intrinsic contact
angle. Note that on smooth surfaces no hysteresis was expected to
be observed. As such, the advancing and receding contact angles for
smoothed surfaces were assumed to be equal to the intrinsic contact
angle. It is, therefore, expected that in the relatively new pore-scale
simulation studies, Morrow’s curves have been modified to obtain
meaningful simulations (Hashemi et al., 2021a). In general, there are
only limited experimental data sets available for H2/water contact an-
gles in porous reservoirs. Moreover, no direct measurements to quantify
the effect of pore size/channel width on this parameter have been
reported. Furthermore, no direct measurement of H dynamic contact
2

2

angles in tube-like micro channels have been done. The analyses of
hydrogen transport properties in tube-like channels sheds new lights
on meaningful design of pore-scale network simulation frameworks.

Relevant to UHS, in the literature, some experimental studies to
characterize hydrogen transport properties have been conducted. Yekta
et al. (2018) performed core-flooding tests, in which hydrogen was in-
jected into a water-saturated Vosges sandstone rock, to derive drainage
relative permeability and capillary pressure curves. The experiments
were carried out to represent shallow (50 bar – 20 ◦C) and deep
(100 bar – 45 ◦C) aquifers. By combining the capillary pressure re-
sults with mercury injection capillary pressure (MICP) measurements
and using the Young–Laplace scaling, they found the receding con-
tact angles of 21.6◦ and 34.9◦ for the first and second conditions,
respectively. Iglauer et al. (2021) used the tilted plate experimental
technique to determine advancing and receding contact angles for
the H2/brine/quartz system. The experiments were performed for a
pressure range of 50–250 bar, and a temperature range of 23–70 ◦C.
A brine with a salinity of 100,000 ppm NaCl was used. They found
that increasing pressure, temperature, and organic surface concentra-
tion increased the hydrogen wettability, with contact angles ranging
between 0◦ to maximum 50◦. Hashemi et al. (2021b, 2022) performed
direct static contact angle measurements for H2/brine/sandstone rock
using a captive-bubble cell device. No correlations between the static
contact angle and the pressure (20–100 bar), temperature (20–50 ◦C)
and salinity (0 – 50 000 ppm NaCl) of the brine were found. Intrinsic
contact angles between 25◦ (min) to 45◦(max) were found for a variety
of tests. Most recently, Higgs et al. (2022) determined wettability of
H2/brine/quartz systems, using captive bubble, pendant drop and in-
situ 3D micro-CT methods. They found contact angles of 29◦–39◦ at
pressures of 69–210 bar and salinities of 0–5000 ppm NaCl. Consistent
with the earlier findings (Hashemi et al., 2021b), in their results, no
conclusive impact of salinity or pressure was observed on the contact
angle. Although, water-wet conditions were commonly found in all the
past experiments, a wide variation in the currently reported H2/brine
contact angle data exists. This could possibly be explained by differ-
ences in the measurement techniques, where pore size/channel width
could play a defining factor.

In order to provide valuable and missing wettability information for
pore-network models, as well as to improve the scientific community’s
understanding of currently reported data on H2/brine contact angles, in
this work, we present a systematic study to measure H2/brine contact
angles for different channel widths in microfluidic systems for both
drainage (receding) and imbibition (advancing) processes.

Experimental microfluidic investigations can provide insight in the
dynamics of pore-scale processes (Porter et al., 2015; Karadimitriou
and Hassanizadeh, 2012), and provide a bridge between the pore and
the core scale (Karadimitriou et al., 2019). Microfluidic experiments at
early stages were based on simple micromodels, but later involved more
complex network geometries (Porter et al., 2015). The main limitations
of most micromodels to represent actual subsurface systems, however,
include their restriction to 2D networks, with a uniform etch depth in
the third dimension, uniform surface chemistry and minimum channel
width of 10 μm (Kim et al., 2012). There are a few examples of micro-
models which resemble actual 3D rock systems more closely (Gunda
et al., 2011; Song et al., 2014). Micromodels have widely been used
for experiments on the fundamentals of multiphase flow (Godinez-
Brizuela et al., 2017; Cheng et al., 2004), transport (Karadimitriou
et al., 2016, 2017) and wettability (Sharbatian et al., 2018; Kim et al.,
2012; Chalbaud et al., 2009; Hu et al., 2017; Jafari and Jung, 2017;
Karadimitriou et al., 2019). Micromodels can, for example, be used to
simulate drainage and imbibition processes and to study underlying
processes like viscous or capillary fingering and snap-off (Gutiérrez
et al., 2008; Ferer et al., 2004; Zhang et al., 2011; Joekar Niasar et al.,
2009). The complex pore-geometries in real rocks make it difficult to
systematically analyse the impact of factors such as pore size on the
in-situ contact angle measurements (Higgs et al., 2022; Alhammadi
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Table 1
Summary of the test groups and experimental conditions.
Test Group Gas Liquid Rate [μl/min] Temperature [◦C] Pressure [bar]

A H2 Pure Water 0.1 20 10
B N2 Pure Water 0.1 20 10
C CO2 Saturated Water 0.1 20 10
et al., 2017). The advantage of using microfluidic chips is that the
in-situ dynamic contact angles can be measured in simplified systems
but with channel widths that are representative of porous media in the
subsurface formations. However, to the best of the authors’ knowledge,
no study has been reported, in which micromodels are used to directly
measure dynamic contact angles of H2/brine systems.

The objective of this work is to characterize dynamic contact angles
or different channel widths in a H2/water/glass microfluidic system. In
ddition, the experiments will be carried out for CO2 and N2 to allow

for the comparison with more commonly stored gasses in subsurface
reservoirs. The results reported in this study can directly be used to
take into account the impact of pore size/channel width on contact
angle in pore-scale modelling approaches such as the one performed
by Hashemi et al. (2021a), in order to find meaningful relative per-
meability and capillary pressure curves. Furthermore, this work can be
used to improve our understanding of the wide variation in the limited
H2/brine contact angle data that is currently reported. The remainder
of the paper is structured as follows. First, the experimental setup and
procedure will be described, followed by the method of image analysis.
Then, the results and their relevance for UHS will be provided and
discussed. Finally, concluding remarks will be presented.

2. Materials and methods

In this study, microfluidic chips are utilized to measure dynamic
contact angles of gas–solid–liquid interfaces for the H2/water, N2/water,
nd CO2/water systems. The experimental test groups and conditions
re summarized in Table 1.

.1. Theory

The wettability is a measure of the ability of a fluid to interact with a
olid surface in combination with another fluid, and can be represented
y the contact angle. The contact angle is defined as the angle that a
wo-fluid interface makes with the solid surface. A contact angle bigger
han 90◦ defines the non-wetting phase, while a contact angle smaller
han 90◦ defines the wetting phase (Blunt, 2017; Bear, 2013). In cases
here the interface is not moving, the contact angle is static (SCA).
ynamic contact angles can be measured during drainage, where the
on-wetting phase is displacing the wetting phase, corresponding to
he injection of hydrogen in the reservoir. The contact angles measured
uring drainage are receding contact angles (RCA). When the process
s reversed and hydrogen is withdrawn from the reservoir, the wetting
hase is displacing the non-wetting phase, which is called imbibition.
he contact angles measured during imbibition are advancing contact
ngles (ACA). An illustration is provided in Fig. 1. Hysteresis is defined
s the difference in contact angle during the drainage and imbibition
hase of the process (Rapp, 2016). When the surface is smooth and the
luids are at rest and free of polar impurities, the static contact angle is
fundamental property of the system and is called the intrinsic contact
ngle (ICA) (Morrow, 1975).

.2. Materials

The microfluidic device used in the experiments consisted of a
icrochip (10 × 20 mm) supplied by Micronit Company. The material

f the chip is borosilicate glass, with a pattern of a random square
etwork. The channels have widths of 50, 70, 90, 110 and 130 μm
easured in the widest part of the channel (see Fig. 2). The width
3

of the smallest channel is in the range of the most common pore
sizes measured in Berea and Bentheimer sandstones (Hashemi et al.,
2021b; Anon, 2022). The depth of the channels is 20 μm. The shape
of the channels is near-rectangular, with edged sides at the bottom.
The permeability of the chip is 1.6 D, which is comparable with the
permeability found for Bentheimer sandstone (Peksa et al., 2015).
An overview of the chip can be found in Fig. 2. H2, N2 and CO2
gas with respective purity of 99.99%, 99.7% and 99.7% were used.
Degassed deionized water was used during the experiments. For the
CO2 experiments the water was pre-saturated with CO2, because of
the high solubility of CO2 in water. H2 and N2 solubility in water
is very low, with no expected impact on the contact angle (Hashemi
et al., 2022). Therefore, the water used in these experiments was not
pre-equilibrated.

2.3. Experimental apparatus

Fig. 3 provides a schematic overview of the microfluidic apparatus.
The microscope is a Leica DMi8 DFC7000 and was used in combination
with a lens with a magnifying factor of 10. Videos of the experiments
were taken with a Leica DFC7000T camera with LAS software. The
frame rate of the videos was approximately 5 frames per second. The
resolution of the videos was 1920 × 1440 pixels, with a pixel size of
0.75 × 0.75 μm. To prevent the chip from being contaminated, multiple
filters were incorporated in the apparatus. The injected water (and
ethanol) was filtered with a 0.2 μm VICI filter. In addition, there were
two extra 0.5 μm filters (VICI Jour PEEK-encased frits) installed in the
liquid and the gas lines. Two pumps were included in the setup, a quizix
QX6000 pump and a PHD Ultra™ 4400 Programmable Syringe Pump -
Harvard Apparatus with a 250 μL syringe. The Quizix pump was used
to refill the highly accurate syringe pump, which can deliver flow rates
as small as a few nanolitres per minute. The syringe pump was used
for the injection into, and the withdrawal from, the microchip. The
valves installed (Swagelok) were all 1/16" in size. Also, the tubes with
0.25 mm inner diameter (ID) with FEP transparent material were used
to connect the pumps to the chip. The gas cylinder served to maintain
the pressure. The pressure was monitored by the Quizix Pump. The
experimental setup was limited to a pressure of 10 bar.

Safety aspects are crucially important when working with H2. There-
fore, in this study, the small volume of H2 needed for the experiments
was obtained from the gas regulator so that the gas cylinders could
be closed during experiments. The volume of the regulator is approxi-
mately 99 mL, which is large enough to carry out several experiments,
but small enough to pose limited safety risks in a well-ventilated lab.

The setup was calibrated against the existing literature data of Jafari
and Jung (2017), in which the same chip was used to measure dynamic
contact angles for the CO2/water system. An important difference
between the experimental apparatus of Jafari and Jung (2017) and the
one used in this study is the presence of several filters. The filters keep
the system clean and avoid any impact of impurities on the contact
angle measurements. More details about the validation tests and the
impact of impurities on contact angle measurements can be found in
Appendices A and C.

2.4. Experimental procedure

In this study, drainage and imbibition experiments are carried out
as separate experiments. The objective is to measure dynamic con-
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Fig. 2. Schematic drawing of the borosilicate glass chip (based on the drawing on the website of Micronit Company). The chip is 10 mm × 20 mm. The channels have widths of
50, 70, 90, 110 and 130 μm and the depth of the channels is 20 μm.
Fig. 3. Schematic drawing of the experimental apparatus used to measure dynamic contact angles in microfluidic chips.
tact angles as a function of channel width for these two different
displacement processes. During the experiments, videos were taken
to capture the moving gas–water interfaces within the channels. The
drainage and imbibition tests were repeated until a sufficient amount of
measurements for each channel width could be derived from the videos.
A flow rate of 0.1 μl/min has been used during all experiments. This
corresponds to an interstitial velocity (V) of ≈ 10−4 m∕s. A capillary
number (𝐶𝑎 = 𝜇𝑉 ∕𝜎) of ≈ 10−8 was calculated using an interfacial
tension (𝜎) of 72.9 mN/m (Yan et al., 2001) and a dynamic viscosity (𝜇)
4

of 9 μPa s (Yusibani et al., 2011), which indicates a capillary-dominated
flow regime.

2.4.1. Cleaning procedure
Prior to each experiment, the microchips were thoroughly cleaned.

The cleaning procedure involved rinsing the chips with 5 mL of filtered
ethanol, followed by flushing with filtered N2 until no liquid was
visible in the chip. The cleaning procedure was carried out at ambient
pressure. To remove the N from the clean chip, the system was flushed
2
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Fig. 4. Procedure of the image analysis to identify the contact angles.
with the gas used in the experiment, followed by thoroughly rinsing
with deionized water.

2.4.2. Drainage experiments
Before the start of the drainage experiments, the chips were satu-

rated with deionized water at ambient pressure, after which the system
was pressurized to the experimental pressure of 10 bar. However,
for the experiments where the deionized water was pre-equilibrated
with CO2 (see Table 1), the system was saturated at the experimental
pressure of 10 bar to avoid exolution of dissolved CO2 from the water.
For these experiments, back-pressure regulators were installed at the
outlets of valve 2 and 5. The drainage experiments were conducted by
withdrawing water from the fully water-saturated chips with a flow rate
of 0.1 μL/min.

2.4.3. Imbibition experiments
Before the start of an imbibition test, the chip was flushed with the

gas of the experiment until the water inlet was completely filled with
gas. This forced the injected water during the imbibition experiment
to flow through channels filled with gas instead of pre-existing wet
flow paths, which was necessary to be able to make measurements in
all channel widths. The flushing was carried out at ambient pressure,
after which the pressure was increased to the experimental pressure of
10 bar, except for the experiments in which the deionized water was
equilibrated with CO2. For these experiments the flushing pressure was
kept at 10 bar. The imbibition experiments were conducted by injecting
water with a flow rate of 0.1 μL/min into the microchip.
5

2.5. Image analysis

To calculate the dynamic contact angles, snapshots from videos
of the moving gas–water interfaces in different channel widths were
captured throughout the entire chip. Snapshots were taken at locations
where the interfaces met the following requirements: (1) the interface is
moving, (2) the interface is not too close to the corners of the channels,
and (3) the meniscus snapshot is sharp. Furthermore, only one snapshot
per straight channel was taken to obtain a good representation of the
whole microchip.

Interfaces which met the three requirements were analysed using
an in-house code. To process an image, first it was converted to a grey-
scale format and the desired interface within a channel was cropped.
Then, by using the scale factor of the microscope and selecting two
points on the channel walls, the channel width was identified. To detect
the boundary of the meniscus, the cropped section of the image was
binarized and contact points, in addition to the apex, were identified.
The best polynomials on each half of the curvature were fitted by
both minimizing the error at the contact points (RMSE) and choosing
a polynomial that optimally fits the meniscus (Darzi and Park, 2017;
Heiskanen et al., 2008). All the steps of the image analysis are shown
in Fig. 4.

Contact angles are found first by fitting a polynomial of order 𝑛 on
the image, i.e.,

𝑍 = 𝑐 𝑅𝑛 + 𝑐 𝑅(𝑛−1) + 𝑐 𝑅𝑛−(𝑖−1) +⋯ + 𝑐 . (1)
1 2 𝑖 (𝑛+1)
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Fig. 5. Examples of images during experiments.
Here, 𝑐𝑖 coefficients are constants, allowing the Z curve to be found as
a function of R. Naturally, the derivative of Z with respect to R reads
𝑑𝑍
𝑑𝑅

= 𝑛𝑐1𝑅
(𝑛−1) + (𝑛 − 1)𝑐2𝑅(𝑛−2) +⋯ + 𝑐(𝑛). (2)

As such, the contact angle 𝜃 is found at the gas/liquid/solid contact
point according to

𝜃 = 𝜋
2
− 𝑡𝑎𝑛−1(𝑑𝑍

𝑑𝑅
). (3)

As shown in Fig. 4(e), the origin of the coordinate system was placed
at the apex point. The 𝑍-axis is parallel to the flow direction and
the 𝑅-axis perpendicular to the flow direction. Therefore, by solving
Eqs. (1), (2) and (3), at the contact points the contact angle (𝜃) can
be found. A validation of the image analysis code is provided in
Appendix B.

3. Results

Fig. 5(a) shows an overview image of a drainage experiment for
the H2/water system at the point of breakthrough. The flow path
is different during each experiment. The small images on the right-
hand-side of Fig. 5 show drainage and imbibition examples used for
measurement of advancing and receding contact angles for channel
width of 70 μm and 110 μm. From left to right, the columns show
the results for H , N and CO , respectively. No significant difference
6

2 2 2
Table 2
Number of measurements.

Channel Width H2 N2 CO2

RCA ACA RCA ACA RCA ACA

50 μm 28 18 20 14 10 12
70 μm 24 32 22 20 12 12
90 μm 22 30 22 18 14 22
110 μm 18 24 18 14 16 20
130 μm 18 12 20 8 18 22

between the wettability behaviour of these three gasses can be seen.
However, in some cases a difference in interface properties (visibility
of water films) could be observed between advancing and receding
contact angles.

The drainage and imbibition tests were repeated until a sufficient
amount of contact angle measurements for each channel width were
obtained for each of the gasses, and for both drainage and imbibition.
The advancing and receding contact angles (ACA and RCA) for the
H2/water, N2/water and CO2/water systems at a pressure of 10 (±1)
bar and a temperature of 20 (±2) ◦C (Test A, B and C), measured in
channel widths varying from 50 to 130 μm are presented in Fig. 6. The
error bars represent the standard deviation of the measurements.

Table 2 shows the number of measurements per measurement cat-
egory. Based on this data, Fig. 7 was created in order to compare
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Fig. 6. All measurement points of advancing and receding contact angles (ACA and RCA) for H2/water, N2/water and CO2/water systems at P = 10 bar and T = 20 ◦C. Pure
water was used for measurements with H2 and N2 and for the experiment with CO2 the water was pre-equilibrated with CO2. The error bars represent the standard deviation of
the measurements.
the results of all channel widths, gasses, and for both drainage and
imbibition. The bars represent the mean values of the measurements
shown in Fig. 6, and the error bars represent the standard deviation,
similar to the error bars in Fig. 6. The intrinsic contact angle of
H2/water/sandstone, measured by Hashemi et al. (2021b) (P = 20 bar
and T = 20 ◦C) is indicated by the horizontal dashed line.

H2/water receding contact angles of 6–23◦ and advancing contact
angles of 13–39◦ were determined based on the microfluidic experi-
ments. The highest angles were measured in the smallest channels and
the lowest angles were measured in the widest channels. No significant
difference in the receding contact angles was observed for the three
different gases. The wider spread of measurements of the advancing
contact angles compared to the receding contact angles imply that the
advancing contact angles are less reproducible. The advancing contact
angles measured for the H2/water system are larger (1 - 14◦) compared
to N2/water and CO2/water systems. However, the overlap in error bars
shows that this difference is not evident and is within the experimental
accuracy. This is because the error bars represent the standard devi-
ation of the measurements, and the range in measurements is much
larger than the measured difference between the gases.

The overlap in the error bars between advancing and receding
contact angles for all cases studied indicates that there was no signifi-
cant difference in the measured advancing contact angles and receding
contact angles.
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4. Discussion

The microfluidic system used in these experiments is not an ac-
curate representation of a subsurface system because of the uniform
etch depth, uniform surface chemistry, simplified pore network of
the chip and relatively low temperature and pressure. However, the
objective of the experiments is to derive contact angles for different
channel widths and the random network of the microfluidic chip used
in the experiments allowed for this. In order to find representative
average values for each channel width, measurements were taken
throughout the entire chip, taking into account a range of velocities
and other effects like flow patterns. This type of systematic analysis
would have been difficult to carry out in real rocks with complex
pore-geometries. The experiments provide valuable information about
the impact of channel width on the contact angle, which is needed
for a basic understanding of tube flow, and can be used to improve
the wettability characterization in pore-network modelling approaches.
Pore-network models can be applied to derive meaningful continuum
scale transport parameters such as relative permeability and capillary
pressure by correctly taking into account the pore-scale physics. These
hysteretic transport parameters are important input parameters for
reservoir scale simulations methods which are needed for the opti-
mization of underground hydrogen storage as well as to ensure its
safety.

Underground hydrogen storage is relatively new compared to the
much more mature technology of geological storage of CO2. Un-
derstanding the similarities and differences between the H /water,
2
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Fig. 7. Advancing and receding contact angles (ACA and RCA) for H2/water, N2/water and CO2/water systems at P = 10 bar and T = 20 ◦C. Pure water was used for measurements
with H2 and N2 and for the experiment with CO2 the water was pre-equilibrated with CO2. The dashed blue line represents the results found by Hashemi et al. (2021b) at P =
20 bar and T = 20 ◦C using the captive bubble cell (CBC). The error bars represent the standard deviation of the measurements.
N2/water and CO2/water system will help in the advancement of
underground hydrogen storage, which is another objective of this study.

Because H2 is very prone to leakage, the setup was designed such
that the least amount of connections and pumps were involved. This
resulted in a setup where during drainage, instead of injecting hydrogen
which is the most common approach during these type of experiments,
water was withdrawn. In both approaches, H2 will first enter the pores
with the lowest capillary entry pressure. When the non-wetting phase
is injected, the capillary pressure (𝑃𝑐 = 𝑃𝑛𝑤 − 𝑃𝑤) is increased by
increasing the pressure of the non-wetting phase. When the wetting
phase is withdrawn as in our case, the capillary pressure is increased
by lowering the pressure in the wetting phase.

4.1. Characteristics of the interface

During the drainage and imbibition experiments for H2/water,
N2/water, and CO2/water, different kind of interfaces were observed.
The main difference was in the existence or non-existence of visible
water films. It is important to mention that the term water film is
used for all cases where water was observed on the channel walls of
gas filled channels. Water on the channel walls can be caused by both
corner flow and actual water films, but we will refer to it as water
films, as we are not able to distinguish between the two. A water film is
expected to be present in all cases (Hirasaki, 1991), however, in some
of our cases the water film was so thin that it was not visible with
the camera. During drainage, when the receding contact angles (RCA)
were measured, water films were visible on both sides of the channel
(Fig. 8(d)). For the measurements of advancing contact angles (ACA)
during imbibition, interfaces were observed both with and without
visible water films (Figs. 8(a)–8(c)). This was caused by the mainly dry
channel walls at the start of the imbibition experiments. During the
experiment, in some cases the walls of the channels were first covered
with a water film before the interface arrived, while in other cases this
effect was not visible. The differences in thickness of water films caused
the spread of measurements to be bigger for advancing contact angles
compared to receding contact angles. Due to the curved interface of the
channel walls, as well as the limitations of the microscope and camera
used, the thickness of the water film could not be measured.
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Fig. 9 shows the type of interface (with or without visible water
film) that was encountered at each advancing contact angle measure-
ment for all three gasses. It can be seen that in bigger channel widths
fewer measurements are without water film, since a water film can
more easily enter the bigger channels. Furthermore, higher values of
advancing contact angles are mainly measured without a visible water
film present.

The interfaces are very sensitive to contamination within the
gas/water/glass system. The differences in contact angle measurements
between clean and impure systems, as well as example images of the
polluting particles can be found in Appendix C.

4.2. Influence of channel width on contact angles

According to Behnoudfar et al. (2022), the contact angle (𝜃) is,
besides the pore size (r), related to the radius of curvature of the
interface (R) and the convergence angle of the pores (𝜙), by:

𝜃 = 𝑐𝑜𝑠−1𝑅
𝑟
− 𝜙. (4)

Because the microchip consisted of straight channels, the conver-
gence angle in our study is equal to zero. Using this equation it can be
calculated that the average radius of curvature ranges from 27 to 65
μm for the H2/water receding contact angles and 32 to 67 μm for the
H2/water advancing contact angles. This shows that the channel width
not only affects the contact angle but also the radius of curvature of the
interface. In dynamic systems the radius of curvature is impacted by the
velocity. In our system, a wide range of velocities were measured for
each channel width. However, no systematic relationship between ve-
locity and contact angle was observed. Furthermore, similar velocities
were measured for each channel width, which suggests that the depen-
dency of contact angle on channel width was not due to differences in
velocity. Further explanation can be found in Appendix D.

The results show a relationship where dynamic contact angles in-
crease with decreasing channel width. Similar trends have been ob-
served in the literature for CO2/water system (Jafari and Jung, 2017).
To theoretically explain the observed behaviour, i.e., increasing contact
angle with decreasing channel width, two main situations were consid-
ered on the basis of (1) equal capillary pressure in all channel widths
and (2) equal average velocity in all channel widths. Both approaches
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Fig. 8. Types of interfaces encountered during imbibition when the advancing contact angle (ACA) is measured (a,b,c) and during drainage when the receding contact angle (RCA)
is measured (d). The visible water films are marked with an arrow.
Fig. 9. Indication of the existence or nonexistence of a visible water film in advancing contact angle (ACA) measurements for H2, N2 and CO2. Note that the smallest channel,
i.e., 50 μm, has only a few cases with visible water films, while the visible water films almost always exist in the channel width of 130 μm.
provide a trend between contact angles and channel width. The trend
resulting from the first approach, i.e., equal capillary pressure in rect-
angular pores, derived by Joekar Niasar et al. (2009) and explained
in Eq. (D.1) Appendix D, does not fully match with our experimental
observations. However, the trends found based on the second approach,
i.e., constant velocities, as explained in Eq. (D.8) Appendix D, matched
our experimental observations pretty well. This shows that, for our
specific setup and experimental condition (unsteady state), it is highly
unlikely that the capillary pressure is constant across channel widths.
The scientific basis for the observed trend of our study, therefore, can
be found by the fact that in average the velocities across the channel
widths, in our experimental condition, are comparable.

4.3. Comparison between advancing and receding contact angles

Besides the spread of measurements mentioned in the previous sec-
tion, there was no significant difference found between the advancing
and receding contact angles. Contact angle hysteresis (the difference
between advancing and receding contact angles) is the result of pore
structure heterogeneity, chemical interactions between the fluid and
solid rock surface, as well as surface roughness (Behnoudfar et al.,
2022; Sauer and Carney, 1990; Tadmor, 2004; Morrow, 1975). The
microchips used were made of smooth, pure borosilicate glass, and
although the chip consisted of different channel widths there were no
tapered structures that could lead to snap-off. Furthermore, the fluids
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used in the experiments were very pure since they were filtered before
injection into the chip. No significant hysteresis is therefore expected.
Surprisingly, the results of the work of Jafari and Jung (2017) did show
contact angle hysteresis for the CO2/water system using the same chip.
We believe, however, that this is likely the result of impurities in the
system. This is discussed in detail in Appendix C, which shows that
impurities can cause an increase in hysteresis of contact angles due to
chemical/structural imperfections.

The systematic dependency of the advancing and receding contact
angles on the intrinsic contact angle that Morrow (1975) found on
roughened tubes was not observed in our measurements, because of
the smooth channel walls of the microchip used in this experiment.

4.4. Comparison of gases

H2/water, N2/water, and CO2/water systems behaved similarly dur-
ing drainage when the receding contact angles were measured. How-
ever, a larger spread of measurements was observed in H2 advancing
contact angles in comparison to N2 and CO2 advancing contact angles.
The minimum values of contact angles measured are similar for the
three gases, while the maximum of the range of measurements of
H2 advancing contact angles is higher than N2 and CO2. This can be
explained by the fact that more contact angles without water films
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Fig. 10. H2/water advancing and receding contact angles (ACA and RCA) for channel widths of 50 to 130 μm found by the microfluidic experiments of this study (MF). The
results of the tilted plate method of Iglauer et al. (2021) (TPM), and the core flooding method of Yekta et al. (2018) (CF), are represented by the bars on the right. The dashed
blue line represents the results found by Hashemi et al. (2021b) at P = 20 bar and T = 20 ◦C using the captive bubble cell (CBC). The error bars represent the standard deviation
of the measurements.
were observed in the case of H2, resulting in higher contact angles. The
reason for this is currently unknown and will be part of our future work.

The similar wettability behaviour of CO2 and N2 has previously been
observed using core-flooding experiments (Garing and Benson, 2019;
Al-Menhali et al., 2015). The data on hydrogen wettability compared
to other gases, however, is still limited. Note that the interfacial ten-
sion of H2/water, N2/water and CO2/water at 10 bar and 25 ◦C are,
respectively, 72.9, 71.4 and 65.7 mN/m (Yan et al., 2001; Chow et al.,
2018; Georgiadis et al., 2010). These values are within 10% of each
other. The close interfacial tension values could provide insight on the
comparable contact angles found in our experiments. Note also to the
point that in a gas/liquid interface, the neighbouring molecules of the
liquid are all in close proximity, while the neighbouring molecules of
the gas are relatively far away. Therefore, the energy of a molecule at
the interface is expected to be mainly determined by the fluid phase,
while the gas phase is expected to have little impact.

4.5. H2 /water contact angles compared with literature

The bar plot of Fig. 10 compares the findings on H2/water dy-
namic contact angles, both advancing and receding, with the currently
available literature data on dynamic contact angles measured for this
system. The dynamic contact angles for the H2/water system mea-
sured with the microfluidic device of this study (Test A) for channel
widths ranging from 50 to 130 μm are presented together with the
H2/brine/quartz results of the tilted plate experiment of Iglauer et al.
(2021) (P = 50 bar, T = 23 ◦C and salinity = 100 000 ppm), referred to
as TPM, and the H2/water/sandstone core-flooding experiment of Yekta
et al. (2018) (P = 50 bar and T = 20 ◦C), referred to as CF. In addition,
the horizontal blue dashed line represents the intrinsic contact angle
for the H2/water/sandstone found by the captive-bubble experiments
of Hashemi et al. (2021b) (P = 20 bar and T = 20 ◦C), referred to as
CBC.

When comparing the results of Iglauer et al. (2021) with the results
of our microfluidic experiment, it can be seen that the results of Iglauer
et al. (2021) are similar to the results of the 130 μm channel. The
receding contact angles are the same. The advancing contact angles,
however, differ by 5◦. In both experimental methods, the advancing
contact angles are found to be less reproducible, which could explain
the difference. The receding contact angle found by Yekta et al. (2018)
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is very similar to the receding contact angle measured in channels of
50 μm in width, with only 1◦ difference. Yekta et al. (2018) used a
Vosges Sandstone for the core flooding experiment. It is possible that
the common pore sizes in this sandstone are in the range of 50 μm.

5. Conclusions

Prediction of rock wettability in contact with brine and hydrogen
is crucial for modelling the displacement processes in underground
hydrogen storage (UHS). This paper reports experimental measure-
ments of the advancing and receding contact angles of H2/water,
N2/water and CO2/water systems at P = 10 bar and 𝑇 = 20 ◦C using
a microfluidic device. The channel widths of the microfluidic chip,
ranged between 50 and 130 μm, and the size of the smallest channel
corresponds to the range of most common pore sizes found in typical
sandstones (Hashemi et al., 2021a; Anon, 2022). Results of this study
allow for more accurate design of pore-scale pore-network systems,
as they require dynamic contact angles as input data. Furthermore, it
can be used to understand the wide variation in the limited H2/brine
contact angle data which is currently reported. The results indicate
water-wet conditions with H2/water advancing contact angles ranging
between 13–39◦, and receding contact angles between 6 - 23◦. The
contact angles decreased with increasing channel widths. The receding
contact angle measured for the smallest channel width (50 μm) is in
agreement with the receding contact angle determined by Yekta et al.
(2018) on the Vosges Sandstone, suggesting that this channel width
could be representative of actual subsurface systems. The N2/water and
CO2/water systems showed similar behaviour to the H2/water system
and no significant differences were observed for the three different
gases.
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Appendix A. Validation of setup

The setup was successfully calibrated against the existing literature
data of Jafari and Jung (2017). They performed microfluidic measure-
ments of advancing and receding contact angles of CO2/Water at P =
10 bar and T = 21 ◦C using a chip identical to the chip used in this
research. The cleaning method of Jafari and Jung was similar to our
cleaning method. In order to match the setup of Jafari and Jung (2017),
for the first validation test (V1) a setup without filters and valves was
used. However, because knowledge was gained about the behaviour
and sensitivities of the system (Appendix C), two additional CO2/water
tests (V2 and V3) were performed with the regular setup (presented
in 2.3 Fig. 3). One test was done after saturating the water with CO2,
by filling the pump cylinders with half CO2 and half pure water and
eaving it overnight at a pressure of 20 bar. The other test was done
ith pure water. An overview of all validation tests and the test of

afari and Jung can be found in Table A.3.
The results of the validation tests are shown in Fig. A.11. The orange

ars represent the measurements of Jafari and Jung (2017) using a
imilar chip at P = 10 bar and T = 21 ◦C, the green, yellow and purple
ars represent respectively validation experiments V1, V2 and V3, all
arried out at P = 10 (±1) bar and𝑇 = 20 (±2) ◦C.

Fig. A.11 shows that the results of experiment V1, using a similar
etup, match the results of Jafari and Jung. The deviation is within the
xperimental error.

Fig. A.11 also indicates a clear effect of the filters in the setup on
he advancing contact angles. When the system is not properly filtered,
resence of contaminants can alter the glass wettability, resulting in
n increase of advancing contact angles of up to 45◦. This effect

occurs especially when no valves are used, because the system has
to be opened and closed for flushing before every experiment, which
allows dust to attach on the open wet ends of the tubes. The effect on
the receding contact angles is less evident. receding contact angles in
unfiltered systems can be up to 5◦ higher, but this is still within the
experimental error.
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Lastly, when comparing the results of experiments V2 and V3, it
can be seen that saturating the water with CO2 had no significant
nfluence on the results. This is in line with the finding that even
hough the water in experiment V1 was not saturated with CO2, the
esults are still in agreement with the experiment of Jafari and Jung.
he finding that saturating the water with a soluble gas like CO2 does
ot impact the contact angle, confirms that pre-equilibrating the water
uring experiments with much less soluble gases, like H2 and N2, is not
ecessary, which is in agreement with Hashemi et al. (2022).

ppendix B. Validation of image analysis

The image analysis code was validated against the generated spe-
ific curvature using MATLAB with the known angles at the contact
oints. The accuracy of the developed in-house code is ±4◦ which is
hown in Fig. B.12.

ppendix C. Sensitivity analysis: Contamination

It was found that surface contamination can alter the wettability
f the system. This was initially found when unfiltered ethanol was
njected and the system became clearly less water-wet. In order to
nvestigate the effect that presence of contaminants can have on the
ynamic contact angles, three experiments were performed. For the
irst test, Chip 1, 2 and 3 were used, which were all injected with the
nfiltered ethanol instead of the filtered ethanol during the cleaning
rocedure. This resulted in severe contamination of the system. Further-
ore, the chips were heated up to 400 ◦C in an (unsuccessful) attempt

o clean the chip. The second test was done using chip 4. This chip was
leaned with the filtered ethanol, but some tests were done without
he inline filters in the gas and water lines (Filters 2 and 3 in Fig. 3),
hich caused minor contamination. The third test was done with the
nused chip, which was also cleaned with the filtered ethanol. Images
f these chips can be seen in Fig. C.13. All chips were used for tests
o investigate the influence of this contamination. Contact angles were
nly measured if there were no visible contamination particles in the
icinity of the interface.

Fig. C.14 shows the results of using different chips. The red bars
epresent the results of Chip 1–3, the green bars represent the results of
hip 4 and the blue bars represent the results of chip 5. All experiments
ere carried out at P = 10 (±1) bar and 𝑇=20 (±2) ◦C.

Fig. C.14 indicates a clear effect of contamination on contact angles.
t is clear that in Chip 1, 2 and 3, significantly higher advancing and
eceding contact angles were measured compared to chip 4 and 5. The
ifference between the results of chip 4 and chip 5 is less evident.
he receding contact angles are very similar and the deviation are
ithin the range of experimental error. The difference in advancing

ontact angles is more significant, but in most cases this is within
xperimental error as well. It is remarkable that the cleanest chip,
hip 5, shows a wider range of advancing contact angles than chip 4.
his is mainly because during imbibition experiments (measurement
f advancing contact angle) in Chip 4, almost no water films were
bserved, while in Chip 5 the system was more water-wet because the
hip was clean. In this case some interfaces used for advancing contact
ngle measurement had water films while others did not have a visible
ater film, like is shown in the images in Fig. 8.

Because a clear effect of contamination was found, even though con-
act angles were not measured within the vicinity of visible pollution,
Table A.3
Summary of the validation test Groups. Test Group JJ represents the results of Jafari and Jung (2017).
Test Group Gas Liquid Rate [μl/min] Temperature [◦C] Pressure [bar] Comments

JJ CO2 Saturated Water 0.1 21 10 Setup without filters
V1 CO2 Pure Water 0.1 20 10 Setup without filters and valves
V2 CO2 Saturated Water 0.1 20 10
V3 CO2 Pure Water 0.1 20 10
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Fig. A.11. Advancing and receding contact angles (ACA and RCA) of CO2/water systems. The orange bars represent the results of Jafari and Jung (2017) using a similar chip at P
= 10 bar and T = 21 ◦C. The green bars represent results of V1 with a setup similar to Jafari and Jung without filters and valves and with pure water, the yellow bars represent
the results of V2 with water which was saturated with CO2 and the purple bars represent the results of V3 with pure water. The error bars represent the standard deviation of
the measurements.

Fig. B.12. Validation of the image analysis.
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Fig. C.13. Examples of contamination and its effect on the wettability.
Fig. C.14. Advancing and receding contact angles (ACA and RCA) of H2 and Pure water measured at P = 10 bar and T = 20 ◦C. The red bars represent measurements using chip
1, 2 and 3 which were severely contaminated, The green bars represent measurements using chip 4, which had minor contamination and the blue bars represent measurements
using chip 5 which was clean. The dashed blue line represents the results found by Hashemi et al. (2021b) at P = 20 bar and T = 20 ◦C, using the captive bubble cell (CBC).
The error bars are the standard deviation of all measurements.
all main experiments were carried out with filters, and only filtered
fluids were injected. Furthermore, the system was opened inside the
filters minimally in order to prevent dust from coming into the system.
Installing valves 2 and 5 (Fig. 3) enabled this, since the lines did not
have to be disconnected for flushing when using valves. The findings
of this appendix are in line with the findings of the CO2 experiments
in Appendix A.

Appendix D. Sensitivity analysis: Velocity and channel width

For one of the H2/water drainage experiments, the velocity of each
specific interface was measured using ImageJ. Fig. D.15 shows the
velocity distribution corresponding to the measured receding contact
13
angles for different channel widths. No systematic relationship can
be observed between receding contact angles and the velocity. This
could possibly be explained by the fact that these measurements are
influenced by many factors like local flow velocity, flow patterns, image
analysis, image quality etc., which results in a relatively wide range of
values.

Fig. D.16 shows the average velocity of the receding contact angles
of this test, and the error bars represent the standard deviation of the
measurements. It can be observed that similar velocities were measured
for each channel width, which suggests that the dependency of contact
angles on channel width was not due to differences in velocity. Instead,
one can fairly conclude that the average velocities across channel
widths are in fact comparable.
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𝑃

Fig. D.15. Velocity of receding contact angles (RCA) of H2/water systems. Different colours represent measurements in different channel widths.
Fig. D.16. Velocity range of receding contact angles (RCA) of H2/water systems per channel width. The bars represent the average velocity of the receding contact angles (RCA)
measurements of this test, and the error bars represent the standard deviation of the velocity measurements.
The contact angles are expected to be influenced by the pore
size (Behnoudfar et al., 2022; Rabbani et al., 2016, 2017). Our re-
sults show a relationship where dynamic contact angles increase with
decreasing channel width, in agreement with the trend observed in
the literature for CO2 (Jafari and Jung, 2017). Multiple factors, like
the shape of the channels, the capillary pressure and the velocity can
influence the relationship between pore size and contact angles. Joekar
Niasar et al. (2009) found that the capillary pressure in rectangular
channels can be expressed as

𝑐 = 𝜎𝑛𝑤
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where 𝑃𝑐 is the capillary pressure, ℎ is the channel depth and 𝑤 is the
channel width. The capillary pressure was calculated for a reference
channel width, in this case 110 μm, using the measured contact angle
𝜃. If the capillary pressure is assumed to be constant in the whole chip,
because the regime is capillary dominated, the relationship between
contact angles and channel width can be obtained by using the capillary
pressure of the reference channel width and calculating the contact
angles for other channel widths based on that value. However, because
we deal with a dynamic system, where the capillary entry pressure
needs be overcome in order for fluids to enter a channel, the assumption
that capillary pressure is equal in each channel width, may not be
valid. From Fig. D.16, one can conclude that the average velocities are
comparable across channel widths. Berthier et al. (2015) proposed

𝑃𝑐 = 𝜇
𝑝𝑊 𝑧

𝑉 (D.2)

�̄�𝑆c
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Fig. D.17. Receding contact angles (RCA) of H2 and pure water measured at P = 10 bar and T = 20◦. The triangles represent the expected relationship between contact angle and
channel width assuming the velocity to be equal in each channel width, and the circles represent the expected relationship between contact angle and channel width assuming
the capillary pressure to be equal in each channel width.
as the capillary pressure in rectangular channels, where

𝑆𝑐 = ℎ𝑤 (D.3)

𝑝𝑊 = 2(𝑤 + ℎ) (D.4)

�̄� =
𝜀𝑞(𝜀)(𝑤 + ℎ)

2
(D.5)

𝜀 = ℎ∕𝑤 (D.6)

𝑞(𝜀) = 1
3
− 64

𝜋5
𝜀 tanh

( 𝜋
2𝜀

)

. (D.7)

Here, 𝜇 is the viscosity and 𝑧 is the distance from the inlet of the chan-
nel to the interface. Using the fact that in our experiments velocities
across the channel widths are comparable (𝑉𝑖 = 𝑉𝑟𝑒𝑓 ), and assuming
that 𝑧 is on average similar for each channel width, the equation can
be rewritten as
𝑃𝑐𝑟𝑒𝑓

̄𝜆𝑟𝑒𝑓𝑆𝑐𝑟𝑒𝑓

𝑝𝑊𝑟𝑒𝑓

=
𝑃𝑐𝑖𝜆𝑟𝑖𝑆𝑐𝑖

𝑝𝑊𝑖

. (D.8)

The left-hand-side term of this equations represents the velocity
factor for the reference channel width. The capillary pressure 𝑃𝑐𝑟𝑒𝑓 is
calculated using Eq. (D.1). Eq. (D.8) was used to derive contact angle
values for the other channel widths, using Eq. (D.1) to calculate 𝑃𝑐𝑖 . The
calculated contact angles represent the relationship between contact
angle and channel width based on the assumption that velocity is equal
in each channel width.

Fig. D.17 shows the average receding contact angles (RCA) of H2
and pure water measurements. The triangles represent the expected
relationship between contact angle and channel width assuming the
velocity is equal for each channel width, and the circles represent
the values assuming the capillary pressure is equal for all channel
widths. For both relationships, the contact angle of the channel width
of 110 μm was used as a reference point. It can be observed that the
relationship assuming equal velocity resembles the measurements more
closely.
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