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Resumen 
 

Almacenamiento de hidrogeno en yacimientos de gas depletados usando 

metano como cushion gas : un estudio de tensión interfacial y escala de 

poro 

 

Este trabajo presenta la evaluación de una mezcla de gases (H2 y CH4) como 

Cushion Gas en un yacimiento de gas depletado. Donde se estudian los 

comportamientos de flujo de y las diferentes interacciones entre estos gases. 

 
Las pruebas experimentales utilizaron a escala de poro usando un micromodelo 

que imita un yacimiento de arenisca saturado con agua desionizada a una 

presión de 30 bar. Las dinámicas de inyección usada fueron de drenaje 

(inyección de gas) e imbibición (inyección de agua) observadas en 

formaciones geológicas. La cantidad de gas inyectado corresponde a 

cincuenta volúmenes porosos de cada uno de los gases (CH4, H2 y H2-CH4 

en una proporción de 1:1) a temperatura ambiente (20 °C) y a tres tasas de 

inyección (0.1, 1, 10 m·h-1). La recolección de datos se realizó mediante un 

registro videográfico y usando un algoritmo de MATLAB se realizó la 

segmentación y análisis de imágenes, complementado con el software 

ImageJ para la comparación de métodos, asegurando precisión. 

 
Los principales resultados se encuentran en el aumento de la saturación de gases 

para altos Números Capilares NCa) y entre ellos una mayor saturación de H2-CH4 

en comparación con sistemas de gas individuales. A medida que aumenta el 

número capilar, los tiempos de disolución se vuelven similares, con diferencias 

significativas  observadas  en  números  capilares  más  bajos.   Los  ángulos  de  
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contacto demostraron una variación mínima, indicando una débil humectabilidad 

hacia los gases.  Mientras que la capacidad de retención de gases en la etapa de  

imbibición es afectada por la presión capilar que varía con las gargantas de poro 

favoreciendo la presencia de gases como Cushion Gas. 

 

Así, este estudio investiga el comportamiento del flujo de hidrógeno en un sistema 

multifásico a escala de poro bajo condiciones de alta presión. Estos conocimientos 

contribuyen a abordar la brecha de conocimiento, avanzando en la implementación 

potencial del hidrógeno en diversas formaciones geológicas para el 

almacenamiento de energía. 

 
 

Palabras clave: Yacimiento de gas depletado, Metano como Cushion Gas, 

Simulación dinámica molecular, Análisis a escala de poro, Almacenamiento de 

hidrógeno. 
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Abstract 

This work presents the evaluation of a mixture of gases (H2 and CH4) as Cushion 

gas in a depleted gas reservoir. Where the flow behaviors and the different 

interactions between these gases are studied. 

 
The experimental tests were performed to pore scale using a micromodel that 

simulated a sandstone reservoir saturated with deionized water at a pressure of 30 

bar. The injection dynamics used were drainage (gas injection) and imbibition 

(water injection) observed in geological formations. The amount of gas injected 

corresponds to fifty pore volumes of each of the gases (CH4, H2 and H2-CH4 in a 

ratio of 1:1) at room temperature (20 °C) at three injection rates (0.1, 1, 10 mL·h-1). 

Data collection was carried out using a videographic record and using a MATLAB 

algorithm for an image segmentation and analysis was carried out, this analysis 

was complemented with ImageJ software for the comparison of methods, ensuring 

precision. 

 
The main results are found in the increase in gas saturation for high Capillary 

Numbers NCa) and among them a greater saturation of H2-CH4 compared to 

individual gas systems. As capillary number increases, dissolution times become 

similar, with significant differences observed at lower capillary numbers. The 

contact angles demonstrated minimal variation, indicating weak wettability toward 

gases. While the gas retention capacity in the imbibition stage is affected by the 

capillary pressure that varies with the pore throats, favoring the presence of gases 

such as Cushion Gas. 



X Hydrogen Storage in Depleted Gas Reservoirs using Methane Cushion Gas: An 

Interfacial Tension and Pore Scale Study 

 

 

The study pioneers the investigation of hydrogen flow behavior in a multiphase 

system at the pore scale under high pressure conditions. These insights contribute 

to addressing the knowledge gap, advancing the potential implementation of 

hydrogen in diverse geological formations for energy storage. 

 

 
Keywords: Depleted gas reservoir, Methane cushion gas, Molecular dynamic 

simulation, Pore-scale analysis, Underground hydrogen storage. 
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Introduction 

In accordance with the United Nations Framework Convention, Colombia needs to reduce 

greenhouse gas emissions by 51% by 2030. Alternatives to producing hydrogen have been 

investigated as a potential replacement for fossil fuels in light of the urgent need to combat 

the buildup of CO2 in the atmosphere [1, 2]. Due to its low volumetric energy content, 

hydrogen storage on a large scale presents a significant obstacle to achieving this objective 

[3, 4]. An essential factor for a smooth transition to a hydrogen economy is underground 

hydrogen storage. 

Geological formations (such as salt caverns, hard rock caverns, coal seams, aquifers, or 

depleted oil and gas reservoirs) are the best choice for large-scale storage because they 

offer plenty of storage space. Regarding the salt caverns for hydrogen storage, it has 

achieved a technological readiness level (TRL) of 7 as field implementation has already 

been performed [5]. However, due to their low storage capacity compared to a depleted 

reservoir, estimated at 10% of its capacity, salt caverns as geological structures for 

hydrogen storage are only minimally feasible [6] [7]. Depleted natural gas reservoirs are 

exceptionally reliable due to their proven impermeability over geological time, less 

ambiguous site evaluation, and proven surface and subsurface facilities. Regarding 

practical geological structures for underground hydrogen storage (UHS), depleted gas 

reservoirs can store between 1.5 and 600 TWh of energy and meet the demand for large- 

scale H2 production and storage [8]. Additionally, because they have previously held natural 

gas, they do not need a confirmatory test for tectonics and caprock sealing integrity (as in 

the case of aquifers). 

Two pilot projects for storing H2 or its mixture with methane have been carried out in 

depleted reservoirs [9, 10]. From these experiences, it was observed that depending on 

various geological factors, the required ratio of cushion gas to hydrogen gas and the proper 

type of cushion gas would be required. Due to the thermophysical characteristics of H2, 

including its high mobility, low molecular weight, high diffusivity, low solubility, low density, 
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high surface tension, and potential biogeochemical effects, conventional UGS should be 

used with caution [11]. 

Muhammed et al. [12] investigated the impact of CO2 and N2 on H2 storage and withdrawal 

in the presence of CH4 mixed with H2 at relevant UHS conditions, demonstrating that a 

system with a ratio of about 50% H2 to 50% CH4 is the optimal gas mixture for UHS. Similar 

results were found by Mirchi et al.[3] at ~70 bar and different temperatures. 

In addition to the storage capacity and the different relationships between the gases that 

can be used as Cushion Gas, the interactions within the porous medium, such as fluid and 

rock fluid, are important. One of the most studied properties in fluid-fluid interactions is 

interfacial tension (IFT), which is related to the thrust capacity of one fluid to displace 

another. As this property decreases, the flow capacity increases, so in a system where the 

objective is to recover the fluid trapped in the porous medium, this property must be 

considered. 

One approach to studying the stability of the two-phase interface is determined by IFT. 

Reducing IFT makes the two-phase interface more brittle, indicating that fluid-fluid 

interactions affect gas storage cycles in geological formations [13].Measurements of the 

surface tension of H2/brine have been reported to develop pertinent scientific information 

for underground hydrogen storage. However, few studies have been focused on 

determining H2-CH4-H2O IFT experimentally. Alanazi et al.[14] examined the effects of CH4- 

cushion gas on substrates derived from Jordanian source rocks rich in organic material. 

IFT was measured at 50 °C at various pressures ranging from 0.1 to 1600 psi to assess the 

effects of pressure and gas type (pure CH4, pure H2, and H2-CH4 mixtures). According to 

their research, H2/brine IFT was higher than CH4/brine IFT, and it was found that IFT values 

in the H2/CH4 mixtures decreased as the CH4 fraction increased. 

Doan et al. [15] demonstrate that IFT decrease as pressure and temperature increase. 

However, an unchanged or weakly fluctuating response was seen for P > 500 bar. At the 

same pressure, the ternary system (H2-CH4-H2O has a higher IFT value than the binary 

system (CH4-H2O) when H2 is present. Due to a lack of information through MD, it is 

necessary to estimate the IFT values for the scenarios that will be evaluated at the pore 

scale. 
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Using micromodels and image analysis methods, many researchers have concentrated on 

understanding pore-scale flow mechanisms [16]. These studies have addressed several 

areas of research, such as the analysis of CO2 as cushion gas [17], the comparison of 

systems between N2 and H2 with a focus on wettability changes [18], the interaction 

between H2, brine, and crude oil [19], the impact on H2 injection cycles [20], and the effect 

of wettability changes due to H2 consumption by bacteria in the porous medium [21], 

providing reliable results that can be extrapolated to well scale in pore-scale micromodels. 

Nevertheless, despite the importance of H2 storage as an energy vector, there are no 

studies detailing the flow mechanisms of hydrogen using CH4 as cushion gas through a 

pore-scale multiphase system at high-pressure (30 bar) conditions. While there is 

significant research on hydrogen and methane storage separately, understanding their 

behavior and synergy in the porous medium is still early. This gap in knowledge highlights 

the need for more detailed and specific investigations into the interaction of these gases at 

the microscopic level, as their mixing can present unique phenomena and challenges that 

require thorough evaluation. 

Thus, this thesis presents a pore scale analysis to analyze the flow mechanisms at pore 

scale in a multiphase system based on CH4, H2, and a combination of CH4-H2 gases at 

different injection rates based on the Capillary Number (NCa) to determine the storage and 

withdrawal mechanisms of the porous medium. The results obtained in this research are 

expected to contribute to the development of more efficient and sustainable technologies 

in the field of energy storage. 
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1. Methodology 

 
This section presents the materials, equipment and methodology used to develop the 

experiments proposed. This chapter is divided into three sections: materials and 

experimental setup, where the gases used will be presented, as well as the detailed 

description of the equipment used. The following section focuses on the experimental 

procedure, which contemplates the step-by-step methodology and finally the procedures 

used to extract the data from the experiments are presented. 

 
1.1 Materials 

The materials used for the experimental development were three gases: hydrogen (H2), 

methane (CH4) and a mixture of both gases in a molar ratio of 1:1. These gases were 

selected due to their relevance in drainage and displacement processes in porous systems 

simulating the conditions of a depleted gas reservoir, which makes them fundamental 

components to understand phenomena associated with storage processes in the porous 

medium. In addition to the gases mentioned above, deionized water was used to simulate 

the initial saturation conditions of the porous media. 

 
1.2 Microfluidic experiments 

This section details the devices and procedures used for the experimental development of 

the proposed tests. This section is divided into three parts. 

 
1.2.1 Porous media (micromodel) 

The micro model used to develop the experimental processes consists of a synthetic porous 

medium, formed by deep etching methodology with reactive ions [22, 23] from a porous 
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medium previously digitized on a silicon plate anodically bonded to a borosilicate glass 

plate. This to avoid an intermediate layer between the porous medium and the microscope 

lens. This process results in a 2D representation of the hydrophilic porous medium. 

Subsequently, the porous media of a thin section of 0.67 x 0.250 cm was used as a base 

pattern to be replicated 36 times on the silicon base (4 columns and 9 rows), creating an 

overall homogeneous porous medium consisting of 2.7 cm in length, 2.3 cm in width and 

0.17 cm in thickness from the silicon base to the surface of the glass plate. The pore depth 

inside the silicon base is 30 µm. Regarding its petrophysical properties, the absolute 

permeability is 2.97 ± 0.07 D. The pore throat distribution is in the range of 10 - 200 µm 

while the average pore length is 100 µm. An average range between 100 - 7900 µm2 is the 

grain size and a pore volume of 11.1 µL is presented in the micro model [16, 24]. The 

procedure to calculate the petrophysical properties were described in the thesis from 

Benyamine [25]. 

 
Considering the breadth of the micro model, a specific zone of interest is selected in the 

porous medium which will be used as a working basis for the drainage and imbibition 

processes. The field of view corresponds to approximately 1.0 % of the total micro model 

[16] with 0.35 cm long and 0.18 cm wide, an average pore space of 55.0 ± 2.2 % considering 

the zone of interest and taking as pore space the total available area minus the area of the 

grains present. The average grain size in the zone of interest was 7949.3 ± 388.4 µm2 and 

an average throat size of 30 µm. Table 1 -1 summarizes the properties of the micro model 

described above. 

 
The micro model consists of two main inlet channels which are located at diagonally 

opposite ends allowing fluids to enter the porous medium homogeneously, reducing 

channeling processes. In addition, two ports located at the opposite ends of the main 

channels are perforated, having as function an external and internal connection for pressure 

release processes. Finally, the use of a cold light source allows differentiation between 

fluids and grains in the porous medium. A schematic of the micro model described above 

is shown in Figure 1 - 1. 
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Figure 1 - 1. Micro model used for experimental development showing a complete view 
and the area of interest to be studied. 

 

 
Table 1 - 1. Properties of the micro model used for experimental development showing a 

complete view and the area of interest to be studied. 
 

Property 
Complete 

micromodel 
Area of interest 

Dimensions 

(Length / Width / Depth) 

2.2 cm × 2.8 cm × 

30.0 µm 

0.35 cm × 0.18 cm × 

30.0 µm 

Porosity (%) 61 55.0 ± 2.2 

Permeability (D) 2.97 ± 0.07 2.97 ± 0.07 

Grain size (µm) 7900 7949.3 ± 388.4 

VP (µL) 11.1 0.108 ± 0.0121 

Wettability Water Water 

 

 
1.2.2 Experimental Setup 

The experiments were performed in triplicate. A total of 21 experimental runs were 

performed for the development of this thesis based on the imbibition and drainage 

processes present in a conventional porous medium. 
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The system is connected to two pumps at each end of the micro model, which are separated 

depending on the fluid to be injected (liquid or gas), allowing the imbibition and drainage 

processes mentioned above. The upper right end of the micro model is connected to two 

high pressure pumps (Quizix SP-5200), where one of the cylinders was used to inject the 

methane, hydrogen, and a gas mixture of H2 and CH4 in a 1:1 ratio by means of a piston 

system. At the lower left end is the connection to the second pump (Quizix QX) responsible 

for transporting the liquid fluids (distilled water) and pressurizing the system. This section 

has a connection to a filter (Idex, A-431) which decreases the possibility of including 

impurities. A depressurization line and a bypass line are connected directly to the fluid 

collection system. Finally, the lower right and upper left ends are connected to a 

depressurization line directed to the environment through 1/16" polyether ether ketone 

lines. It is worth mentioning that the lines were formed by 1/8" steel pipes. 

 
Image collection was performed using a visual system consisting of a microscope (Nikon 

SMZ1500), a camera (Nikon D7100), a light source (Photonic LED F1 Cold Light 5500K) 

and a computer. Data collection was performed from live video recordings of the different 

injection rates obtaining the flow mechanisms in the porous medium with a resolution of 0.5 

px·µm-1. 

 
1.2.3 Experimental Procedure 

The methodology used in the experimental development was based on two main 

processes: drainage (gas injection) and imbibition (water injection). In the first stage, the 

porous medium is 100% saturated with deionized water, and a cleaning process is 

performed to allow the flow of impurities, such as trapped gases, to the outside of the porous 

medium. To ensure the quality and reliability of the results, 21 tests were performed, as 

detailed in Table 1 – 2, where repetition processes were contemplated for each of the gases 

and the different injection rates. These measures allowed for minimizing the impact of 

possible errors. In addition, a scheme of the experimental setup is shown in Figure 1 – 2. 
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Figure 1 - 2. Experimental setup used for the development of high-pressure pore scale 
tests. 

 

 
The experimental study focused on the application of three different types of gas (H2, CH4 

and H2 - CH4) at three different injection rates (0.1, 1.0 and 10.0 mL·h-1), with the objective 

of evaluating the behavior of these gases on a pore scale. The injection processes of CH4 

and H2 gases were used as a reference for the experiments, while the central test consisted 

of the H2 - CH4 mixture. The observation and video recording allowed detailing the injection 

processes of the gases into the porous medium, providing valuable information about the 

flow mechanisms. These results are of great interest and relevance for research in this field 

and contribute to the advancement of knowledge and understanding of the processes 

occurring at the pore scale. 

 
The following methodology was used in each of the experiments performed: 

 
 

I. The injection cylinders for the Quizix QX Pump and Quizix SP-5200 Pump were 

filled with distilled water and hydrogen, respectively. In cylinder B, the valve 

connecting to the micro model was closed and the inlet pressure (30 bar) was set 

with the help of the valves connected to the respective gas cylinders. 
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II. Once cylinder A has been filled to 80% of its maximum capacity, the fluid is allowed 

to flow into the micro model by turning the three-way valve connecting the cylinder, 

the micro model, and the bypass line. 50 VP are injected, and pressure is released 

by opening the valves connected to ports 1 and 4 of the micro model. This process 

is repeated 4 times to ensure the expulsion of impurities. 

 
III. To pressurize the system, the valves of ports 1 and 4 are closed and deionized 

water is injected until the required pressure is reached and stable. It must be 

considered that the pressure in the micro model and the gas injection pressure must 

be equal. 

 
IV. The video recording of the porous medium starts once the gas appears in the area 

of interest. 

 
V. Drainage (Gas injection): Once the pressures in the micro model and cylinder B are 

equal the hydrogen valve is opened. Cylinder B is operated at constant pressure to 

minimize the pressure gradient once the hydrogen injection starts, while the water 

injection pump is set in retraction mode to maintain the micro model pressure as 

hydrogen is injected through port 2. In this step 50 VP are injected into the micro 

model, the volumetric count starts once the hydrogen is observed in the area of 

interest. 

 
VI. To avoid two-phase flow in the next step (Imbibition), the three-way valve is adjusted 

to allow passage of the distilled water pump to the bypass line. At this point water 

is injected to displace any gas that may have migrated into the line in the previous 

step. Once saturation of the line with water is assured, the three-way valve is 

adjusted to maintain an isolated system between the pump and the micro model 

and bring the line to working pressure. This is then adjusted to the desired pressure 

and the connection between the distilled water pump and the micro model is made 

to start the imbibition process. 

 
VII. Imbibition (Water injection): Once the corresponding hydrogen VPs are injected, the 

distilled water pump is set to extension, injecting water at the desired rate until a 

sweep or total dilution of the gas in interest is achieved. 
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VIII. At the end of the experiment, the gas is again injected into the micro model to 

displace any water that may have migrated into the gas line. 

 
All experiments were documented by video, except for the injection of the lowest flow rate 

gas (0.1 mL h-1). These were documented by photographs taken at an interval of 5 minutes 

each. 

 
For the cleaning of cylinder B at gas changeover, the cylinder was filled with the gas to be 

used and injected into the outlet line by adjusting the three-way valves ensuring that the 

residual gas in the line was only the gas of interest. Table 1 - 2 summarizes the 

experimental conditions for the development of the tests. The IFT values between water 

and gases at operating conditions were taken from the literature (H2-CH4/water [26], 

H2/Water [16], CH4/Water [26]) 

 
Table 1 - 2. Experimental conditions for the performance of the tests. Water viscosity (µw) 

was 1.0 × 10-3 Pa∙s. 
 

 Q (mL·h-1) Velocity (m·s-1) IFT (N·m-1) 

 0.1 5.50 x 10-5  

H2-CH4 1.0 5.50 x 10-4 7.00 x 10-2 

 
10.0 5.50 x 10-3 

 

 Q (mL·h-1) Velocity (m·s-1) IFT (N·m-1) 

 0.1 5.50 x 10-5  

H2 1.0 5.50 x 10-4 7.20 x 10-2 

 
10.0 5.50 x 10-3 

 

 Q (mL·h-1) Velocity (m·s-1) IFT (N·m-1) 

 0.1 5.50 x 10-5  

CH4 1.0 5.50 x 10-4 6.87 x 10-2 

 
10.0 5.50 x 10-3 
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1.3 Image Analysis 

The gas behavior data were obtained through video captures for the injection flow rates of 

1.0 mL·h-1 and 10.0 mL·h-1, while for the 0.1 mL·h-1 flow rate, periodic photographs were 

taken until the sweep or dilution of hydrogen in the area of interest was completed. 

Considering the methods used for data collection, the camera settings are different. For the 

video recordings the shutter speed was set at 1/30, the focal aperture was f/13 obtaining a 

resolution of 1920 x 1080. As for the photographs the camera was set at a shutter speed 

of 1/5, focal aperture of f/13 to achieve an image resolution of 6000 x 4000. 

 
Due to the similarity in the refractive index of the components that make up the experimental 

(water, RI = 1.3325 [27]; hydrogen, RI = 1.0001 [28]; methane, RI = 1.0004; borosilicate 

glass, IR = 1.5168 [28]; silicon, IR =3.5000 [29]) the difference between the components is 

minimal, so it is necessary to resort to image analysis using different tools that can be 

compared with each other as ImageJ and MATLAB. 

 
The saturation of the porous medium with gases was calculated according to the changes 

in the coloration of the medium. Due to the inherent drop in light intensity towards the edges 

of the micro model with a central light source, two analysis methods, ImageJ, and MATLAB, 

were employed to ensure robust error comparison of saturation in the porous medium. This 

double-pronged approach mitigates potential biases arising from varying light distribution 

and strengthens the reliability of our error analysis. 

 
While ImageJ offers user-friendly image formats and past research experience [16], its 

limitations necessitate further analysis. To address this, a custom MATLAB code mitigates 

uncertainties unrelated to gas flow and accounts for variations in flow rate and gas injection, 

enhancing data accuracy. 

 
Additionally, a Python 3 algorithm developed using OpenCV, scipy.ndimage, and skimage 

libraries links pore throats to capillary pressure and gas-dependent entrapment capacity 

using the equation 1. 

P = P − P = 
2 cos( ) 

c H2 water 
r
 

 
( 1 ) 
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where r is the capillary radius (average rock pore size) in nanometers (nm) and H2/brine 

IFT (γ) is expressed in mN m-1. Because the calculated values of capillary pressure spread 

across several orders of magnitude they were logarithmically mapped to the range [0,1], 

which defined the color of a pixel. Here, it was used “gist_rainbow” colormap of Python’s 

plotting library Matplotlib/Pyplot. The pixels of the spaces were colored on the grayscale 

version of every image. Detailed image analysis steps are outlined below, in processing 

section. 

 
1.3.1 Preprocessing 

The images for analysis come in two resolutions: 1920 x 1080 pixels (with a scale of around 

5000 pixels per cm) and 6000 x 4000 pixels (for 0.1 mL·h-1 images, a scale of around 16000 

pixels per cm). The reason of change in size is the way how the data was recollected, all 

over 0.1 mL·h-1 systems was video recorded and separated in images. For the 0.1 mL·h-1 

system the data was recollected with photos were the size and quality change for the record 

video, this is due to the long time required it and the limited capacity storage, this photo 

corresponds to the larger images. The larger images were resized down to 1920 x 1280 

pixels to unify the scale. Also, the larger resolution is not significant for color mapping of 

capillary pressure but would significantly increase the time for analysis. 

 
Next, to achieve the imagen processing the following steps were performed: 

 
 

1. Images were converted to grayscale using the OpenCV function cvtColor. 

2. The brightness of the obtained grayscale images was corrected using contrast- 

limited adaptive histogram equalization (CLAHE), as implemented in OpenCV. See 

Figure B1 – c) for an example of an image after brightness correction. 

3. Next, the images were thresholded using the OpenCV function threshold with 

Otsu’s method. The resulting images are black and white. 

4. Because of image imperfections, some of the grains’ borders are not fully closed. 

To fix that, the traditional methods of erosion-dilation (erode and dilate functions 

of OpenCV) and watershed (watershed function of OpenCV) were applied. 
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1.3.2 Identification of grains and spaces 

At this stage, the images are black and white, as seen in Appendix Figure. B1 – a) 

(example). To identify grains and spaces between grains, we start with the segmentation 

of the black-and-white images using label function of scipy.ndimage library. This marks 

all the connected white regions by different numbers. For illustration, we can color the 

identified connected regions with random colors, as can be seen in Figure. B1 – d). 

 
Next, we apply several ad-hoc heuristics to decide which of the identified connected white 

regions are grains, and which are spaces between grains. 

 
1. By internal objects: if some of the identified regions contain some other regions 

inside, these regions can be surely identified as spaces. (Because grains don’t 

contain other grains inside.) For example, a region satisfying this condition is the 

large orange area in the middle of Figure B1 – d). 

2. By solidity: for each region, we can calculate its solidity using regionprops function 

of skimage library. Solidity is the ratio of the region’s area to the area of its convex 

hull. Convex regions have a solidity of 1, while the more concave a region is, the 

lower its solidity. An observation is that grains are more or less solid regions. 

3. By surrounding regions: if a region is surrounded mostly by regions already 

identified as spaces, this region is very likely to be a grain. And vice versa, a region 

mostly surrounded by the regions already identified as grains, is likely to be a space. 

 
An example of identified grains and spaces is presented in Figure B1 – b), where identified 

grains are colored with green, and identified spaces are colored with red. 

 
1.3.3 Color mapping 

For each pixel of identified spaces, we find the distance to the closest grain, using 

pointPolygonTest function of OpenCV. After that, for each pixel of identified spaces, we 

calculate the capillary pressure using the Capillary Pressure formula. Because the 

calculated values of capillary pressure spread across several orders of magnitude (Figure 

B1 – f)), they were logarithmically mapped to the range [0,1], which defined the color of a 

pixel. In particular, we used “gist_rainbow” colormap of Python’s plotting library 

Matplotlib/Pyplot. The pixels of the spaces were colored on the grayscale version of every 
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image. See in supporting information, B – Appendix Figure B1 – g) for an example of the 

resulting color-mapped image, also, the workflow for this section is showed in the Figure 1 

– 3. 

 
 

In addition, the Appendix (A – Appendix and B - Appendix) section contains the codes 

developed for the image analysis mentioned above. 
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Figure 1 - 3. workflow diagram for the calculation of Pc as a function of pore throat radius 
in the heat map. 
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2. Results and Discussions 

 
2.1 Dimensionless number calculation and flow regime 

analysis 

Capillary number (NCa) was calculated for both drainage and imbibition systems, 

considering that the capillary forces acting on the displacing and displaced fluids are 

different. The equation used to calculate this parameter is shown [16] (equation 2) below: 

 
(𝑈. 𝜇) 

𝑁𝐶𝑎 = 
σ

 ( 2 ) 

 
 
 

where U is flowing velocity (m s-1), μ is the invading fluid viscosity (Pa s), that is, gas during 

drainage and water during imbibition, and σ is the interfacial tension (N m-1). Flow velocity 

(equation 3) was calculated as: 

 
𝑄 

𝑈 = 
𝐿. 𝑑. ф ( 3 ) 

 
 

with Q =rate (m3 s-1), L = near-inlet length inside the micromodel (m), d = porous network 

depth (m), and ф = porosity. Gas viscosities at 20 °C and 3.0 MPa were 1.15 x 10-5 Pa s, 

8.8 x 10-6 Pa s, 1.11 x 10-5 Pa s, for H2-CH4, H2, and CH4, respectively [26]. Water viscosity 

was 1.0 x 10-3 P s. Also, the Reynolds number (the ratio of inertial to viscous forces) was 

calculated following the expression (equation 4): 

 
ρ. 𝑈. 𝐷50 

𝑅𝑒 = 
𝜇 ( 4 ) 
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where ρ is the invading fluid density (ρCH4 = 22.6 kg·m-3 [26], ρH2 = 2.6 kg·m-3 [26], ρH2- CH4 

= 12.0 kg·m-3 [26], and ρH2O kg·m-3 = 1000 kg·m-3) and D50 = median grain diameter (1.1 x 

10-4 m) [30]. Two additional dimensionless numbers were calculated. The Peclet number 

(equation 5): 

 
𝑈. 𝐷50 

𝑃𝑒 = 
𝐷 ( 5 ) 

 

 
which correlates convection and diffusion transport, where D is the gas diffusion coefficient 

through water equal to 4.58 x 10-9 m2 s-1 for H2 [31], 1.62 x 10-9 m2 s-1 for CH4 [32], and 

3.10 x 10-9 m2 s-1 for H2-CH4 [33], and the Bond number expressed as (equation 6): 

 
Δρ. g. (D50)2 

𝐵𝑜 = σ ( 6 ) 

 
 

where Δρ is the density difference between H2 and H2O, and g is the acceleration due to 

gravity, and correlates the ratio of gravitational to surface tension forces. Also, the Log(NCa)- 

Log(M) stability diagram is shown in (Figure 2 – 1), where M is the gas-water viscosity ratio. 

The boundaries that were initially proposed [34] are shown by the solid lines, while the 

extended boundaries are shown by the dashed lines [35]. The circles mark the locations of 

the drainage and imbibition experiments that were done for this study. 

Dimensionless numbers (Table 2 - 1) reveal that the gas-H2O flow occurred in the laminar 

flow regime, with convection and surface tension (i.e., capillary forces) dominating diffusion 

and gravity. The interaction between viscous and capillary forces was complicated because 

the experimental NCa-range belongs to the transition zone in the Log (NCa)-flow diagram 

(Figure 2- 1). 



32 Hydrogen Storage in Depleted Gas Reservoirs using Methane Cushion Gas: An 

Interfacial Tension and Pore Scale Study 

 

 

Table 2 - 1. Dimensionless numbers: Capillary (NCa), Reynolds (Re), Peclet (Pe), and 
Bond numbers (Bo). 

 

NCa Re   

System Flow rates (mL·h-1)     Pe Bo 

  Drainage Imbibition Drainage Imbibition   

 0.1 6.99 x 10-9 7.65 x 10-7 1.81 x 10-3 6.03 x 10-3 1.32  

H2 1.0 6.99 x 10-8 7.65 x 10-6 1.81 x 10-2 6.03 x 10-2 13.21 0.00164 

 
10.0 6.99 x 10-7 7.65 x 10-5 1.81 x 10-1 6.03 x 10-1 132.10 

 

  

0.1 

 

9.04 x 10-9 

 

7.88 x 10-7 

 

6.34 x 10-3 

 

6.03 x 10-3 

 

1.95 

 

H2-CH4 1.0 9.04 x 10-8 7.88 x 10-6 6.34 x 10-2 6.03 x 10-2 19.51 0.00167 

 
10.0 9.04 x 10-7 7.88 x 10-5 6.34 x 10-1 6.03 x 10-1 195.16 

 

  

0.1 

 

8.88 x 10-9 

 

8.02 x 10-7 

 

1.23 x 10-3 

 

6.03 x 10-3 

 

3.73 

 

CH4 1.0 8.88 x 10-8 8.02 x 10-6 1.23 x 10-2 6.03 x 10-2 37.35 0.00168 

 
10.0 8.88 x 10-7 8.02 x 10-5 1.23 x 10-1 6.03 x 10-1 373.50 
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Figure 2 - 1. Log(NCa)-Log(M) stability diagram. The solid lines represent the originally 
proposed boundaries, and the dashed lines denote the extended boundaries. 

 
 

 

2.2 Hydrogen saturation establishment during drainage 

According to the drainage NCa, they were classified as low, medium, and high, according to 

the injection rate, that is, 0.1, 1.0, and 10.0 mL·h-1, in the same order. The results of the 

NCa are grouped into three categories: high, medium, and low. Hydrogen saturation during 

drainage injection (Sgi) was measured, and the results are shown as a function of NCa 

(Figure 2 - 2), whereas the micrographs are shown in panels (b-j) of the same Figure. High 

NCa (injection rate = 10.0 mL h-1) resulted in the high H2 saturation (Sgi > 44 %). At low NCa 

(injection rate = 0.1 mL·h-1) the Sgi decreased around 3 times, at the minimum injection 

rate of 1 mL·h-1, the lowest Sg was observed because narrow pore throats with elevated 

capillary entry pressures constrained hydrogen invasion into neighboring pore clusters. As 

the injection rate increases, it becomes easier to surmount pressure barriers, leading to a 

higher Sg. A similar trend was observed for the three tested gases as a function of NCa. 

This relationship aligns with our understanding of fluid behavior in porous media, where 

higher capillary numbers result in more fluid being invaded within the pores. Furthermore, 

the endpoint saturations of the gases do not show significant changes for intermediate and 
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high NCa values. This suggests that the saturation behavior of the gases may be less 

sensitive to variations in the capillary forces compared to the other systems. These findings 

provide valuable insights into the relationship between capillary number, fluid saturations, 

and system behavior within the porous medium. They highlight the complex interplay 

between fluid properties, interfacial forces, and pore-scale interactions, which ultimately 

govern fluid behavior and saturation distribution in porous media. 

Comparing the three gases at low NCa values, the gas saturation appears to be similar for 

all systems. However, as the NCa increases, slight discrepancies in the average gas 

saturations start to emerge, albeit at the same range of the uncertainty limit. This indicates 

that the fluid flow and trapping mechanisms differ as the capillary forces dominate. 

Interestingly, based on image analysis, it can be inferred that the gas combination system 

(H2-CH4) exhibits higher saturation of the porous medium than the individual gas systems, 

following the increasing trend H2 < CH4 < H2- CH4. This observation contrasts with the slight 

changes in NCa values, as the H2- CH4 system was higher than in the individual gases. Also, 

IFT was weakly modified in each gas (highest IFT for H2), which aligns with the results 

found. 

These results suggest that other factors, such as intermolecular interactions and dispersion 

energy, may significantly influence the fluid behavior and saturation characteristics of the 

porous medium. 
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 a)  

High NCa Medium NCa Low NCa 
 

 

 

 

 

 
b) Sgi = 47.1% c) Sgi = 36.1% d) Sgi = 9.9% 

 

 

 

  
e) Sgi = 54.4% f) Sgi = 40.0% g) Sgi =10.3% 

 

 

 

 

 

 
h) Sgi = 44.4% i) Sgi =32.1% j) Sgi = 9.8% 

 

 
Figure 2 - 2. a) Initial gas saturation (Sgi) after drainage as function of NCa for the three 

systems tested (H2, CH4, H2-CH4), b-j) FoV Sgi (light blue) after drainage in CH4 (Panel b- 

d), H2-CH4 (Panel e-g), and H2 (Panel h-j) at different injection rates of 10.0 0 mL·h-1 

(Panel a, e, h) 1.0 mL·h-1 (Panel c, f, i) and 0.1 mL·h-1 (Panel d, g, j). Pressure = 30 bar, 

Temperature = 20°C. 
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2.3 Gas withdrawal During Imbibition 

When considering the contrasting behavior between drainage and imbibition processes, 

several factors come into play, including changes in wettability (see Section 2.5) and the 

occurrence of piston-like trapping. As the NCa decreases, the capillary forces dominate in 

the drainage process, leading to increased gas saturation. Lower NCa values indicate a 

higher ratio of capillary forces to viscous forces, allowing for better mobilization and 

displacement of fluids from the porous medium. 

During imbibition, a contrary trend was obtained for the evaluated gases. The NCa slightly 

increased in the order H2 < H2-CH4 < CH4, following IFT decreasing order the H2 > H2- CH4 

> CH4 (See Table 1 - 2). 

 
During imbibition, the CH4 system exhibits the highest average recovery capacity across all 

NCa groups, shown in Figure 2 - 3. As observed, various authors have documented 

alterations in wettability [3, 36], as evidenced by changes in contact angle, with increasing 

CH4 presence within the gas mixture. Notably, under a temperature of 22°C, a reduction of 

6% in the contact angle was achieved for an H2-CH4 system in a ratio 1:1 [3]. During 

imbibition, contact angles tend to decrease towards the non-wetting phase (CH4), 

potentially improving flow dynamics and trapping mechanisms. The CH4 phase, being the 

non-wetting phase, naturally spreads and displaces the wetting phase, enhancing its 

recovery capacity. Additionally, despite having a lower recovery capacity than the CH4 

system, the gas mixture system still achieves a significant recovery rate. This can be 

attributed to the occurrence of piston-like trapping. As the gas mixture flows through the 

porous medium, there are instances where the H2 phase becomes disconnected from the 

main flow, creating isolated pockets or "pistons" of trapped gas. Although these isolated 

zones lead to increased gas loss, they still contribute to the overall recovery in cyclic 

drainage-withdrawal as shown by Lysyy et al.[20] 

The intricate interplay between these factors determines the complex behavior observed 

during fluid flow in porous media. By studying and understanding the changes in wettability 

and the occurrence of entrapped gas pockets, we gain valuable insights into the 

mechanisms governing fluid flow and recovery in oil and gas reservoirs. 
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Comparing the NCa, higher recoveries are promoted at low NCa. A lower capillary number 

indicates that the capillary forces are relatively stronger than the viscous ones. This can 

lead to more stable displacement and potentially higher recovery, especially when capillary 

forces play a significant role in the fluid flow through the porous medium. 

It is worth noting that capillary pressure and saturation relationships can exhibit hysteresis, 

meaning that the relationship between capillary pressure and saturation differs during 

drainage (displacement of water by gas) and imbibition (displacement of gas by water) 

processes. The capillary number can influence the extent of hysteresis, which in turn affects 

the efficiency of gas recovery during different production phases. 

In summary, the contrasting behavior between drainage and imbibition processes can be 

explained by wettability changes and entrapped gas pockets. Lower NCa values favor gas 

recovery through capillary-dominated drainage, while imbibition processes benefit from 

favorable wetting characteristics and piston-like trapping. Understanding these phenomena 

enhances our ability to optimize recovery strategies and improve gas extraction efficiency. 

 

 
 

Figure 2 - 3. Gas recovery (%) after withdrawal as function of imbibition- NCa for the three 

systems tested (H2, CH4, H2-CH4). 

 
 
 

On the other hand, I1 imbibition and I2 imbibition mechanisms, respectively, control the 

trapping and displacement mechanisms. A single pore (I1 imbibition) was used to displace 

the gases from multiple pores, where they were then disconnected at the pore wall and 
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subsequently trapped (I2 imbibition). No difference was seen between the two mechanisms 

due to the function of the gases (H2, CH4, H2-CH4). In-depth descriptions of H2 displacement 

and trapping mechanisms can be found in the literature [16]. 

 
2.4 Dissolution Kinetics 

Hydrogen and methane dissolution in water for underground gas storage is a critical aspect 

of the process, as it involves the safe and efficient storage of these gases in geological 

formations such as depleted oil and gas reservoirs. This energy storage method is valuable 

for balancing energy supply and demand, especially in renewable energy systems. Figure 

2 – 4 shows the hydrogen saturation during imbibition that corresponds to the dissolution 

stage, the dissolution process differs from gas recovery because once isolated gas pockets 

are formed, they are unable to flow, initiating the dissolution process. Table 2 - 2 

summarizes the average bubble ratio as well as the dissolution times. The diffusion 

coefficients reported in this table were obtained from literature for each of the gases used 

in the experiments (CH4 diffusion coefficient taken from Harsha Bhimineni et al. [37], H2- 

CH4 diffusion coefficient taken from Peg et al. [33], H2 diffusion coefficient taken from Zhao 

et al. [31]). The data was calculated and reported as a function of time. As the capillary 

number increases, the dissolution times for the three systems become similar. The biggest 

difference was found at the lower NCa, where the dissolution time for H2, H2-CH4, and CH4 

was 20.3, 10.5, and 10.4 h, respectively. In the same line, for all systems, the average 

bubble radius was lower as NCa increased, resulting in quicker dissolution. Note that the 

dissolution time increasing order follows as CH4 < H2-CH4 < H2. Hydrogen dissolves readily 

in water due to its small molecular size and high solubility. The dissolution process involves 

different steps: i) hydrogen molecules (H2) at the gas-water interface transfer into the 

aqueous phase, ii) hydrogen molecules dissolve in the water, forming hydrogen gas (H2) 

bubbles and hydronium ions (H3O+), and iii) the chemical equilibrium between dissolved 

hydrogen and gaseous hydrogen drives the dissolution process. Methane is less soluble in 

water compared to hydrogen [38], but it can still dissolve to some extent, as the results 

demonstrated. The dissolution process for methane is similar but slower than that of 

hydrogen. It also involves the formation of methane bubbles in water. The solubility of 

methane in water occurs due to van der Waals forces, particularly London dispersion forces 

[39]. These forces are weak compared to the covalent bonds within methane but are 
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sufficient to facilitate dissolution. According to the diffusion coefficients reported in the 

literature, our experimental results are in line. 

The amount of dissolved gas was calculated using the expressions 7 and , where d is the 

pore depth [µm], ∆𝐴 is the change in the gas area between a time step of 1 second [µm 2], 

Q is the flow rate, 𝑀𝑔𝑎𝑠 is the molecular weight of the gases [g·mol-1], 𝜌𝐻 𝑂 and 𝜌𝑔𝑎𝑠 are 

water and gas density [g·L-1], respectively, t is a standard time [s]. 

 

Gas =  
d A gas 

dissolved  
M   Q  t  

 
gas H2O 

 
( 7 ) 

 
 

The results are shown in Figure 2 – 5 with the micrographs of residual gas saturation (Sgr) 

(see Panels b-j) when dissolution starts. Dissolved gas decreased as NCa increased, as 

mentioned before. Dissolved H2 in water increased from 5.31 x10-6 to 5.55 x10-5 kg·mol-1, 

whereas H2-CH4 and CH4 rose from 2.75 x10-5 and 1.46 x10-2 to 6.13 x10-4 and 7.39 x10-2 

kg·mol-1, respectively. The results agree with Sgr values, which are typically correlated with 

an increased likelihood of gas entering smaller pore throats. 

 
 

 

 

 

 

 

a) b) c) 

Figure 2 - 4. Hydrogen saturation during gas dissolution in the withdrawal stage at 
different water injection rates: a) 0.1 (lower NCa), b) 1.0 (medium NCa), and c) 10 mL·h-1 

(higher NCa) at 30 bar. 
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Table 2 - 2. Diffusion coefficient, dissolution time and average radius for different gases in 

deionized water at 30 bar. 
 

 
Work gas 

 
Q [mL·h-1] 

Diffusion coefficient 

[m2·s-1] 

Average 

bubble radius 

[µm] 

Dissolution 

time [s] 

 0.1  81.3 37800 

CH4 1.0 1.62 x10-9 75.1 3055 

 
10.0 

 
77.4 297 

 0.1  68.7 37600 

H2-CH4 1.0 3.10 x10-9 67.5 1892 

 
10.0 

 
65.6 267 

 0.1  72.3 73200 

H2 1.0 4.58 x10-9 60.2 1797 

 
10.0 

 
58.1 296 

 

a) 
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High NCa Medium NCa Low NCa 

   

b) Sgr = 22.5% c) Sgr = 17.7% d) Sgr = 1.2% 

   

e) Sgr = 17.4% f) Sgr = 17.1% g) Sgr =1.5% 

   

h) Sgr = 15.0% i) Sgr =13.2% j) Sgr = 1.1% 
 
 

Figure 2 - 5. FoV gas (light blue) saturation (Sgr) when dissolution starts using CH4 (b-d), 
H2-CH4 (e-g), and H2 (h-j) at different NCa. Temperature = 20°C, Gas flow rate injection = 

0.1-10 mL h-1, Pressure = 30 bar. 

 
 

 

2.5 Contact Angles 

 
2.5.1 Static contact angles 

The static contact angles during drainage and imbibition between gas and glass were 

measured as a function of injection rate and gas type. In this section, the changes in 

wettability in the micromodel based on the static contact angles once the drainage process 

is complete (Figure 2 – 6a) and during imbibition (Figure 2 – 6b) were evaluated. 

Experimental measures shown in Figure 2 – 6c were taken from CH4 injected at 10 m·L-1 

experiment. 

The plotted contact angle during drainage datasets shows that different gas types had 

different characteristics on the investigated microfluidic device. For instance, the contact 
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angles of H2/water systems range from 23° to 38°, indicating a minimally wet environment. 

The contact angles of CH4/brine systems range between 28 and 52° at the same capillary 

numbers and operating conditions, indicating weakly to moderately water-wet conditions. 

In contrast, the contact angles of the H2-CH4 were found to be between 25 and 47°. 

The gap in densities between H2, CH4, and the H2-CH4 mixture is responsible for these 

outcomes. Compared to H2 molecules and the glass surface, there are more interactions 

between CH4 molecules and the rock surface. The findings show that the contact angles of 

methane are greater than hydrogen's (CH4 > H2-CH4 > H2). This result suggests that the 

rock is less water-wet than in the working zone at the H2-CH4 mixing zone. The increasing 

hydrophobicity of the glass at the H2-CH4 mixing zone benefits the adsorption trapping 

mechanism, which favors the adsorption of gas molecules in micropores. Contrarily, higher 

contact angles of H2-CH4 mixtures on glass than pure H2 imply that caprock structural 

integrity for H2 entrapment is lower and capillary entry pressure is lower. 

In terms of the NCa, although most of the contact angles weakly increased as NCa increased. 

This phenomenon can be related to the displacement velocity within the porous medium, 

as a slightly higher displacement pressure may result in increased contact angles. These 

findings underscore the importance of considering multiple factors when studying wettability 

in porous media and designing effective gas recovery strategies. 

The observed variation in contact angles suggests that factors beyond NCa, such as fluid 

properties, interfacial tensions, and pore geometry, may play a significant role in 

determining the wettability characteristics of the porous medium. These factors can 

influence the wetting behavior and the interaction between the fluid phases and the solid 

surfaces, ultimately affecting fluid flow and recovery mechanisms. 
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c) 
Figure 2 - 6. Static contact angles during a) drainage and b) imbibition measurements for 
the different systems tested (H2, CH4, H2-CH4), c) Experimental measures (1-4) taken to 

CH4 injected at 10 mL·h-1. 

 
 

Cushion gas (CH4, CO2, and N2) plays a significant role in subsurface formations as it 

serves as a buffer during H2 injection/withdrawal cycles and reduces contamination during 

withdrawal. For instance, a storage “rock surface” with a higher affinity towards the cushion 

gas rather than H2 lowers the possibility of H2 penetration into the pore space and promotes 

more straightforward separation during injection and withdrawal cycles. Throughout this 

study, we have shown that H2-CH4/water/glass system is strongly water wet, implying that 

a large percentage of gas can be recovered from porous reservoir rock, which agrees well 

with the results described in Section 2.3. However, some gas will remain trapped in the 

pore space, as shown previously and reported by several studies: 36% by Lysyy et al.[16], 

41% by Jha et al. [40], 17-24% by Boon and Hajibeygi [41], 2-13% by Al- Yaseri et al. [4, 

42], 10-21% by Thaysen et al. [43], and 20-25% by Jangda et al. [44]. 

 
An experimental study demonstrated that reservoirs containing around 50-60% H2 and 50- 

40% CH4 and low volumetric content of N2 and CO2 present an optimum design for long- 

scale underground hydrogen storage and gas recovery [24]. Under the mentioned 

conditions, the H2 fraction will (pose a significant threat to withdrawal) and less H2-CH4 

interphase, whereas lower H2 fraction will have a relatively lower IFT (recommended for 

gas immobilization) and higher H2-CH4 interphase thickness during withdrawal but may lead 

to lower breakthrough pressure. Similarly, Mirchi et al.[3] reported an increase in cushion 
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gas concentration in depleted oil and gas reservoirs, which may promote H2 diffusion over 

caprock, which could, in turn, limit the structural trapping of H2 in the reservoir as the 

excessive rise in CH4 may lead to a lower breakthrough pressure due to lower IFT values. 

Thus, injecting formation gas (i.e., CH4) close to 50% could be considered an ideal H2 

storage and withdrawal design. The microfluidic and IFT results fall within this claim as they 

serve the benefit of higher hydrogen saturation and gas recovery with a considerable 

percentage of H2 in the withdrawn gas mixture, and it is expected a higher accumulation of 

H2 at H2-CH4 interphase to reduce the hydrodynamic mixing effects during withdrawal, 

hence, less contamination of H2. 

 
2.5.2 Dynamic contact angles 

This section is focused on analyzing the dynamic contact angles (advancing and receding) 

allowing to evaluate the changes in each process as a hysteresis phenomenon (See Figure 

2 – 7). The injection rate and the decline in contact angles are directly correlated. This 

phenomenon can be explained by the thrust forces the fluid creates as it enters the porous 

medium, which increases the fluid's surface area in contact with the rock. In the gas mixture 

system (CH4 – H2), the maximum variation of the static contact angle is ±11.0°, which is 

somewhat smaller than the found for dynamic contact angles. This result means that the 

gas mixture permits an increase in contact angle, which would lower the gas's flow capacity 

and reach minimum recovery rates when the gas of interest (H2) is extracted. Optimizing 

the porous medium's retention capacity for the gas mixture minimizes the cushion gas that 

needs to be reinjected in subsequent operation or storage stages. 
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a) 
 

 

b) 
Figure 2 - 7. Dynamic contact angles of a) advancing and b) receding for the different 

systems tested (H2, CH4, H2-CH4). 

 

 
Using the expressions (Δθ = θstatic,imbibition – θstatic,drainage) and (Δθ = θadvancing – θreceding) reported Butt et 

al. [45] and Lysyy et al. [16], the hysteresis of both static and dynamic contact angles was 

measured, respectively. The results are shown in Table 2 – 3. The maximum change in 

the dynamic angles of the CH4 – H2 system is obtained at the minimum injection rate (0.1 
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mL·h-1), and the same result was found for individual gases. In this instance, the hysteresis 

of the contact angle is not significant, despite an increase observed as the injection rate 

increases. The presence of H2 is responsible for this effect because the types of bonds 

between the molecules for both H2 (covalent bonds) and CH4 (hydrogen bonds) indicate a 

minimum surface tension for H2, which reduces the gas's ability to wet the rock. 

Table 2 - 3. Contact angle hysteresis for each gas system as function of injection rate. 
Dynamic contact angle hysteresis, ΔθD, defined as the difference between advancing and 

receding contact angles, and static contact angle hysteresis, ΔθS, defined as the 
difference between static angles in imbibition and drainage. 

 

Work gas Q [mL h-1] ΔθS ΔθD 

 0.1 1.5 3.4 

CH4 1.0 1.6 3.1 

 
10.0 1.5 6.0 

 0.1 1.0 7.8 

H2-CH4 1.0 3.3 7.9 

 
10.0 7.3 8.0 

 0.1 3.1 3.0 

H2 1.0 4.2 3.4 

 
10.0 5.7 3.5 

 
 

2.6 Capillary Pressure 

Capillary pressure (Pc), a key parameter in gas sequestration studies, reflects the interplay 

of cohesive and adhesive forces between the pore fluids and the rock surface. As Pc 

increases, flow restrictions intensify [46, 47], particularly in sedimentary formations like 

sandstones. Equation 1 demonstrates how Pc relates to the pressure difference between 
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wetting and non-wetting phases. Additionally, the Young-Laplace equation allows Pc to be 

characterized based on interfacial tension, contact angle, and pore diameter. 

Figure 2 – 8 (panels a-i) presents heat maps depicting the distribution of Pc across the 

porous medium, where the only variable is the pore throat for all systems. These 

visualizations illustrate how Pc influences gas entrapment after the main flow disconnects, 

leading to pockets of trapped gas until complete dissolution occurs. Pc is shown on a 

logarithmic scale in Dyne·cm-2 and, despite the overall similarity in the results, exhibits a 

slight increase with the presence of CH₄. Notably, the CH₄ and H₂-CH₄ systems show the 

highest gas retention. 
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Figure 2 - 8. Trapped residual gas saturation (Sgr) at the conclusion of imbibition 

processes considering the capillary pressure (Pc) effect for different systems CH4 (a-c), 
H2-CH4 (d-f), and H2 (g-i) at various capillary numbers. Temperature = 20°C, Gas flow 

rate injection = 0.1-10 mL h-1, Pressure = 30 bar. 

 

 
Unlike permanent storage options like CO2 injection, Underground Hydrogen Storage 

(UHS) procedures strive for an equilibrium state between injected and recovered gas. 

Consequently, capillary trapping, often associated with increased capillary pressure (Pc), 

is generally an undesirable phenomenon. However, within the scope of this study, an 

increase in Pc presents a positive outcome. By hindering gas recovery, capillary trapping 

effectively increases the residual gas volume, which can be used as "cushion gas" during 

subsequent storage cycles, eliminating reinjection procedures. This finding holds particular 

significance within depleted aquifers, where capillary trapping can account for 33–66% of 

the unrecoverable gas [48]. In depleted gas or oil reservoirs, the contribution of capillary 

trapping, while substantial, is estimated at 33% [48]. 

 
The present study's findings regarding residual gas volume exhibit some deviation from the 

existing literature [49-51]. Theoretically, decreasing interfacial tension (IFT) through 

increased methane concentration should weaken capillary forces and enhance trapped 

fluid mobilization, as corroborated by previous research [12]. Consequently, one might 

anticipate less gas retention due to capillary effects. However, this study's observed 

residual gas volume slightly differs from that of the pure H₂ system, suggesting that factors 

beyond adhesion and cohesion interactions play a significant role in the trapping process 

within this context. Further investigation is required to elucidate the nature of these 

additional parameters and their combined influence on gas entrapment. 

 
However, having a high capillary pressure (Pc) does not guarantee that a porous space will 

trap gas effectively. Tortuosity, a measure of the winding nature of the pore network, also 

plays a critical role in trapping capacity. Ji et al. [52] demonstrated that Pc increases with 

increasing tortuosity as the reduced pore diameter amplifies flow resistance. This 

phenomenon leads the fluid to seek the path of least resistance, often resulting in it 

deviating from the main flow and becoming trapped as it detaches from the advancing gas 

front (akin to a piston-like movement). Therefore, in addition to Pc, tortuosity is a crucial 

modulator of gas trapping effectiveness once the main flow disconnects. 
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3. Conclusions and recomendations 

 
3.1 Conclusions 

The saturation profiles of CH4, H2, and gas mixture exhibited slight differences in behavior 

in porous media. The saturation profiles for the nine systems are consistent with literature 

data, and the obtained dimensionless numbers (NCa) demonstrated that the gas mixture 

system provides better conditions for gas saturation on the porous medium at high NCa, 

reaching an equilibrium state between the amount of gas needed as cushion gas and the 

working gas. Regarding recovery processes, the gas mixture decreases recovery to 

intermediate NCa, maintaining a higher amount of gas in the porous medium to be used as 

cushion gas without the need to be restored for future storage processes compared with 

the other systems. 

The increase in residual gas is directly related to the disconnection of gas-saturated zones 

from the main flow, which allows a greater retention capacity of the cushion gas and greater 

recovery of the working gas. Finally, the gas interactions in a water-wettable system were 

unreliable for any of the scenarios since the contact angles present minimal or no variation. 

This result means that a water-wettable system does not influence the capacity of recovery 

or storage gas. Thus, gas (H2-CH4) – rock interactions in the transition zone present a 

challenge for H2 storage processes, so the previous results allow us to identify the 

phenomena that dominate in this zone. The results coincide with increased saturation, 

indicating gas breakthrough and displacement of the wetting phase. This phenomenon 

highlights the importance of understanding pressure dynamics and saturation distribution 

for optimizing gas recovery processes. 
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The feasibility of hydrogen storage in depleted gas reservoirs is demonstrated herein, as 

the residual gases can serve as effective cushion gas, optimizing operational conditions 

and minimizing the need for additional gas injection. However, further exploration of rock- 

fluid and fluid-fluid interaction phenomena is crucial to comprehensively validate the various 

hypotheses proposed across different studies. Expanding research in this direction will 

ultimately refine our understanding of hydrogen storage behavior and guide the 

development of robust and efficient storage solutions. 

 
3.2 Recomendations 

In this section there are different considerations that can be evaluated in future work. 

 
 

- Having the system pressure as a variable of the rock-fluid and fluid-fluid interaction 

parameters. 

- Evaluate the effect of injection cycles for a mixed gas system (CH4 and H2) 

considering the final saturations of the porous medium. 

- To vary different ratios of the evaluated gases with respect to their mass 

concentration, considering that only a 50% methane and 50% hydrogen ratio was 

evaluated. 

- Evaluate the effect of salinity on the rock-fluid interaction when having the gas 

mixture (CH4 and H2). 

- To use the results obtained experimentally in simulation processes to extend the 

range of the evaluated variables and that can be a limiting factor in the use of the 

micromodel. 

- To consider the temperature for future investigations of hydrogen storage at pore 

scale. 

- Finally, a monitoring of the gases in a static way (without a water flow) at high 

pressure conditions is proposed to evaluate the loss of gases by dissolution 

processes. 



 

 



 

 
 
 
 
 
 
 

 

A. Appendix: Algorithms used for 
image analysis. 

 
The next algorithm was developed in collaboration with Postdoctoral fellow Na Liu. 

 

The algorithm is divided into three parts, which include the segmentation of the video, the 

comparison of two images, and the quantification of the saturation of the porous medium in 

all the images extracted from the video by the first algorithm. 

 
Imagen Segmentation Algorithm. 

 

The video obtained from the experiments is used as input. The images are extracted every 

second and put in a separate folder. 

clc; 
clear all; 
close all; 
%% 
video = VideoReader('CH4_Imbibition_3.MOV'); 
OutVideoDir = 'CH4_Imbibition_4'; 
mkdir(OutVideoDir); 

 
frames_per_sek = 30; %frames/sec 
interval = 1; %wants image each 1 min = 60 seconds 
frames_min = frames_per_sek*interval;%number of frames per minute. 

 
for i = 1:frames_min:video.NumFrames 

img = read(video,i); 
baseFileName = sprintf('%05d.jpg', i); % e.g. "0001.jpg" 
fullFileName = fullfile(OutVideoDir, baseFileName); 
imwrite(img, fullFileName); 

end 
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Algorithm for comparison of two images. 
 

In this algorithm, only a base image (image of the empty porous medium, without gas) is 

taken into account and compared with an image whose saturation is to be known. The 

parameters are adjusted depending on the desired tolerance using the parameters thre1, 

thre2, thre3. In addition to this the porosity parameter is changed for each experiment, 

since due to the manipulation of the device it could have moved and changed the area of 

focus. Minimal changes can lead to increased uncertainty when using the algorithm. 

 
img_bg = imread('CH4_Imbibition_4\00001.jpg'); 

I = imread('CH4_Imbibition_4\11641.jpg'); 

img_bg_gray = rgb2gray(img_bg); 

I_gray = rgb2gray(I); 
 

J = I_gray - img_bg_gray; 
J1 = adapthisteq(J); 
thre1 = 16; 
thre2 = 300; 
thre3 = 400; 
porosity = 0.534 %Porosity, update for each experiment 
J1 = J1 > thre1; 

 
J2 = bwareaopen(J1,thre2); 

 
se_disk = strel('disk',10); 
J_close = imclose(J2, se_disk); 
imshow(J_close) 
filled = imfill(J_close, 'holes'); 
holes = filled & ~J_close; 
bigholes = bwareaopen(holes, thre3); 
smallholes = holes & ~bigholes; 
new = J_close | smallholes; 
J_final_totpx = numel(new)*porosity; %Porosity, update for each experiment 
J_final_H2 = sum(new(:)); 
saturation = J_final_H2/J_final_totpx*100; 
display(saturation) 
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Imagen Segmentation Algorithm. 
 

This algorithm has as input the folder that was created with the initial algorithm (Image 

Segmentation Algorithm), where from a base image (porous medium without gas) the 

saturation of each frame extracted from the video is quantified, where the result is a graph 

of the gas saturation vs. Time. In this code the adjustment variables are the same as in the 

previous code (Algorithm for comparison of two images). 

 
 

%% 
OutVideoDir = 'CH4_Drainage_4'; 
%image segmentation 
files = dir(fullfile(OutVideoDir,'*.jpg')); 
N = length(files); 
%bg = files(N).name; 
%fullFileName_bg = fullfile(files(1).folder, bg); 
%img_bg = imread(fullFileName_bg); 
%img_bg_gray = rgb2gray(img_bg); 
img_bg = imread('CH4_Drainage_4\00001.jpg'); 
img_bg_gray = rgb2gray(img_bg); 

 
thre1 = 50; 
thre2 = 300; 
thre3 = 1200; 

 
saturation = [1:N]; 
image = struct; 

 
for i=1:N 

fullfilename_I = fullfile(files(i).folder,files(i).name); 
%fullfilename_I2 = fullfile(files(i+1).folder,files(i+1).name); 
I = imread(fullfilename_I); 
I_gray = rgb2gray(I); 
%I2 = imread(fullfilename_I2); 
%I2_gray = rgb2gray(I2) 
%J = I2_gray - I_gray; 
J = I_gray - img_bg_gray; 
J1 = adapthisteq(J); 
J1 = J1 > thre1; 
J2 = bwareaopen(J1,thre2); 
se_disk = strel('disk',10); 
J_close = imclose(J2, se_disk); 
%close small holes 
filled = imfill(J_close, 'holes'); 
holes = filled & ~J_close; 
bigholes = bwareaopen(holes, thre3); 
smallholes = holes & ~bigholes; 
new = J_close | smallholes; 
%calculate pixel 
J_final_totpx = numel(new)*0.534; %total pixel area image. Porosity: 50%. 
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J_final_H2 = sum(new(:)); 
saturation(i) = J_final_H2/J_final_totpx*100; %percent 

 
%image.(sprintf('img%d',i))= J_final; %saves the filtered image to a 

sruct. 
 

end 
 

% save saturation into a xlsx file 
time=1:N; 
time_T = time.';%transpose to get them vertically 
saturation_T = saturation.';%transpose 

 
%Creates table 
T = table(time_T,saturation_T); 
%set 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 = 'This is a description of the experiment. q = X mL/h.'; 

 
S = table({description}'); %headline/description can be added to the file as 
well. 
S.Properties.VariableNames{'Var1'}='Experiment number: X'; 
filename = 'experiment_data_1.xlsx'; 
%writes to file 
writetable(S,filename,'Sheet','Saturation','Range','A1','AutoFitWidth',true); 
writetable(T,filename,'Sheet','Saturation','Range','A4','AutoFitWidth',true); 

 
figure 
plot(saturation); 
xlabel('Time'), ylabel('CH4_Drainage_4'); 
title('H2 saturation over time'); 



 

 
 
 
 
 
 
 
 

B. Appendix: Algorithm used for 
capillary pressure heat mapping. 

 
 

Image processing functions for grain analysis 

 

import typing 

from collections.abc import Iterable 

 

import numpy as np 

 

import cv2 as cv 

import skimage 

from scipy import ndimage 

from shapely import Polygon 

 

######################################################################## 

##################### 

# Assertions 

 

def assert_rgb_or_gray(img: np.ndarray): 

assert len(img.shape) in [2,3], f'The image should be 2D or 3D 

array, the shape given: {img.shape}' 

if len(img.shape) == 3: 

assert img.shape[2] in [1,3], f'The image should have 1 or 3 

channels, the shape given: {img.shape}' 

 

def assert_gray(img: np.ndarray): 

assert len(img.shape) == 2, f'Image is not grayscale, the shape 

given: {img.shape}' 

 

def assert_bw(img: np.ndarray): 

assert_gray(img) 

present_colours = np.unique(img) 

assert present_colours.shape == (2,), f'Image is not black-and- 

white, it contains the following pixels: {present_colours}' 

 

def assert_nonintersecting(a: Iterable[int], b: Iterable[int]): 

assert set(a) & set(b) == set(), f'{a} and {b} have intersections' 

 

######################################################################## 

##################### 
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# Different functions 

 

def load_rgb_img(filename: str, crop: int | tuple[int,int]=(0,0)) -> 

np.ndarray: 

img = cv.imread(filename) 

if img is None: 

raise FileNotFoundError(f'File {filename} is not found') 

 

img = cv.cvtColor(img, cv.COLOR_BGR2RGB) 

if not(crop == 0 or crop == (0,0)): 
if isinstance(crop, int): 

crop = (crop,crop) 

x, y = crop 

img = img[x:-x, y:-y,:] 

 

return img 

 

 

######################################################################## 

##################### 

# Different transformations 

 

def rgb_copy(img: np.ndarray) -> np.ndarray: 

assert_rgb_or_gray(img) 

is_grayscale = len(img.shape) == 2 

return np.stack((img,) * 3, axis=-1) if is_grayscale else img.copy() 

 
 

def rgb2gray(rgb_img: np.ndarray) -> np.ndarray: 

assert len(rgb_img.shape) == 3, f'It seems the image is not in RGB 

(it has shape {rgb_img.shape})' 

return cv.cvtColor(rgb_img, cv.COLOR_RGB2GRAY) 

 
 

def fix_brightness(img: np.ndarray, 

clip_limit: float = 2.0, tile_grid_size: 

tuple[int,int] = (10,10)) -> np.ndarray: 

assert_rgb_or_gray(img) 

fixed_img = img.copy() 

is_grayscale = len(img.shape) == 2 

clahe = cv.createCLAHE(clip_limit, tile_grid_size) 

if is_grayscale: 

fixed_img = clahe.apply(fixed_img) 

else: 

# Y channel is lightness component 

fixed_img = cv.cvtColor(fixed_img, cv.COLOR_RGB2YUV) 

fixed_img[:,:,0] = clahe.apply(fixed_img[:,:,0]) 

fixed_img = cv.cvtColor(fixed_img, cv.COLOR_YUV2RGB) 

 

return fixed_img 

 
 

def gray2bw(gs_img: np.ndarray, add_black_frame: bool = True, 

adaptive: bool = False, adaptive_block_sz: int = 151, 

adaptive_C: int = 10) -> np.ndarray: 
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assert_gray(gs_img) 

 

if adaptive: 

bw_img = cv.adaptiveThreshold(gs_img, 255, 

cv.ADAPTIVE_THRESH_GAUSSIAN_C, 

cv.THRESH_BINARY, 

adaptive_block_sz, adaptive_C) 

else: 

th_level, bw_img = cv.threshold(gs_img, -1, 255, 

cv.THRESH_BINARY + cv.THRESH_OTSU) 

 

if add_black_frame: 

bw_img[0,:] = 0 

bw_img[-1,:] = 0 

bw_img[:,0] = 0 

bw_img[:,-1] = 0 

 

return bw_img 

 
 

def highlight_bw_changes(orig_img: np.ndarray, new_img: np.ndarray) -> 

np.ndarray: 

assert_bw(orig_img) 

assert_bw(new_img) 

 

hl_img = rgb_copy(orig_img) 

hl_img[new_img < orig_img] = (0,255,0) # added black pixels 

hl_img[new_img > orig_img] = (255,0,0) # removed black pixels 

 

return hl_img 

 
 

def erode_dilate(bw_img: np.ndarray, kernel: np.ndarray = np.ones((3,3), 

dtype=np.uint8), 

highlight: bool = False) -> tuple[np.ndarray, 

np.ndarray | None]: 

assert_bw(bw_img) 

 

ed_img = cv.erode(bw_img, kernel, iterations=1) 

ed_img = cv.dilate(ed_img, kernel, iterations=1) 

 

if highlight: 

return ed_img, highlight_bw_changes(bw_img, ed_img) 

else: 

return ed_img, None 

 
 

# test this function, some strange operations happen here... 

# TODO: distance transform instead of erode? 

def watershed(bw_img: np.ndarray, kernel: np.ndarray = np.ones((3,3), 

dtype=np.uint8), 

highlight: bool = False) -> tuple[np.ndarray, np.ndarray | 

None]: 

assert_bw(bw_img) 

 

sure_bg = cv.dilate(bw_img, kernel, iterations=2) 
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sure_fg = cv.erode(bw_img, kernel, iterations=2) 

unknown = cv.subtract(sure_bg, sure_fg) 

 

_, markers = cv.connectedComponents(sure_fg) 

markers = markers + 1 

markers[unknown==255] = 0 

 

tmp_img = rgb_copy(bw_img) 

markers = cv.watershed(tmp_img, markers) 

res_img = bw_img.copy() 

res_img[markers == -1] = 0 

 

if highlight: 

return res_img, highlight_bw_changes(bw_img, res_img) 

else: 

return res_img, None 

 
 

def get_labels(bw_img: np.ndarray, structure: list = [[0,1,0], [1,1,1], 

[0,1,0]], 

remove_small_labels: bool = True, 

small_label_area_thresh: int = 50, 

bg_label: int = 0) -> tuple[np.ndarray, int]: 

assert_bw(bw_img) 

 

mask = bw_img == 255 

labels_mask, num_labels = ndimage.label(mask, structure=structure) 

 

if remove_small_labels: 

for lbl in range(num_labels+1): 

if np.sum(labels_mask == lbl) < small_label_area_thresh: 

mask[labels_mask == lbl] = bg_label 

labels_mask, num_labels = ndimage.label(mask, 

structure=structure) 

 

return labels_mask, num_labels 

 
 

######################################################################## 

################## 

# Different heuristics to get grains and spaces 

 

def grains_and_spaces_by_num_internal_objects(labels_mask: np.ndarray, 

upper_thresh: int = 2, 

area_thresh: int = 20, 

 

tuple[list, list]: 

 

bg_label: int = 0) -> 

def get_num_obj_inside(lbl: int) -> int: # TODO: maybe smaller than 

50?.. 

contours, hierarchy = 

cv.findContours(((labels_mask==lbl)*255).astype(np.uint8), 

cv.RETR_TREE, 

cv.CHAIN_APPROX_SIMPLE) 

return len([0 for c in contours if cv.contourArea(c) >= 

area_thresh]) 
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sure_grains = [] 

sure_spaces = [] # always empty list returned in this heuristic 

for lbl in np.unique(labels_mask[labels_mask != bg_label]): 

noi = get_num_obj_inside(lbl) 

if noi >= upper_thresh: 

sure_spaces.append(lbl) 

 

assert_nonintersecting(sure_grains, sure_spaces) 

 

return sure_grains, sure_spaces 

 
 

def grains_and_spaces_by_solidity(bw_img: np.ndarray, labels_mask: 

np.ndarray, 

 

 

list]: 

solidity_space_thresh: float = 0.6, 

solidity_grain_thresh: float = 0.9, 

bg_label: int = 0) -> tuple[list, 

def get_solidity(lbl: int) -> float: 

as_cluster = skimage.measure.regionprops((labels_mask==lbl)*255, 

bw_img)  

assert len(as_cluster) == 1 

return as_cluster[0].solidity 
 

sure_grains = [] 

sure_spaces = [] 

for lbl in np.unique(labels_mask[labels_mask != bg_label]): 

sol = get_solidity(lbl) 

if sol < solidity_space_thresh: 

sure_spaces.append(lbl) 

elif sol > solidity_grain_thresh: 

sure_grains.append(lbl) 

 

assert_nonintersecting(sure_grains, sure_spaces) 

 

return sure_grains, sure_spaces 

 
 

def grains_and_spaces_by_surroundings(bw_img: np.ndarray, labels_mask: 

np.ndarray, 

 

 

 

 

 
list]: 

sure_grains = set(sure_grains_in) 

sure_spaces = set(sure_spaces_in) 

num_assigned = 0 # hack 

sure_grains_in: Iterable[int], 

sure_spaces_in: Iterable[int], 

surr_s_thresh: float, 

surr_g_thresh: float, 

num_iterations: int = 10, 

bg_label: int = 0) -> tuple[list, 

# converting to mask of grains and spaces 

height, width = bw_img.shape 

 

assert np.min(labels_mask) == 0 

positions_memoizer = [None]*(np.max(labels_mask) + 1) 
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while num_assigned < len(sure_grains) + len(sure_spaces): # iterate 

while there is still some progress 

num_assigned = len(sure_grains) + len(sure_spaces) 

for lbl in np.unique(labels_mask[labels_mask != bg_label]): 

if (lbl not in sure_grains) and (lbl not in sure_spaces): 

surr_g = 0.0 

surr_s = 0.0 

if positions_memoizer[lbl] is None: 

positions = np.where(labels_mask == lbl) 

positions = np.array(list(zip(positions[0], 

positions[1])))  

positions_memoizer[lbl] = positions 

else: 

positions = positions_memoizer[lbl] 

for _ in range(10): 

i0, j0 = 

positions[np.random.randint(len(positions))] 

for di,dj in [(-1,-1), (-1,0), (-1,1), (0,-1), 

(0,1), (1,-1), (1,0), (1,1)]: 

i, j = i0, j0 

while 0 <= i < height and 0 <= j < width and 

labels_mask[i,j] == lbl:  

i += di 

j += dj 

if i < 0 or i >= height or j < 0 or j >= width: 

continue 
while 0 <= i < height and 0 <= j < width and 

labels_mask[i,j] == bg_label: 

i += di 

j += dj 

if i < 0 or i >= height or j < 0 or j >= width: 

continue 

if labels_mask[i,j] in sure_grains: 

surr_g += 1 

elif labels_mask[i,j] in sure_spaces: 

surr_s += 1 

 

surr_g /= num_iterations 

surr_s /= num_iterations 

 

if surr_g > surr_g_thresh: 

sure_spaces.add(lbl) 

elif surr_s > surr_s_thresh: 

sure_grains.add(lbl) 

 

assert_nonintersecting(sure_grains, sure_spaces) 

 

return sure_grains, sure_spaces 

 
 

def grains_and_spaces_by_colour_around(): 

# TODO: implement this 

pass 

 
 

####################################################################### 
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# geometric and format transformations 

def labels2contours(labels_mask: np.ndarray, labels: Iterable[int]) -> 

list[np.ndarray]: 

cnts = [] 

for lbl in labels: 

contours, hierarchy = 

cv.findContours(((labels_mask==lbl)*255).astype(np.uint8), 

cv.RETR_EXTERNAL, 

cv.CHAIN_APPROX_SIMPLE) 

assert len(contours) == 1, f'The label {lbl} produced 

{len(contours)} contours' 

cnts.append(contours[0]) 

return cnts 

 
 

def distances_to_closest_contour(points: Iterable[Iterable[int]], 

contours: Iterable[np.ndarray], 

shape: Iterable[int], 

stop_if_inside: bool = True, 

use_fast_hack: bool = False, 

verbose: bool = False) -> np.ndarray: 

res = np.full(shape, -1, dtype=float) 

 

if use_fast_hack: 

centroids = np.zeros((len(contours),2), dtype=int) 

for i, c in enumerate(contours): 

M = cv.moments(c) 

centroids[i,0] = int(M['m01']/M['m00']) 

centroids[i,1] = int(M['m10']/M['m00']) 

else: 

centroids = None 

 

num_points = len(points) 

for i_p, p in enumerate(points): 

if i_p % 10000 == 0 and verbose: 

print(f'{int(i_p/num_points*100)}%, ', end='') 

i, j = int(p[0]), int(p[1]) # because OpenCV is sensitive to 

types 

 

# optimisation hack: use only grains with closest centroids 

if use_fast_hack: 

dist_to_centroids = (i - centroids[:,0])**2 + (j - 

centroids[:,1])**2 

sorted_contour_indices = np.argsort(dist_to_centroids) 

neighbourhood_size = 15 

indices_to_check = 

sorted_contour_indices[:neighbourhood_size] 

else: 

indices_to_check = range(len(contours)) 

min_dist = np.inf 

for i_c in indices_to_check: 

c = contours[i_c] 

try: 



64 Hydrogen Storage in Depleted Gas Reservoirs using Methane Cushion Gas: 

An Interfacial Tension and Pore Scale Study 

 

 

d = -cv.pointPolygonTest(c, (j,i), measureDist=True) # 

note the order change of (i,j) -> (j,i) 

except: 

raise Exception(f'Point ({i},{j}) has problems with the 

contour bounded by the box {cv.boxPoints(cv.minAreaRect(c))}, 

shape={c.shape}\n{c}') 

if d <= 0: 

if stop_if_inside: 

raise Exception(f'Point ({i},{j}) is inside the 

contour bounded by the box {cv.boxPoints(cv.minAreaRect(c))}') 

else: 

# just ignore this - the point is noise inside a 

grain  

min_dist = -1 

break # no need to check the rest of grains 

min_dist = min(min_dist, d) 

res[i,j] = min_dist 

return res 

 

# TODO: idea for optimization - choose, say, 10 closest contours based 

on the distance to centroids 

# or, better, based on the distance to bounding boxes (4 vertices) - 

because a close but very large grain will have a centroid far from the 

point 

 
 

# Visualisation functions 

 

def colour_labels(orig_img: np.ndarray, labels_mask: np.ndarray, 

labels: Iterable[int] | None = None, 

colour: Iterable[np.uint8] | None = None, 

bg_label: int = 0) -> np.ndarray: 

# faster way in this special case 

if labels is None and colour is None: 

tmp = skimage.color.label2rgb(labels_mask, bg_label=bg_label) 

return (tmp*255).astype(np.uint8) 

 

if labels is None: 

labels = np.unique(labels_mask[labels_mask != bg_label]) 

else: 

new_labels_mask = np.full_like(labels_mask, -1) 

for lbl in labels: 

new_labels_mask[labels_mask == lbl] = lbl 

labels_mask = new_labels_mask # doesn't change original array 

outside the function 

 

if colour == None: # using random colours 

coloured_labels = (skimage.color.label2rgb(labels_mask, 

bg_label=bg_label)*255).astype(np.uint8) 

img = rgb_copy(orig_img) 

for lbl in labels: 

img[labels_mask == lbl] = coloured_labels[labels_mask == 

lbl] 

else: 
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img = rgb_copy(orig_img) 

for lbl in labels: 

img[labels_mask == lbl] = colour 

 

return img 
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Runner runs everything by calling functions from the last code. 

 

#!/usr/bin/env python3 

 

import sys 

import os 

import argparse 

import time 

import numpy as np 

 

import matplotlib 

import matplotlib.pyplot as plt 

from matplotlib.colors import Normalize 

 

import cv2 as cv 

import skimage 

import imageio 

 

import grains_anal_fun as gaf 

 

######################################################################## 

################### 

# arguments and parameters 

 

start_time = time.time() 

 

parser = argparse.ArgumentParser() 

 

parser.add_argument('--img-filename', type=str, default='img/00001.jpg') 

parser.add_argument('--output-folder', type=str, default='') 

 

parser.add_argument('--sigma', type=float, default=72.0, 

help='interfacial tension') 

parser.add_argument('--theta', type=float, default=35.0, help='contact 

angle (in degrees)') 

parser.add_argument('--scale-px-per-cm', type=float, 

default=135/259*10000, help='scale of the image (pixels per cm)') 

 

parser.add_argument('--cut-frame-thickness', type=int, default=0) 

parser.add_argument('--clahe-clip-limit', type=float, default=2.0) 

parser.add_argument('--clahe-tile-grid-size', type=int, default=10) 

parser.add_argument('--adaptive-thresh', dest='do_adaptive_thresh', 

action='store_true') 

parser.add_argument('--no-adaptive-thresh', dest='do_adaptive_thresh', 

action='store_false') 

parser.set_defaults(do_adaptive_thresh=False) 

parser.add_argument('--opening', dest='do_opening', action='store_true') 

parser.add_argument('--no-opening', dest='do_opening', 

action='store_false') 

parser.set_defaults(do_opening=True) 

parser.add_argument('--watershed', dest='do_watershed', 

action='store_true') 

parser.add_argument('--no-watershed', dest='do_watershed', 

action='store_false') 
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parser.set_defaults(do_watershed=True) 

parser.add_argument('--remove-small-labels', dest='remove_small_labels', 

action='store_true') 

parser.add_argument('--keep-small-labels', dest='remove_small_labels', 

action='store_false') 

parser.set_defaults(remove_small_labels=True) 

parser.add_argument('--small-label-area-thresh', type=int, default=10) 

parser.add_argument('--bg-label', type=int, default=0) 

parser.add_argument('--log-colours', dest='use_log_colours', 

action='store_true') 

parser.add_argument('--linear-colours', dest='use_log_colours', 

action='store_false') 

parser.set_defaults(use_log_colours=True) 

 

args = parser.parse_args() 

 

# copying command line arguments to variables 

cut_frame_thickness = args.cut_frame_thickness 

 

clip_limit = args.clahe_clip_limit 

tile_grid_size = (args.clahe_tile_grid_size, args.clahe_tile_grid_size) 

do_adaptive_thresh = args.do_adaptive_thresh 

do_opening = args.do_opening 

do_watershed = args.do_watershed 

 

remove_small_labels = args.remove_small_labels 

small_label_area_thresh = args.small_label_area_thresh 

 

bg_label = args.bg_label 

 

folder, filename_with_extension = os.path.split(args.img_filename) 

no_ext_filename, just_ext_filename = 

os.path.splitext(filename_with_extension) 

output_folder = args.output_folder if args.output_folder != '' \ 

else 

f'{folder}/output/res_{no_ext_filename}_sigma{args.sigma}_theta{args.the 

ta}' 

if not os.path.exists(output_folder): 

os.makedirs(output_folder) 

filename = args.img_filename 

 

# redirecting all output to a log file 

sys.stdout = open(f'{output_folder}/log.log', 'w') 

 

######################################################################## 

## 

# main execution 

 

print('-'*80) 

print('[INFO] Using OpenCV version', cv. version ) 

print('[INFO] Running with the following arguments:') 

for arg in vars(args): 

print(f'\t{arg}={getattr(args,arg)}') 

print('-'*80) 
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# load image 

 

 

img = gaf.load_rgb_img(filename, crop=cut_frame_thickness) 

print(f'[INFO] Loaded image {filename}, cropped to size 

{img.shape[0]}x{img.shape[1]}') 

 

# convert RGB to grayscale 

print('[INFO] Converting to grayscale...') 

gs_img = gaf.rgb2gray(img) 

 

# correct brightness 

print('[INFO] Correcting brightness...') 

gs_img = gaf.fix_brightness(gs_img, clip_limit=clip_limit, 

tile_grid_size=tile_grid_size) 

imageio.imwrite(f'{output_folder}/{no_ext_filename}_gs.png', gs_img) 

 

# convert to black-and-white (thresholding) 

print(f'[INFO] Converting to black-and-white (thresholding) with 

adaptive_block_sz={int(151/1080*gs_img.shape[0])}...') 

bw_img = gaf.gray2bw(gs_img, add_black_frame=True, 

adaptive=do_adaptive_thresh, 

adaptive_block_sz=int(151/1080*gs_img.shape[0])) 

 

# errosion-dilation and watershed 

if do_opening: 

print('[INFO] Doing opening...') 

bw_img,_ = gaf.erode_dilate(bw_img, highlight=False) 

if do_watershed: 

print('[INFO] Doing watershed...') 

bw_img,_ = gaf.watershed(bw_img, highlight=False) 

imageio.imwrite(f'{output_folder}/{no_ext_filename}_bw.png', bw_img) 

 

# labeling 

print('[INFO] Labeling image (segmentation)...') 

labels_mask, num_labels = gaf.get_labels(bw_img, 

remove_small_labels=remove_small_labels, 

 

small_label_area_thresh=small_label_area_thresh) 

col_lbl_img = gaf.colour_labels(bw_img, labels_mask) 

imageio.imwrite(f'{output_folder}/{no_ext_filename}_col_lbl.png', 

col_lbl_img) 

 

###################################################################6#### 

###### 

# step by step identification of grains and spaces 

print('[INFO] Step by step identification of grains and spaces:') 

sure_grains = set() 

sure_spaces = set() 

 

# by numbers of internal objects 
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print('\tby numbers of internal objects...') 

sg, ss = gaf.grains_and_spaces_by_num_internal_objects(labels_mask, 

area_thresh=60) 

sure_grains.update(sg) 

sure_spaces.update(ss) 

 

# by solidities 

 

print('\tby solidities...') 

sg, ss = gaf.grains_and_spaces_by_solidity(bw_img, 

labels_mask=labels_mask, solidity_space_thresh=0.6, 

solidity_grain_thresh=0.95) 

sure_grains.update(sg) 

sure_spaces.update(ss) 

 

# by surroundings 

 

for surr_s_thresh, surr_g_thresh in [(5,5), (3,5), (2,5), (1,5), (1,3)]: 

print(f'\tby types of surronding objects with 

surr_s_thresh={surr_s_thresh}, surr_g_thresh={surr_g_thresh}') 

sg, ss = gaf.grains_and_spaces_by_surroundings(bw_img, labels_mask, 

sure_grains, sure_spaces, 

 

surr_s_thresh=surr_s_thresh, surr_g_thresh=surr_g_thresh) 

sure_grains.update(sg) 

sure_spaces.update(ss) 

 

tmp_img = gaf.colour_labels(bw_img, labels_mask, labels=sure_grains, 

colour=(0,255,0)) 

tmp_img = gaf.colour_labels(tmp_img, labels_mask, labels=sure_spaces, 

colour=(255,0,0)) 

 

imageio.imwrite(f'{output_folder}/{no_ext_filename}_identified_grains- 

spaces.png', tmp_img) 

 
 

unassigned = set(np.unique(labels_mask[labels_mask != bg_label])) - 

set(sure_grains) - set(sure_spaces) 

print(f'[INFO] There are {len(unassigned)} unassigned labels, 

{len(sure_grains)} grains, and {len(sure_spaces)} spaces') 

 

####################################################################### 

# colourmap 

 

# grains to contours 

num_grains = len(sure_grains) 

grain_contours = gaf.labels2contours(labels_mask, sure_grains) 

assert len(grain_contours) == num_grains 

 

# non-grains to array of points to colour 

non_grain_mask = np.full_like(labels_mask, True, dtype=bool) 
for lbl in sure_grains: 

non_grain_mask[labels_mask == lbl] = False 

ng_indices = np.where(non_grain_mask) 

non_grain_points = np.vstack(ng_indices).T 
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print(f'[INFO] There are at most {non_grain_points.shape[0]} points to 

colour') 

 

# closest distances 

print('[INFO] Calculating all the closest distances...') 

rs = gaf.distances_to_closest_contour(non_grain_points, grain_contours, 

labels_mask.shape, use_fast_hack=True, 

stop_if_inside=False, 

verbose=False) 

rs[rs > 0] = rs[rs > 0] / args.scale_px_per_cm 

min_rs, max_rs = np.min(rs[rs > 0]), np.max(rs[rs > 0]) 

print(f'[INFO] The range of the closest distances (in cm): [{min_rs}, 

{max_rs}]') 

 

dist_csv_filename = f'{output_folder}/{no_ext_filename}_distances.csv' 

np.savetxt(dist_csv_filename, rs, delimiter=',') 

print(f'[INFO] Distances to the closest grains (in cm) were saved to 

{dist_csv_filename}') 

 

assert not np.any(np.isnan(rs[rs > 0])), '[FATAL] There are NaN (not a 

number) values in the array of the distances' 

assert not np.any(np.isinf(rs[rs > 0])), '[FATAL] There are infinite 

values in the array of distances' 

 
 

# calculating capillary pressure 

pcap = rs.copy() 

pcap[rs > 0] = 2 * args.sigma * np.cos(np.deg2rad(args.theta)) / rs[rs > 

0] 

min_pcap = np.min(pcap[pcap > 0]) 

max_pcap = np.max(pcap[pcap > 0]) 

print(f'[INFO] The range of capillary pressures: [{min_pcap}, 

{max_pcap}]') 

 

# min_rs, max_rs = 0.00013565962082176742, 0.01304591394301238 

min_rs, max_rs = np.min(rs[rs > 0]), np.max(rs[rs>0]) # these values 

are used just for plotting 

ds = np.linspace(min_rs, max_rs) 

plt.plot(ds, 2 * args.sigma * np.cos(np.deg2rad(args.theta)) / ds) 

plt.xlabel('$r$ (cm)') 

plt.ylabel('$P_{\mathrm{capillary}}$ (dyna/$\mathrm{cm}^2$)') 

plot_filename = f'{output_folder}/{no_ext_filename}_plot.png' 

plt.savefig(plot_filename, bbox_inches='tight') 

print(f'[INFO] Plot cappilary pressure vs distance to closest grains (in 

cm) saved to {plot_filename}') 

 

pcap_csv_filename = f'{output_folder}/{no_ext_filename}_pcap.csv' 

np.savetxt(pcap_csv_filename, pcap, delimiter=',') 

print(f'[INFO] Values of capillary pressures were stored in 

{pcap_csv_filename}') 

 

colours = pcap.copy() 

if args.use_log_colours: 

print('[INFO] Using logarithmic scale for colours') 

colours[pcap > 0] = (np.log(pcap[pcap > 0]) - np.log(min_pcap)) / 

(np.log(max_pcap) - np.log(min_pcap)) 
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else: 

print('[INFO] Using linear scale for colours') 

colours[pcap > 0] = (pcap[pcap > 0] - min_pcap) / (max_pcap - 

min_pcap) 

 

colours[colours >= 0] /= np.percentile(colours[colours >= 0], 99) # in 

case there are some outliers 

colours[colours > 1] = 1.0 

 

print(f'[INFO] The range of colours: [{np.min(colours[colours >= 0])}, 

{np.max(colours[colours >= 0])}]') 

 

colval_csv_filename = 

f'{output_folder}/{no_ext_filename}_colour_values.csv' 

np.savetxt(colval_csv_filename, colours, delimiter=',') 

print(f'[INFO] Colour values were stored in {colval_csv_filename}') 

 
 

# colouring 

cmap_name = 'gist_rainbow' 

print(f'[INFO] Colouring pixels with colourmap {cmap_name}...') 

colourmap = plt.get_cmap(cmap_name) 

 

cm_img = gaf.rgb_copy(gs_img) 

height, width = cm_img.shape[:2] 

 

num_quantized_colours = 100000 

quantized_colours = 

np.array([(np.array(colourmap(x/(num_quantized_colours))[:3])*255).astyp 

e(np.uint8) 

for x in range(num_quantized_colours+1)]) 

 

cm_img[colours >= 0] = quantized_colours[(colours[colours >= 

0]*num_quantized_colours).astype(int)] 

 

# for i in range(height): 

# for j in range(width): 

# if colours[i,j] >= 0: 

# cm_img[i,j] = 

(np.array(colourmap(colours[i,j])[:3])*255).astype(np.uint8) 

 

final_filename = f'{output_folder}/{no_ext_filename}_heatmap.png' 

imageio.imwrite(final_filename, cm_img) 

print(f'[INFO] Resulting colour-mapped file is written to 

{final_filename}') 

 

# colourmap bar 

logtick_values_10 = np.arange(np.ceil(np.log10(min_pcap)), 

np.floor(np.log10(max_pcap))+1, dtype=int) 

logtick_values_5 = np.arange(np.ceil(np.log10(2*min_pcap)), 

np.floor(np.log10(2*max_pcap))+1, dtype=int)-1 

logticks_5 = (np.log(5*10**logtick_values_5) - np.log(min_pcap)) / 

(np.log(max_pcap) - np.log(min_pcap)) 

logticks_10 = (np.log(10**logtick_values_10) - np.log(min_pcap)) / 

(np.log(max_pcap) - np.log(min_pcap)) 
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fig = plt.figure() 

ax = fig.add_axes([0.05, 0.80, 0.9, 0.1]) 

cb = matplotlib.colorbar.ColorbarBase(ax, orientation='horizontal', 

cmap='gist_rainbow') 

cb.set_ticks(ticks=list(logticks_10)+list(logticks_5), 

labels=['$10^{' + str(t) + '}$'for t in logtick_values_10] 
+ ['$5 \cdot 10^{' + str(t) + '}$'for t in logtick_values_5]) 

colorbar_filename = f'{output_folder}/{no_ext_filename}_colorbar.png' 

plt.savefig(colorbar_filename, bbox_inches='tight') 

print(f'[INFO] Colorbar image was saved to {colorbar_filename}') 

 

print() 

end_time = time.time() 

print(f'[INFO] The script finished successfully in {int(end_time - 

start_time)} s') 

 

 

 

 

a) b) c) 
 

 

d) e) f) 
 

 

 

Figure B - 1. Image analysis to create a heat map of the different systems based on capillary pressure. 
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