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1 EXECUTIVE SUMMARY 

Geothermal fluids are often saturated with gasses such as CO2 and N2. Production of these 
fluids results in a pressure drop towards the extraction well. This disturbs the state of 
equilibrium of the geothermal water with its dissolved components, which can lead to the 
formation of free gas bubbles. The free gas can cause various problems such as corrosion of 
the facilities and increased levels of mineral scaling. The gas bubbles also take up space inside 
the pores of the reservoir rock, thereby limiting the ability for the water to flow. As this 
reduction occurs mainly near the extraction well it can reduce production of geothermal 
waters substantially.  
 
The objective of this task (1.3) is to investigate the conditions under which free gas bubbles 
begin to form in a geothermal well or reservoir for hot fluids. To this end two different series 
of degassing experiments are performed to investigate bubble formation in bulk and porous 
media respectively. Bulk experiments were done using a high-pressure visual cell that was 
constructed specifically for this project. Depressurization experiments of gas-water mixtures 
were performed where a high-speed camera was employed to capture images of the process 
along with monitoring of the pressure and temperature. An image analysis routine was used 
that allows determining the pressure at which free gas bubbles begin to form and the rate of 
bubble formation during the depressurization process. Experiments performed within this 
task focus on mixtures of water and CO2 as this is one of the most common gases in 
geothermal waters that is often present in high concentrations. For comparison, few 
experiments have been performed using nitrogen instead of CO2. Various aspects that affect 
the bubble formation process were investigated, notably, the temperature of the mixture, the 
initial pressure and the rate of depressurization. Under moderate conditions, decent 
agreement was found between experimental results and the theoretical bubble point 
pressure, although deviations are observed at higher temperatures. Lower than expected 
bubble point pressures were found for experiments starting out with CO2 in its supercritical 
state. 
 
To assess the impact of degassing on flow in porous media, a series of coreflood (i.e. flow 
through rock cores) experiments was carried out. Here the aim was to determine the 
conditions under which degassing starts and quantitatively assess any associated permeability 
decrease. Tapwater containing dissolved carbon dioxide was injected into either a Bentheimer 
(2.3 D) or Berea (140 mD) sandstone core under different conditions. Initial experiments at 30 
°C and pressure up to 50 bars showed that the pressure at which the first free gas is observed 
agrees with the theoretical bubble point. The free gas bubbles cause a permeability decrease 
of a factor 2 to 5 in the high permeability Bentheimer sandstone core, whereas in the low 
permeability Berea core, a reduction in permeability up to a factor 10 was observed. However, 
the pressure below which degassing starts is the same for both rock types. Increased 
deviations from theory are found when using higher temperatures. 
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2 DESIGN OF A HIGH PRESSURE VISUAL CELL 

The first step of this project is the design and construction of a high pressure visual cell that 
can be used in degassing experiments. The cell is designed for monitoring the formation of 
free gas bubbles, specifically under conditions that are representative for the production of 
hot geothermal waters. That is, it needs to be to withstand high pressure and temperature 
and high levels of brine salinity. The initial design criteria for the cell were pressures up to 500 
bar, temperatures up to 500 °C and suitable for use with a 1.5 M CaCl2 + 2 M NaCl brine. During 
these experiments the cell is filled with a gas-liquid mixture at a certain pressure and 
subsequently heated to the desired temperature. Thereafter the cell is depressurized in a 
controlled manner.  
At some point during this process, free gas bubbles can exsolve from the gas-liquid mixture. 
These experiments are aimed at finding the conditions when the gas exsolution starts and the 
rate of bubble formation. Therefore, two fully transparent sapphire windows are installed in 
the cell that allow for monitoring of the inner volume of the cell using a high-speed camera 
and a uniform light source. To prevent any corrosion of the cell due to contact with the high-
salinity brine, the cell’s surfaces are made out of titanium. A technical drawing showing a 
vertical cross section of the cell indicating its various components is shown in Figure 1 along 
with an isometric CAD drawing. A list of the different parts of the cell is given in Table 1. Note 
that the original design was commissioned to function up to 500 bar and 500°C, but the 
delivered product did not meet design specifications. Testing showed that safe operating 
conditions were limited to 200 bar and 200 °C. Therefore, these limits were used in the 
experiments within this project. A photograph showing the assembled cell is given in Figure 2. 
 
Pressure and temperature need to be monitored during the depressurization process. Four 
Speed-bite fittings (Parker Autoclave Engineers) can be connected to the housing of the cell 
(cf. Figure 3). These are used to connect in- and outlet tubing along with a pressure transducer 
and thermocouple.  
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Figure 1: Left: Technical drawing of cell’s vertical cross section (dimensions in mm) and Right: Isometric views of the cell 

 
Table 1: Overview of the components of the high-pressure visual cell 

Number Description 

1 Titanium cell housing 

2 Sapphire window 

3 Titanium flange 

4 PTFE gasket 

5 PTFE spacer shim 

 
 
 



 

 

 

REFLECT_D.1.3                            Page 7 / 48 

 
 
 

 
Figure 2: Photograph of the assembled visual cell 

 
 

 
Figure 3: Front view of the cell’s internal housing showing the outlines of the Speed-Bite fittings 
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3 HIGH SPEED IMAGING OF DEGASSING KINETICS OF CO2-WATER 
MIXTURES 

 
The content of this chapter has partly been published as: Boeije, C.S., Zitha, P.L.J. and 
Pluymakers, A.H.M., “High speed imaging of degassing kinetics of CO2-water mixtures”, 
Physics of Fluids 34, 123307 (2022), https://doi.org/10.1063/5.0124500 
 
Data associated with this publication are available from the following repository: “REFLECT 
deliverable 1.3: Summary of gas solubility and degassing kinetics (type A)”, 
https://doi.org/10.4121/29de09ed-1b71-4bd1-b4ee-347a9481c34e 
 
ABSTRACT 
The exsolution of gas molecules from gas-liquid mixtures plays a significant roles in a wide 
range of applications from industrial processes such as metal casting to subsurface flow of oil 
or geothermal waters. This study aims to improve the understanding of the conditions under 
which free gas bubbles start forming in CO2-water mixtures. The bubble point pressure was 
determined under various different conditions like the temperature and initial pressure of the 
mixture along with other parameters such as the bubble growth rate. 
A series of depressurization experiments at high pressures and temperatures (up to 100 bar 
and 100 °C) is performed using a pressure cell that allows for visual monitoring of the 
degassing process. Bubble formation during the depressurization process is recorded using a 
high-speed camera paired with a uniform light source along with a pressure transducer and 
thermocouple. Image analysis allows for determination of the bubble point pressure and rate 
of bubble formation.  
For CO2 in its gaseous state and at moderate temperatures, decent agreement between 
experimental results and the theoretical bubble point pressure is found, although significant 
deviations are observed at elevated temperatures. More pronounced differences in bubble 
point are observed for mixtures starting out at high pressures where CO2 is a supercritical 
fluid, which lead to lower than expected bubble point pressures.  
 

3.1 INTRODUCTION 

Degassing is a process where free gas bubbles nucleate from a fluid containing dissolved gases. 
Bubbles form due to a change in the equilibrium conditions in the mixture that affect the gas 
solubility, such as a change in pressure or temperature (Barták, 1990; Kumzerova and Schmidt, 
2002). In addition, degassing can also occur by exsolution of gas through a liquid-gas interface 
(without bubbling), as is the case in carbonated beverages(Liger-Belair et al., 2015). 
 

3.1.1 Applications of degassing 

Degassing of fluids plays a role in a variety of industrial and natural processes on a large range 
of scales, ranging in scale all the way from microfluidic devices to subsurface flows in 
reservoirs and volcanoes. In microfluidic systems, degassing can lead to trapping of air bubbles 

https://doi.org/10.1063/5.0124500
https://doi.org/10.4121/29de09ed-1b71-4bd1-b4ee-347a9481c34e
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whenever fluids are pumped, which can block flow paths or sensor surfaces(Cho et al., 2019; 
Karlsson et al., 2013). Since here bubbles have the same dimensions as the flow channels, the 
liquid flow is limited or blocked entirely, because of surface tension(Meng et al., 2006). This 
can also cause increased flow-induced shear stress(Park et al., 2021), which can be damaging 
when used in setups involving delicate materials such as living cells. During metal casting, e.g. 
for aluminum production, hydrogen bubbles may become trapped in the melt causing metal 
to become porous, which is detrimental for its mechanical properties(Gyarmati et al., 2021; 
Puga et al., 2011). A common practice to prevent this is to degas the molten metal using 
ultrasonic actuation. This increases diffusion of gas through the melt to the free gas bubbles, 
thereby increasing their size and allowing them to rise through the liquid and dissipate(Eskin 
et al., 2015; Eskin, 2015). Degassing is essential for foam injection molding. In this process, a 
gas-polymer mixture is injected into a mold at high pressure and then fills the cavity by 
reducing the pressure and allowing the gas to expand and fill the void. Pressure and injection 
speed govern the bubble nucleation and growth mechanisms and thus the structure of the 
foamed parts(Shaayegan et al., 2016; Wang, 2022; Xu et al., 2013). Degassing has several 
implications in oil production. For one, free CO2 bubbles can cause more favorable conditions 
for the precipitation of calcium carbonate scale. In a hydrogeochemical model up to twelve 
times more scaling was found for scenarios that incorporate degassed CO2 compared to 
scenarios that do not(Fu et al., 2013). Under oil well conditions, CO2 degassing is estimated to 
be responsible for 60 to 90% of carbonate scaling(Cosmo et al., 2019), leading to production 
problems(Garven, 2015). The exsolution of gas can also improve oil recovery as the gas 
reduces the hydrostatic pressure in the well thereby lifting the other fluids to the surface (gas 
lift)(Groth et al., 2009; Ivannikov et al., 2003). Furthermore, gas exsolution from carbonated 
water is found to lead to oil mobilization, which can also increase recovery(Qin et al., 2021). 
 
Degassing also occurs during the production of geothermal brines. These are typically 
saturated with calcium ions and thus calcite precipitation also occurs in geothermal wells, 
similarly to oil wells(Arnórsson, 1989; Stefánsson et al., 2016; Taweelarp et al., 2021). 
Corrosion is also expected to occur in both geothermal and oil wells, for chemically active 
gases such as CO2 or H2 (Pátzay et al., 1998). Another issue for geothermal water production 
is that the formation of free gas can cause reduction of the water relative permeability in 
reservoirs thus limiting the production rate of these waters. The Groß Schönebeck field in 
Germany saw a 93% decrease in its productivity index from June 2011 to November 2013 for 
which the presence of free gas in the near-well region was considered a likely cause(Blöcher 
et al., 2016). Surveys of CO2 degassing in soils have also been used to explore the potential of 
various sites in Italy(Chiodini et al., 2007; Frondini et al., 2009) and the Canary 
Islands(Rodríguez et al., 2021) to contain geothermal resources and in the Los Humeros field 
in Mexico, regions of high degassing were found to indicate the presence of high-permeability 
faults(Peiffer et al., 2018). On large time scales, degassing is also known to cause significant 
CO2 emissions into the atmosphere(Sbrana et al., 2020; Shen et al., 2011; Taweelarp et al., 
2021), but can also enhance microbial life in the subsurface(Bornemann et al., 2020). Similar 
methods were also employed to analyze the rates of degassing from the Mount Etna 
volcano(Aiuppa et al., 2006) and assess its magmatic reservoir pressure(Caracausi et al., 2003).  
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3.1.2 Objectives of study  

This study aims to provide high quality data and analysis on the emergence of free CO2 bubbles 
from fluids along with the development of the bubble population during a depressurization 
process, under temperature, pressure and concentrations relevant to low temperature 
geothermal water production. Most of the literature relevant to degassing of geothermal 
brines is related to the solubility of gases in these brines. Various sets of solubility 
measurement data are available in literature for CO2 solubility in NaCl and CaCl2 
solutions(Carvalho et al., 2015; Lara Cruz et al., 2021; Zhao et al., 2015) or focus on the 
modeling of such systems(dos Santos et al., 2021; Duan and Sun, 2003; Li et al., 2014). 
However, the bubble nucleation process and bubble population development at conditions 
relevant to geothermal water production have not been studied extensively thus far.   
The main research topics that are addressed here are the dependency of the bubble point 
pressure on the various initial conditions and the parameters that control the evolution of the 
bubble population. To this end, a series of experiments is performed where a high pressure 
CO2-water mixture is depressurized inside a visual cell. A high-speed camera is used to visually 
monitor the process of bubble nucleation and simultaneously pressure and temperature are 
logged.  
 

3.1.3 Background theory  

Within this study, degassing is considered in the form of gas exsolution leading to bubble 
nucleation as this is the most relevant to the production of geothermal waters. Two bubble 
nucleation mechanisms are commonly distinguished: homogeneous vs. heterogeneous 
nucleation(Delale et al., 2002). Heterogeneous nucleation occurs on impurities on surfaces or 
specks of dust which function as nucleation sites for bubbles to form. Homogeneous 
nucleation happens in pure liquids where such nucleation sites are not present making it more 
difficult for bubbles to form and liquids can be reduced in pressure considerably below the 
saturation vapour pressure without any bubble formation(Meadley and Escobedo, 2012). 
Heterogeneous nucleation is considered the dominant bubble formation mechanism in this 
study due to the presence of surface imperfections within the experimental apparatus.  
The solubility of CO2 in water is proportional to the partial pressure of CO2 and follows Henry’s 
law. Thus for the production of geothermal waters, where the pressure reduces as it flows 
towards the production well, the solubility threshold can be exceeded leading to a 
supersaturated state. If the gas cannot exsolve from the solution through an existing gas-liquid 
interface, bubbles may start to nucleate. To start the heterogeneous nucleation process, 
surface imperfections with a large radius of curvature are required to overcome the required 
energy barrier. This critical radius of curvature is a function of the interfacial tension between 
liquid and gas and the concentration of CO2 in the liquid(Liger-Belair, 2019). As the pressure is 
reduced further, the degree to which the solution is supersaturated (i.e. its supersaturation 
ratio) increases controls, which leads to an increase of the rate at which bubbles are 
formed(Uzel et al., 2006). 



 

 

 

REFLECT_D.1.3                            Page 11 / 48 

 
 
 

3.2 MATERIALS AND METHODS 

Experiments performed in this study focus on the formation of free CO2 bubbles during 
depressurization mimicking the changes in pressure experienced in a geothermal well. The 
experiments were done at temperatures ranging from 20 to 100 °C, where the  elevated 
temperatures are representative of low enthalpy geothermal sites. This section describes the 
experimental setup used in this study and outlines the steps taken both during the 
experiments and the subsequent data analysis approach.  
 

3.2.1 Experimental setup  

Figure 4 shows a schematic of the experimental setup that is used in these experiments. The 
setup consists of the following components: a Chandler Engineering Quizix QX6000 dual piston 
pump allows for pumping water at high pressure. A Proserv Prolight 002990 titanium transfer 
vessel with a magnetic stirrer is used for creating gas-liquid mixtures. A stainless steel, high-
pressure visual cell with two borosilicate sight glasses on either side to allow for visualization 
of the flow inside. These sight glasses are circular and the aperture available for visualization 
is 30 mm in diameter. This 30 mm is also the diameter of the cell’s cylindrical internal volume 
and it has a depth of 11.6 mm. Fluid  inlet and outlet are located at bottom and top of the cell 
respectively (cf. Figure 5). A LED light source is installed to allow for uniform illumination of 
the cell’s inner volume. A heating spiral is wrapped around the cell such that it can be heated 
up to the desired temperature in combination with a PID thermo-controller.  
A Photron FASTCAM Mini UX100 camera is installed in front of the cell’s window for high speed 
imaging of the contents of the cell. This camera is used here at a rate of 500 frames per second. 
The camera is paired with a Nikon AF-S Nikkor 18-105 mm. This lens is meant for use with 
consumer Nikon digital cameras that have a larger sensor than the one present in the Photron 
camera used here. This means its image circle is considerably larger than is required to fill the 
frame, which means that light fall-off in the corners of the image is virtually non-existent. The 
lens is used at a focal length of approximately 55 mm and an aperture of 1:3.5. These settings 
allow for the camera to be placed some distance away from the cell window, which is 
necessary for use at elevated temperature. 
A Druck PTX 611 pressure transducer is connected to the cell to monitor the pressure during 
the experiments at a frequency of 100 Hz. Two thermo-couples are connected to the cell as 
well: one for connecting to the thermo-controller and one to a data acquisition PC. The 
system’s pressure is controlled using a Mity Mite S-91W gas loaded back pressure regulator 
combined with a nitrogen gas bottle. A needle valve within the back-pressure tubing allows 
for releasing the pressure in a controlled and reproducible manner. A hardware switch is 
connected to both the camera and the data acquisition PC, which is used to synchronize the 
captured images from the camera and the pressure and temperature logs. 
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Figure 4: Schematic of experimental setup 

 
 

 
Figure 5: Cylindrical internal volume of pressure cell with fluid inlet and outlet indicated along with relevant dimensions 

 

3.2.2 Experimental procedure 

Prior to starting the experiments, DI water and CO2 are premixed in the desired proportions 
and pressure in the transfer vessel. The desired quantity of CO2 is injected into the water filled 
vessel by means of a Bronkhorst ELFLOW mass flow controller. The fluids are then 
homogenized using a magnetic stirrer while maintaining a constant pressure in the pressure 
using the injection pump, which allows the CO2 to dissolve in the water. This constant pressure 
is maintained overnight after which the injection pump is switched off. Pressure is still 
monitored and a constant pressure in the vessel implies that all of the injected CO2 has 
dissolved in the water. The visual cell is initially pressurized by filling it with DI water. 
Subsequently, the water-CO2 mixture can be pumped from the transfer vessel into the cell, 
displacing the initial DI water. To ensure that the cell contains only the CO2-water mixture at 
the appropriate concentration, the total volume of water-CO2 mixture that is pumped into the 
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cell is 5 times the cell volume. During elevated temperature experiments, the cell is then 
heated to the desired temperature using the heating spiral.  
Once the desired conditions are reached, the depressurization process can commence by 
opening a needle-valve in the back-pressure system. This allows for a controlled and 
reproducible manner of reducing the system pressure. At a certain point during this process, 
the first free CO2 bubbles emerge from the solution. The pressure at which this occurs is the 
bubble point pressure. The bubble formation process is captured in a series of images using 
the high-speed camera. Around 18500 images are captured for each experiment at a 
resolution of 640x480 pixels. When the 30 mm sight glass fills the entire image, this means 
that the pixel size is approximately 62 microns (= 30 mm / 480 pixels), which is also the 
minimum bubble size that can be identified. The number of images and the rate of capture 
means that the total duration of each experiment is around 37 seconds, which is enough for 
the full depressurization process to be performed. The image capturing sequence is ended by 
pressing a hardware switch, which simultaneously sends a pulse to the data acquisition PC to 
allow for synchronization of images with the pressure and temperature data. 
 

3.2.3 Data analysis methods 

The main result from each experiment is a set of images that show the emergence and 
evolution of bubbles during the degassing process. An image analysis routine was developed 
using the MATLAB Image Processing Toolbox to identify individual bubbles and their 
properties such as size and growth rate. Since the images captured during the experiment and 
the pressure log are synchronized, the bubble data from the analyzed images are combined 
with the pressure data to determine at which pressure bubbles are formed during the 
degassing process.  
The image analysis method is the following: first the background image (i.e. the image at the 
start of the experiment before bubble formation) is subtracted resulting in net images with 
bubbles showing up as regions of high intensity. A global intensity threshold is used to convert 
these net images to a binary format. Individual bubbles are identified in these images using 
MATLAB’s regionprops function, which uses pixel connectivity to determine whether pixels 
are part of the same region. Single pixel regions could be caused by digital noise that can 
impact the results thus only regions of two or more pixels are considered in the remainder of 
the analysis. 
A distinction is made between trapped bubbles that are growing on the cell’s surfaces and 
free flowing bubbles inside the cell. This is done by comparing consecutive images with each 
other. If there is no difference in the position of a bubble compared to its position five frames 
earlier, that bubble is considered trapped. Finally, the number of bubbles (i.e. individual 
regions) are counted on every image and can be plotted as a function of pressure. The 
pressure at which the first bubble emerges from the solution is the bubble point pressure. 
Further analysis of the bubbles on the images allows for assessing the bubbles’ growth rate by 

computing the equivalent diameter using 𝐷𝑒𝑞 = √4𝐴 𝜋⁄ , where A is the measured bubble 

area. Both the average growth rate of the bubbles due to gas expansion as a result of the 
depressurization and the growth of ascending individual bubbles due to gas diffusion to the 
bubble were investigated. 
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3.2.4 Overview of experiments 

Several experiments were performed in this study with a range of different initial conditions. 
The conditions that were varied include initial pressure, temperature and gas concentration. 
All experiments here were carried out using DI water as the aqueous phase. Experiments 
performed at ambient temperature only consist of the depressurization process whereas 
elevated temperature experiments also contain the heating stage prior to depressurization.  
Table 2 shows an overview of the experiments that were carried out within this study. All of 
these were performed by dissolving CO2 in water at a certain pressure and monitoring the 
degassing that takes place due to depressurization. The initial mixing of water and CO2 in the 
transfer vessel is performed at ambient temperature after which the fluid mixture is pumped 
into the cell and heated. This means that for high pressure experiments using CO2, the CO2 is 
actually initially liquid and undergoes a phase transition to a supercritical state during the 
heating stage (pcrit,CO2 = 73.8 bar, Tcrit,CO2 = 31.0 °C). The state of the CO2 at the beginning of 
the depressurization process is stated explicitly in the table.  
 

Table 2: Overview of experimental conditions for elevated temperature experiments. 

Initial 
pressure [bar] 

Temperature 

(°C) 

Initial CO2 concentration 

[mol/L] 

Phase state of dissolved 

CO2 

30 20, 40, 60, 100 0.200 Gas 

50 20, 40, 60, 100 0.200 Gas 

100 20, 40, 60, 100 0.200 Liquid or supercritical 

30 20 1.01* Gas** 
*This is a fully saturated solution, i.e. this is the maximum CO2 that can be dissolved at this 
pressure 
**This is a series of experiments using different initial fluids to assess its influence on the 
degassing process 
 
The main parameter studied here is the occurrence of the first free bubble as a function of the 
temperature and initial pressure of the mixture (see subsection 3.3.1 of the Results). Further 
details of the degassing process, such as the evolution of bubble size and influence of other 
experimental parameters, like the rate of depressurization are discussed in subsection 3.3.2. 
A general discussion of the bubble formation process is presented in subsection 3.3.3. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Bubble point pressure 

Most of the experiments discussed here were performed using solutions of CO2 in brine at a 
concentration of 0.2 mol/L. This concentration was chosen for two main reasons. Firstly, it is 
significantly lower than the fully saturated solution at ambient temperature. This ensures that 
no bubbles form during the heating stage for most of the experiments, which could obscure 
the interpretation of the depressurization process. Secondly, this concentration is 
representative for geothermal reservoirs, for which typically CO2 concentrations range from 
0.0114 to 0.227 mol/L(Henley et al., 1984). For certain fields CO2 concentrations as high as 
0.772 mol/L were found(Haizlip et al., 2016).  Experiments done at much higher CO2 
concentration (1.01 mol/L) are discussed in section B. These experiments were performed to 
assess the influence of the initial fluid in the visual cell on the degassing process. 
Figure 6 compares the bubble point pressure, i.e. the pressure at which the first bubbles are 
observed, for the experiments with initial CO2 concentration of 0.2 mol/L. During these 
experiments the temperature and the initial pressure were varied. The data publication 
associated with this document that is mentioned in the beginning of this chapter contains an 
example of the image analysis method for the experiment starting at 100 bar and 100 °C. 
 

 
Figure 6: First free bubble pressure for the CO2 depressurization experiments vs. temperature for an initial CO2 

concentration of 0.2 mol/L at three initial pressures, 30, 50 and 100 bar as indicated by the bars’ grayscale 

 
In all experiments except the one at 30 bar experiment at 100 °C, the solubility limit for CO2 in 
water was not exceeded during the heating stage so that no free gas bubbles were formed 
prior to the depressurization process. For the 30 bar/100 °C experiment, bubbles were formed 
during the heating sequence, implying that for this experiment the CO2 concentration 
exceeded the CO2 solubility limit. This means that in this case, free gas bubbles are present 
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right from the start of the experiment. The solubility of CO2 at elevated temperature can be 
estimated using Henry’s law in combination with the Van ‘t Hoff equation(Smith, 2007). The 
latter equation accounts for the temperature dependence of the gas solubility and is given in 
equation (1).   
 
 

𝐻(𝑇) = 𝐻0 exp [
−∆sol𝐻

𝑅
(

1

𝑇
−

1

𝑇0
)] 

(1) 

 
where H0 is Henry’s constant at 25 °C, which for CO2 is 3.4 · 10-2 mol/(L · atm) and −∆sol𝐻 

refers to enthalpy (i.e. the H is not equivalent to Henry’s constant) with  
−∆sol𝐻

𝑅
 equal to 2400 

K for CO2. The solubility diagram, represented as contours of constant solubility for gaseous 
CO2-water mixtures, obtained with equation 1 is shown in Figure 7. The solubility of CO2 in 
water was calculated for many values of pressure and temperature using the Van ‘t Hoff 
equation (Eq. 1). Subsequently, a contour fitting routine was employed to determine the iso-
solubility contours that are given in the figure. The 0.2 mol/L contour is given in bold in this 
figure as this is the concentration used in most of these experiments, which is why 
theoretically this is where the first free gas bubble is expected. At pressures below this contour 
the CO2 solubility is less, so gas exsolution is expected. The phase diagram of CO2 is 
superimposed on this figure to underscore the fact that the equation applies for gaseous CO2. 
The experiments performed here are also shown in this figure as lines starting at the initial 
conditions (indicated by the symbol ●) and ending at the bubble point pressure (indicated by 
the symbol ■).  
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Figure 7: Iso-solubility contours for CO2 dissolved in brine[mol/L] as a function of temperature and pressure superposed on 
the CO2 phase diagram. The 0.2 mol/L contour is shown as a thicker line, because this is the concentration that was used in 
these experiments. The vertical lines in the figure indicate the depressurization path for the experiments conducted in this 

study. 

 
The figure shows that the solubility of CO2 at 30 bar and 100 °C is nearly equal to 0.2 mol/L, 
explaining why a few free gas bubbles were already formed during the heating stage. The 
equation thus explains why no free gas bubbles were formed during the heating stage for the 
other experiments, that are performed either at higher initial pressure or lower temperature, 
both of which lead to an increased CO2 solubility.  
The depressurization path for the 30 bar/40 °C experiment shows the first bubble forming 
around 8 bar, which coincides with the 0.2 mol/L contour implying that for these conditions 
the Van ‘t Hoff equation accurately predicts the bubble point pressure. This is not the case for 
the experiment that start out under supercritical conditions (pini = 100 bar). Despite using the 
same 0.2 mol/L concentration as in the lower pressure experiments (pini = 30 bar), the first 
bubble is observed at pressures that are significantly below the 0.2 mol/L contour. This is the 
case for all three investigated temperatures. However, for all experiments the bubble point 
pressure increases with temperature. This is in good agreement with the prediction of the Van 
‘t Hoff equation that  CO2 solubility decreases as temperature increases. 
The low-pressure experiments (pini = 30 bar) showed reasonable agreement with Van ‘t Hoff 
theory in terms of predicting when the first free gas bubble was formed. The same cannot be 
said for the experiments with pini  = 100 bar (cf. Figure 7), where consistent lower bubble point 
pressures were found than predicted by the Van ‘t Hoff equation. Here we look at the 
depressurization process for these experiments (pini = 100 bar, T = 40, 60 and 100 °C ) in greater 
detail. No bubbles are formed during the heating process even when heating to 100 °C, thus 
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no nucleation points were present at the start of the depressurization process for any of these 
experiments. For the 100 °C experiment, this explains why there is no immediate degassing 
taking place as was the case for the experiment at lower pressure (pini = 30 bar, T = 100 °C). 
However, there are distinct differences in the bubble point pressure which indicates that some 
additional physics are involved here. Some possible explanations for this are discussed in the 
next section. 
One of the major changes between experiments is that CO2 is in its supercritical state for these 
higher pressure experiments (pcrit,CO2 = 73.8 bar, Tcrit,CO2 = 31.0 °C). Thus a phase change occurs 
during the depressurization process from supercritical to a gaseous state for the CO2, which 
significantly affects the bubble nucleation process. Interestingly, there is no optical change to 
any of the images at the pressure where the phase change takes place: the images remained 
free of bubbles until much lower pressures. This shows that even though the optical properties 
of water with dissolved supercritical CO2 vs dissolved gaseous CO2 are the same, the physics 
of how degassing takes place is nonetheless affected.  
During most of the experiments performed here, there is a delay (that is, a required reduction 
of pressure) of 2 to 3 bar between the nucleation of the first free gas bubble and the rapid 
linear increase in the number of bubbles. This delay is of relevance to the application in 
geothermal reservoirs where large amounts of free gas bubbles can contribute to blocking 
reservoir pore space as is assumed to have happened at the Groß Schönebeck reservoir in 
Germany(Blöcher et al., 2016).  
 

3.3.2 Influence of other parameters on the degassing process 

There are a number of other parameters that may influence the bubble formation process. 
Some of these, such as the analysis of locations where bubbles form and the evolution of 
bubble size, are investigated through further examination of the previously obtained data. 
Some additional experiments have been performed to examine the influence of other 
parameters, such as the influence of the depressurization rate and the cell’s materials. All of 
these parameters are discussed in this section. 
 
Cumulative bubble intensity 
To check if bubbles are formed randomly or are predominantly formed in distinct locations, 
such as in small scratches on the housing or windows of the cell, we have checked cumulative 
intensity maps of different image series. These are normalized summations of the black and 
white conversions of the images. Locations where bubbles are present most of the time show 
up as regions of high intensity on these maps, thus allowing identification of regions of intense 
degassing. Figure 8a-b show the resulting intensity maps for the experiments using (a) pini = 
100 bar, T = 100 °C and (b) pini = 30 bar, T = 40 °C. These two different conditions were chosen 
to see whether pressure and temperature affect the locations of bubble nucleation. 
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(a) (b) 

Figure 8: Normalized cumulative intensity maps of the experiments using 0.2 mol/L CO2 using the indicated initial 
pressure and temperature. (a) pini = 100 bar, T = 100 °C, (b) pini = 30 bar, T = 40 °C 

 
The only two high intensity regions that show up in both intensity maps are the top and 
bottom of the visual cell. Both these sites contain sharp edges, which could and do act as a 
nucleation sites for bubbles. Comparing the glass sides of the cell there are no bubble 
nucleation regions which coincide in both experiments. However, in the map for lower initial 
pressure (30 bar/40 °C), distinct high intensity bubble trails are present. During a single 
experiment preferential regions of bubble nucleation can form, but those same regions do not 
necessarily carry over between experiments. Within one experiment, at some point the 
bubble size is such that the buoyancy force is greater than the wall friction, at which point the 
bubble detaches from the glass and rises in the cell. Some CO2 from the bubble is left at the 
surface, and this acts as a nucleation point for the next bubble to form and thus the cycle 
repeats. 
 
Influence of initial fluid on bubble formation 
The presence and the number of initial nucleation points inside the visual cell was found to be 
one of the main parameters that controls the bubble formation. The 30 bar/100 °C experiment 
started degassing right from the start, because free gas bubbles were already present within 
the cell at the pressure and temperature the experiment started. These gas bubbles acted as 
nucleation points, where bubbles form and grow in size. This implies that using initial 
conditions where nucleation points, such as free gas is present can significantly affect the 
degassing behavior. To test this idea, a series of experiments were performed at ambient 
temperature using a 30 bar initial pressure where the initial fluid used to pressurize the cell 
was varied. The different initial fluids used here for cell pressurization are nitrogen (N2) and 
water (H2O). The premise is that when using gas as the initial fluid, these molecules adsorb 
onto imperfections on the cell’s surface (windows and steel housing) and serve as points on 
which new, free gas bubbles can easily start to nucleate. On the other side of the spectrum, 
water is injected into the cell under vacuum to establish the least nucleation points. The 
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graphs labelled “H2O” use water pumped into a vacuum in the cell, whereas graphs labelled 
“H2O+” use water pumped into a cell containing air. In the latter case, residual air  contributes 
to the number of bubble nucleation sites on the cell’s surface, which affects its degassing 
process, and provides therefore an intermediate number of nucleation points (i.e. more 
nucleation points than for the “H2O” experiments, but not as many as the “N2” experiments). 
An overview of the results in terms of bubble point pressure and the maximum number of 
observed bubbles is given in Figure 9, where the initial fluid is indicated at the bottom of each 
bar in the graph. The number of bubbles is indicated here by the gray scale of the bar graphs 
with darker shades implying more observed bubbles. The quantity plotted here is the 
logarithm of the maximum number of bubbles (log(Nb,max)) observed within the single image 
during the degassing process.  
This set of experiments is done using water that is fully saturated with CO2, i.e. a concentration 
of 1.01 mol/L (Henry’s Law). The concentration here is thus roughly 5 times higher than in the 
experiments discussed above. Water and CO2 are mixed in the transfer vessel at the desired 
30 bar pressure with sufficient CO2 being fed into the vessel to fully saturate the water. The 
initial fluid on the bubble point pressure correlates well with the number of nucleation points. 
When using N2 as the initial fluid, a bubble point pressure is found, which is significantly higher 
than the 14 bar in the experiments using water and ambient air as the initial fluid (H2O+). An 
exception however is observed for water into a vacuum (i.e. the H2O labelled bar in the 
figure), for which the bubble pressure is similar to the experiments that start with a nitrogen 
pressurized cell (26 bar). However, in this “H2O” experiment, there was only a single bubble 
observed at this elevated pressure and throughout the process the number of bubbles 
remained rather low. Using gas as an initial fluid results in up to three order of magnitudes 
more bubbles compared to the experiment where water is used as an initial fluid. Results from 
these experiments are reproducible, with max 2 bar difference in the observed bubble point 
pressure and similar number of bubbles found. The stark contrast between the number of 
bubbles observed in the various experiments suggests also a mitigation option for subsurface 
operations that are hindered by degassing. Rendering a surface fully water-wet is shown here 
to have the potential to significantly reduce the effects of degassing in processes where free 
gas bubbles cause problems. 
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Figure 9: Pressure where the first free bubble occurs for CO2 saturated water starting at 30 bar. Initial fluid used to 

pressurize the cell is given below each bar. Grayscale indicates the peak of the number of bubbles that is formed during the 
experiment. 

 
Experiments using other pressure cell 
The material and surface conditions of the visual cell (i.e. the presence of scratches on the 
glass or metal parts of the cell) are expected to impact the degassing process. A series of 
experiments was therefore carried out using another visual of similar dimensions as that used 
in the experiments discussed above, but made from different material. This cell’s housing is 
made out of titanium and its windows are sapphire glass as opposed to the stainless steel and 
borosilicate glass used in the previous experiments. The experiments using the new cell were 
conducted with the 0.2 mol/L CO2 concentration that was also used in the previous 
experiments. Temperatures of 40, 60 and 100 °C were investigated and initial pressures of 30 
and 100 bar. Figure 10 shows a comparison in bubble point between the different cells under 
these conditions. For most experiments, only small differences are observed (~1 bar). The 
main exception is the 40 °C experiment using the old cell, which has a significantly lower 
bubble point compared to the new experiment. The trend that a lower bubble point is 
observed using a higher initial pressure is found in both sets of experiments though and is thus 
not considered to be caused by the cell’s materials.  
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Figure 10: Comparison of the bubble point between the old and new cell for the indicated conditions 

 
Lower rate depressurization experiments 
A series of experiments was performed at a lower rate of depressurization to assess whether 
time-dependent kinetics such as the role of diffusion play a significant role in the bubble 
formation. In these experiments the depressurization process takes approximately three 
times longer than in the previous series while all other conditions were kept the same. The 
hypothesis here is that bubble formation is diffusion controlled. That is, CO2 molecules need 
to diffuse from the solution to the bubble’s surface, which can take time. Here we try to 
establish whether this time is of significance in the observed bubble points. 
These experiments were performed using the titanium cell with sapphire windows and are 
thus compared with the previous set of experiments using the same cell. To maintain the same 
frame rate and resolution compared to the other experiments another camera was used here 
(Photron FASTCAM NOVA S6) that allows for extended recording time. A total of over 55000 
images were captured for each experiment in this series. The focus here is on experiments 
with pini = 100 bar, because that’s where the largest deviations were observed compared to 
solubility theory. Figure 11 shows the measured bubble points for both the high and low rates 
for depressurization. Some differences are present, the largest being the 3 bar difference 
found for the 100 °C experiment. However, there does not appear to be a clear trend in these 
differences, i.e. the lower rate experiments do not consistently lead to lower or higher bubbles 
point pressures. Therefore, it assumed that the observed differences are down to 
measurement errors rather than that they represent a real trend.  
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Figure 11: Comparison bubble points for high and low rates of depressurization (“dp rate”) 

 
Influence of equation of state on model prediction 
For moderate temperatures, the bubble point pressure can be reasonably predicted using the 
Van ‘t Hoff equation, whereas at higher temperatures a larger deviation is found. A possible 

explanation for this is that the value of the term  
−∆sol𝐻

𝑅
  in this equation is incorrect. A value 

of 2400 K is used for creating the plots depicted here, but different values can be found in 
literature ranging from 2200 to 2900 K(Sander, 2015), which would alter the predicted 
solubility significantly. Other models using a different equation of state are also available. For 
comparison, here we consider the equation of state from Duan and Sun (2003) and see how 
that affects the predicted solubility. Figure 12 shows the iso-solubility contours for CO2 in 
water as a function of the pressure and temperature based on the equation of state of Duan 
and Sun as opposed to the contours based on the Van ‘t Hoff equation in Figure 7. 
Experimental results showing the first observed free gas bubble for all the investigated cases 
are shown as symbols that vary depending on the initial pressure that was used in the 
experiment (pini = 30 bar (●), 50 bar (■) and 100 bar (▼)).  
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Figure 12: Iso-solubility contours of CO2 in water [mol/L] based on a model using the 

Equation of State from Duan and Sun (2003). The 0.2 mol/L contour is given in bold as this is 
the concentration of CO2 used in these experiments. Symbols correspond to the observed 

first free gas bubble during the depressurization experiments for pini = 30 bar (●), 50 bar (■) 
and 100 bar (▼). 

 
The contours obtained using the equation of state from Duan and Sun are significantly 
different from those using the Van ‘t Hoff equation. The deviation between model prediction 
and the experiments in the high temperature regime is somewhat better using this equation 
of state. However, this improved model still does not predict the observed difference between 
experiments employing different initial pressure and thus different initial CO2 phase. 
 
Analysis of differences in bubble kinetics 
A possible explanation for the variation in observed bubble point pressure between 
experiments with different initial pressure is that the kinetics of bubble formation differ. 
Different mechanisms during the bubble formation process are investigated here and 
assessments are made on their significance in explaining the observed variations. Two 
mechanisms contribute to bubble growth during the depressurization process: (a) bubble size 
increases due to gas expansion at lower pressure and (b) CO2 mass transfer from the 
surrounding medium into the bubble. Mechanism (a) is studied here by analyzing the average 
bubble size throughout the degassing process. This is done by computing the equivalent 
diameter for each bubble as outlined in the methodology section of this manuscript. For 
bubbles with a short residence time in the cell, mechanism (b) is likely to be dominant due to 
the limited change in pressure. This mechanism is studied by analyzing the growth of 
individual bubbles as they ascend within the visual cell.  
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Evolution of average bubble size 
Experiments with different initial pressures, but otherwise identical conditions were 
compared in terms of the average equivalent bubble diameter. This is calculated by summing 
the equivalent diameters for the individual bubbles and dividing by the number of bubbles 
within the image. Figure 13 shows the bubble growth during the two experiments at 100 °C 
(pini = 30 bar and 100 bar). Symbols (cross or square) represent the average equivalent 
diameter within a single image. To maintain a readable graph with a limited number of 
symbols not every captured image is shown here, but rather the obtained value for every 30th 
image along with a linear fit to the data for moderate pressures (i.e. below 15 bar) to 
emphasize the bubble growth behavior in this regime. 

 

 
Figure 13: Comparison of average equivalent bubble diameter <Deq> for the experiments at 100 °C and pini = 30 and 100 bar 

 
At 30 bar, bubbles start forming right from the start, owing to the formation of bubbles during 
the heating stage. The average bubble size stays fairly constant for the first portion of the 
depressurization process. However, below ~15 bar, the average bubble size inside the cell 
increases linearly as the pressure decreases due to gas expansion. For the 100 bar experiment, 
bubbles are not present at the start, but only start forming at 14 bar. Below this pressure, a 
linear increase in bubble size is observed.  In this pressure range, the rate of the bubble growth 
is higher for the 100 bar experiments as there is still more gas in solution compared to the 30 
bar experiment at the same pressure where gas was lost during the heating stage. At low 
pressures (<5 bar) similar average bubble sizes are observed for both experiments. 
 
Manual tracking of individual bubbles on images 
In addition to variation in bubble size during the degassing process, another question concerns 
how individual bubbles grow as they ascend within the visual cell. To answer this question, we 
compare experiments having different initial pressures, at the same stage of depressurization 
i.e. when pressure reaches the same value, 10 bar. Several bubbles are tracked by eye as they 
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ascend within the cell in consecutive images. On this scale, bubble growth is not dominated 
by gas expansion due to pressure reduction, since the pressure barely decreases within the 
few analyzed images. Instead, the bubbles’ surface acts as a nucleation site for itself causing 
dissolved CO2 in the liquid to diffuse to the bubble which makes it grow(Shafer and Zare, 
1991). Typically, bubbles in a supersaturated solution grow at a constant rate as they ascend 
through the liquid independent of their size(Zenit and Rodríguez-Rodríguez, 2018).  Figure 14 
shows an example series of black and white conversions of the images around 10 bar for the 
experiment at 100 °C with pini = 100 bar. There is a 10 ms interval between the consecutive 
images shown here to show a distinct rise of the bubbles between each image. The spots on 
the black background represent individual free gas bubbles. A number of bubbles has been 
given a certain color. This allows for individual bubbles to be tracked across multiple images 
as they ascend through the cell. For example, the red bubble in each of the images in the figure 
corresponds to the same bubble at different stages of its rise through the cell. The size of the 
colored bubbles is then analyzed by determining its area and corresponding equivalent 
diameter. Bubbles of various sizes are present within each image. Figure 15a, b and c show 
the bubble size for the five colored bubbles as they ascend through the visual cell with pini = 
30, 50 and 100 bar respectively. The horizontal and vertical axes in these plots is the same for 
both experiments to allow for direct comparison. There is a significant margin of error for each 
bubble due to the limited resolution of the images. Therefore, the error is equal to the pixel 
size of the images, which is indicated by error bars in these images. Not all bubbles have the 
same size at the start of their rise through the cell, a range of different diameters is found for 
each experiment. However, within a single experiment, the bubbles’ growth rate is found to 
be approximately constant. That is, within each experiment, the slope of each line graph is 
almost identical for all the bubbles observed here. The constant growth rate, independent of 
bubble size, is in agreement with previous studies(Liger-Belair, 2005; Zenit and Rodríguez-
Rodríguez, 2018).This is the case for both the 50 and the 100 bar experiment and similar 
bubble diameter growth rates are found for both experiments of approximately 2.0 · 103 µm/s, 
i.e. there is a similar CO2 mass transfer from the surrounding medium into the bubble at 50 
and 100 bar. This cannot be said for the 30 bar experiment, which shows a considerably lower 
bubbles growth rate of around 5.8 · 102 µm/s. A likely cause for this is that for the 30 bar 
experiment, there were already bubbles forming during the heating stage of the experiment, 
which results in a lower CO2 concentration in the liquid during the depressurization. As such, 
fewer CO2 molecules can adsorb onto the bubbles’ surface, limiting CO2 mass transfer from 
bulk solution into the bubble.  
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Figure 14: Series of images at 10 bar showing bubbles at various stages as they ascend in the visual cell. The color of the 

bubble functions as a label and allows an individual bubble to be tracked across multiple images. 

 
 

 
(a) 

 
(b) 
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(c) 

Figure 15: Bubble size vs. time, for five individual bubbles as they ascend in the visual cell at a pressure of 10 bar and  
100 °C  for (a) pini = 30 bar, (b) pini = 50 bar, (c) pini = 100 bar 

 

3.3.3 A conceptual model of bubble formation during depressurization of CO2-
water mixtures 

This section describes the process of CO2 bubble formation during the depressurization 
process in a conceptual way. The various aspects and stages of the process are discussed along 
with parameters of influence. A schematic overview of the process is also presented in Figure 
16. 
For most of the experiments discussed here, the depressurization process starts with the CO2-
water mixture as a single homogenous phase. The CO2 remains in solution until a certain 
threshold pressure is reached where the solution reaches supersaturation, thus free gas 
bubbles start to form (cf. Figure 16a). This ‘bubble-point pressure’ is dependent of 
temperature and of CO2 concentration. Bubbles will first appear on the surfaces of the cell, 
because CO2 molecules can accumulate in small scratches and rough patches on the 
surface(Shafer and Zare, 1991). After the initial bubble surface has formed, this surface then 
allows for more CO2 molecules to adsorb onto the bubble, causing the bubble to grow. The 
bubble keeps growing on the surface until the buoyancy force of the bubble is large enough 
for the bubble to detach from the surface and rise through the liquid (Figure 16b).  
Some CO2 molecules are left on the wall in the location from which the bubble detached and 
this will be the site for a new bubble to form. The presence of nucleation sites is a key factor 
to determine final bubble density. The rising bubbles that have detached from the cell’s 
surface will grow at a constant rate that is independent of their initial size (Figure 16c). 
However, the rate at which they grow is dependent on the CO2 concentration that is still in 
solution, with higher concentrations causing a more rapid increase in bubble size.  
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(a) (b) (c) 

Figure 16: Schematic overview of the bubble growth process. (a) A bubble forms on a crack in the surface and starts to 
grow (various stages of the bubble’s growth are depicted), (b) Once the bubble has grown larger than the critical radius it 

detaches and rises in the liquid leaving behind a small surface in the crack on which the next bubble starts growing, (c) 
As the bubbles rise through the liquid, dissolved CO2 molecules will adsorb onto its surface thus leading to further 

bubble growth 

 
At pressures and temperatures where CO2 is in the gaseous phase, the pressure at which the 
first bubble forms can be predicted with reasonable accuracy at ambient temperature using 
either the Van ‘t Hoff equation or the equation of state of Duan and Sun. At elevated 
temperature, more significant deviations are found. A so far unexplained finding of this study 
is that the pressure where the first bubble forms is a function of the initial pressure (or initial 
phase). The experiment with pini = 100 bar with CO2 in its supercritical state showed a bubble 
point between 6 and 16 bar lower than predicted, unlikethe experiment with pini = 30 bar, 
where the bubble point was within 2 bar of the prediction. Several possible explanations for 
this have been examined including repeat experiments using another visual cell and changing 
the rate of depressurization. Deviations in bubble point pressure up to 3 bar were found, but 
without a clear trend in the deviations.  
Both the average bubble size throughout the depressurization process and the growth rate of 
individual bubbles in the experiments at 100 °C have been analyzed. Due to the formation of 
bubbles in the heating stage for the 30 bar experiment, bubbles start forming there 
throughout the entire depressurization process with the average bubble size increasing 
linearly throughout. For the 100 bar experiment, bubbles only form below 14 bar, but the 
average bubble size increases more rapidly below this pressure resulting in similar average 
bubble sizes at low pressure for both experiments.  The bubble growth rates for individual 
bubbles were the same for the 50 and the 100 bar experiment. A much lower growth rate was 
found for the 30 bar experiment, but this can be attributed to the formation of bubbles during 
the heating stage of the experiment causing a lower concentration of CO2 in the solution.  
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3.4 ADDITIONAL EXPERIMENTS USING NITROGEN GAS 

Some additional experiments were performed using nitrogen gas dissolved in the water 
instead of CO2 to see how these compare in terms of bubble formation rate and average size. 
These experiments are performed at ambient temperature at an initial pressure of 70 bar 
using a fully saturated solution. (Baranenko et al., 1990) report the solubility of nitrogen under 
various conditions. Interpolating their results to the conditions used here and converting units 
yields an initial nitrogen concentration of approximately 0.039 mol/L. This is significantly less 
than the solubility of CO2 under the same conditions. Various different fluids were used to 
pressurize the cell to determine its effect on the bubble formation rate. This means that these 
experiments are similar to those performed using CO2 at ambient temperature that were also 
carried out using a fully saturated solution as discussed in section 3.3.2. The pressurization 
fluids used here are helium (He), nitrogen (N2), water (H2O) and water injected into ambient 
air (H2O+). An overview of the bubble point pressure is given in Figure 17. The gray scale of 
the bars indicates the maximum number of bubbles that was observed in a single image during 
the degassing process. This figure clearly shows a clear correlation between the number of 
initial nucleation points and both the bubble point pressure and maximum number of bubbles. 
Starting out with a gas like helium or nitrogen results in formation of bubbles at higher 
pressures compared to experiments that start out with water. Differences of up to 25 bar were 
found in bubble point pressure when comparing different experiments. Also, the maximum 
number of bubbles observed when using a gas is orders of magnitude higher. The experiments 
starting out with water as the initial fluids only showed a very limited number of bubbles. This 
is in agreement with the experiments where CO2 was used, which showed similar behavior.  

 
Figure 17: Pressure where the first free bubble occurs for N2 saturated water starting at 70 bar. Initial fluid used to 

pressurize the cell is given below each bar. Grayscale indicates the peak of the number of bubbles that is formed during the 
experiment. 

 
The average bubble size of the two experiments with the largest number of generated bubbles 
(i.e. using helium and nitrogen as the initial fluid) was also determined. The resulting bubble 
size as a function of the pressure is shown in Figure 18 for both experiments. 
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Figure 18: Comparison of average equivalent bubble diameter <Deq> for the nitrogen experiments using helium (He) and 

nitrogen (N2) as initial fluids 

 
In both experiments, the average bubble size starts out fairly small (< 100 µm) and increases 
gradually as the pressure is reduced. When comparing the bubble size of nitrogen to that of 
CO2 as shown in Figure 13, it can be observed that the nitrogen bubbles are significantly 
smaller (approximately 50% smaller average diameter) compared to CO2 bubbles. This is likely 
caused by the reduced solubility of nitrogen compared to CO2 meaning that fewer molecules 
need to gather together in order to form a bubble. The reduced solubility of nitrogen also 
implies that the total free gas release is limited compared to that of CO2. 
 

3.5 CONCLUSIONS AND RECOMMENDATIONS 

• When CO2 is in a gaseous state, the formation of the first free gas bubbles is in 
reasonable agreement with the Van ‘t Hoff equation, which dictates the solubility of 
gases at elevated temperatures.  

• This is not the case for experiments at higher initial pressure (100 bar) that start out 
with CO2 in a supercritical state. Here the bubble point pressure is consistently lower 
than the expected bubble point based on the Van ‘t Hoff equation. 

• Higher temperatures lead to increased deviation from the Van ‘t Hoff theory. Better 
estimates can be established using other equations of state (e.g. Duan and Sun (2003)), 
but deviations still persist.  

• At ambient temperature, the degassing process is heavily affected by the presence of 
nucleation sites, in terms of first bubble formed, and total bubble density, as observed 
for experiments with different initial fluids. For experiments with pini = 30 bar, up to 12 
bar difference is found in bubble point pressure and up to three orders of magnitude 
in terms of the observed number of bubbles when comparing experiments with high 
and low number of initial nucleation sites.  
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• Several possible explanations have been investigated that could cause the dependency 
of the bubble point pressure, such as the bubble growth rate and the speed of 
depressurization. The sensitivity analysis on the physical parameters provided no clear 
indication that they could have a significant impact on the bubble point. This study 
only provides estimates of the extent to which each of the parameters affects the 
bubble point pressure. Additional, more quantitative analysis is recommended to fully 
understand the physics involved here. Results found in this study can serve as a starting 
point when setting operating conditions for geothermal water production. Naturally 
additional properties of the specific field (e.g. brine salinity) need to be taken into 
account to limit or prevent the occurrence of degassing. 

• Additional experiments at ambient temperature using nitrogen gas instead of CO2 also 
show the effect of the presence of nucleation sites during the degassing process. 
Similar to the CO2 experiments, the number of bubbles can vary by three orders of 
magnitude and differences in the bubble point pressure of up to 25 bars were found 
when comparing experiments with high and low number of initial nucleation sites. 
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4 CO2 DEGASSING OF GEOTHERMAL FLUIDS DURING CORE-FLOOD 
EXPERIMENTS 

This chapter contains content that has been presented and published as: Boeije, C.S., Verweij, 
C., Zitha, P.L.J. and Pluymakers, A.H.M., “CO2 degassing of geothermal fluids during core-flood 
experiments”, presented at the European Geothermal Congress 2022, Berlin, Germany, 17 – 
21 October 2022 
  
ABSTRACT 
The long-term performance of the reservoir is essential in order to ensure competitive life-
cycle cost of the geothermal installations. Geothermal fluids are often saturated with gasses 
such as CO2 and N2. With their extraction from the reservoir, pressure and temperature 
decrease towards the extraction well. This disturbs the state of equilibrium the geothermal 
water is in with its dissolved components, which for gas can lead to exsolution. The exsolved 
gas bubbles can block the pores of the reservoir rock and therefore reduce the apparent 
permeability. As permeability reduction occurs mainly near the extraction well it can reduce 
production of geothermal waters substantially. This paper is aimed at experimentally 
investigating the conditions at which the onset of degassing starts and quantitatively assess 
any associated permeability decrease. Knowledge on these parameters will enable operators 
to adapt their operation procedures in order to ensure long-time reservoir permeability.  
This paper reports core-flood experiments where tap water containing dissolved carbon 
dioxide was injected into either a Bentheimer (2.3 Darcy) or Berea (140 millidarcy) sandstone 
core at different conditions. The first sets of core-flood experiments showed that at a 
temperature of 30 °C and pressure up to 50 bars the onset of the degassing process correlates 
closely to CO2 solubility values obtained by the Henry’s law. At these conditions CO2 degassing 
near the core outlet will cause the apparent permeability to decrease by a factor 2 to 5 in the 
high permeability Bentheimer sandstone core. At the same conditions the apparent 
permeability will decrease by a factor of nearly 10 in the low permeability Berea sandstone 
core. The decrease in effective permeability is gradual in the Bentheimer sandstone while in 
the Berea sandstone the change is steeper. For rocks with small pore sizes and low absolute 
permeability, the reduction in effective permeability is larger and the rate of permeability 
decrease is faster. However, the onset of degassing is not influenced by the pore size and 
initial permeability. Experiments at temperatures between 30 and 90 °C show that with 
increasing temperature, the Van ‘t Hoff equation becomes less to accurate to find the 
degassing pressure. 
 

4.1 INTRODUCTION 

Geothermal waters can have various gases in solution, such as CO2, CH4 and N2. During the 
production of these waters, a change in pressure and temperature will occur in the vicinity of 
the extraction well. These changes disturb the equilibrium the water is in with its dissolved 
gases (Pátzay et al. (1998) and can result in various problems, such as degassing (Blöcher et 
al. (2016). The system then goes from single-phase flow (liquid) to two-phase flow (liquid and 
gas). The effective pore space available for the flow of water is reduced, as part of the total 
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pore space is taken up by gas. Therefore the effective permeability of the liquid phase will 
decrease (Bear, 2013).  
This most likely occurred at the Groß Schönebeck geothermal site in Germany, where the 
productivity index (PI) dropped from 8.9 m3 /(h·MPa) to 0.6 m3/(h·MPa), from June 2011 and 
November 2013. The decrease in permeability due the presence of free gas was proposed as 
a possible cause for the PI decline (Blöcher et al., 2016). Despite the many observations 
suggesting a direct link of PI decline and release of dissolved gas, data supporting this idea and 
a coherent picture about the process are lacking. This study aims to address the following 
question: 
To what extent is the flow of water in rocks limited by release of free gas from a saturated 
water/gas solution? 
by experimentally investigating at which conditions the onset of the degassing process starts 
and what the effect of the degassing process is on the effective water permeability. Factors 
influencing the degassing process and its effect on the permeability will be analyzed and 
discussed. These factors include the rock pore scale characteristics and temperature.  
 

4.2 MATERIALS AND METHODS 

This study comprises two series of core-flood experiments in which CO2 and an aqueous phase 
were co-injected into a rock core. In the first series, two rocks samples were used, having 
either high permeability (Bentheimer sandstone, 2.3 D) or lower permeability (Berea 
sandstone, 140 mD). The temperature was set at 30 °C. The second series investigated a range 
of temperatures (up to 90 °C) and pressures (up to 80 bar) using only the low permeability 
core sample. This section outlines the experimental setup used in this study and the 
experimental procedure. 
 

4.2.1 Experimental setup 

Figure 19 shows a schematic of the experimental setup in these experiments. CO2 supplied 
from a bottle was injected into the core using a gas booster and mass flow controller 
(Bronkhorst ELFLOW). The gas injection pressure was monitored using an absolute pressure 
transmitter (Keller PA33X, labelled p1 in the schematic) is installed to monitor. A Quizix QX-
1500 dual piston pump was used to inject the aqueous phase, here either tap water or 1M 
NaCl brine is used. Tap water was used instead of demineralized water to minimize the risk of 
the dissolution of clay particles from the cores. The rock core (40 cm long and 4 cm in 
diameter) is placed in a PEEK core holder, which is installed vertically in an oven that can be 
set to the desired temperature. Before reaching the rock core the fluids have to flow through 
a length of tubing in the oven (approximately 2 m in length). This allows them to reach the 
desired temperature and also gives the CO2 time to mix with the water, such that only a single 
phase (water with dissolved CO2) enters the core. The final length of tubing before the inlet of 
the core holder is transparent. This enables visual observation of the flowing fluids to ensure 
that the fluids are mixed properly before entering the core and no free gas bubbles are 
present. The fluids enter the core at the bottom, flow vertically through the core’s pore space 
and exit at the top. A series of absolute pressure transmitters (Keller PA33X, p2 to p8 in the 
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schematic.) is installed along the length of the core that allow the monitoring of the pressure 
at various positions during the experiment. The desired operating pressure is set using a gas-
controlled back-pressure regulator (Mity Mite S-91W) installed downstream of the core. 
 

 
Figure 19: Schematic of experimental setup 

4.2.2 Experimental procedure 

The experiments carried out in this study are organized in several sets: each set consists of 
multiple experiments that aim to assess the influence of a particular variable (e.g. temperature 
or rock type) on the degassing process. By comparing two or more sets, the influence of these 
variables on the degassing process can be assessed. In each set, water and CO2 are co-injected 
into the rock core.  
 
The experiments discussed in this manuscript all use a gradually decreasing back-pressure to 
mimic the reducing reservoir pressure towards the production well. A similar procedure was 
used by (Zuo et al., 2012) in which a brine/CO2 solution was depressurized during core-flood 
experiments. In each set, experiments were performed using various CO2 concentrations. The 
initial back-pressure (IBP) was chosen sufficiently high such that the CO2 fully dissolves in 
water. By lowering the back-pressure (BP), the point where the degassing starts, i.e. the 
degassing back-pressure (DBP), by monitoring the fluid pressure (FP) in the core. The 
formation of free gas is revealed by a significant rise of the of the FP. 
Between each experiment the core is flushed with water to get the remaining CO2 out. This is 
done by first lowering the backpressure, this causes gas expansion which forces the gas to 
leave the core. Then the backpressure is increased while injecting water, which results in a 
higher CO2 solubility, thus causing the remaining CO2 to dissolve in the water. Continuous 
flushing with water at elevated pressure allows for all of the CO2 to be removed from the core 
making it ready for the next experiment.  
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4.2.3 Data analysis 

The raw data obtained from each set of experiments consists essentially of the pressures 
measured at each pressure transducer taken at two second intervals. The difference between 
two adjacent pressure transducers combined with the difference in height gives the pressure 
gradient over an interval. To reduce the noise in the raw data it is edited using time averaging 
over 20 points. This improves the signal to noise ratio of the data significantly. 
The results reported in this study are mostly pressure drops over the last section of the core 
as a function of the back-pressure. Since pressure is lowest in the last section degassing will 
start in this section. When a rapid increase of the pressure drop in the last section is observed, 
the BP measured at that point is taken as the onset of the degassing process or simply the 
degassing pressure (DBP). 
The experimentally obtained DBP is then compared with the prediction of the bubble point 
from thermodynamic theory applied to the CO2-water system. The bubble point pressure can 
be estimated using Henry’s law (Eq. (2)). 
 
 𝐻0 =

𝑠𝐶𝑂2

𝑝
 (2) 

 
where H0 is the value of Henry’s constant at standard conditions [equal to 0.336 mol/(L·bar) 
for CO2], p is the pressure in bar and sCO2 is the solubility of CO2 in water at standard conditions 
in mol/L (Sander, 2015). The solubility of gases in water typically decreases as the temperature 
increases. The applicability of Eq. (2) can be extended to higher temperatures by using the Van 
‘t Hoff equation, which gives Henry’s coefficient as function of the temperature H(T) as:  
 
 

𝐻(𝑇) = 𝐻0 exp [−
∆sol𝐻

𝑅
(

1

𝑇
−

1

𝑇0
)] 

(3) 

 
where the term Δsol 𝐻 is the enthalpy of dissolution and T0 is the reference temperature taken 
here as 298.15 K. Δsol𝐻/R is independent of temperature and, for CO2, is equal to 2400 K 
(Sander, 2015). The Van ‘t Hoff equation is used throughout this manuscript to compare the 
observed bubble points with the theoretical predictions. The observed pressure gradients can 
also be used to determine the effective core permeability by applying Darcy’s law (Eq. (4)).  
 

𝑘𝑒𝑓𝑓 =
𝑄𝜇𝑤𝐿

∆𝑝𝑚
 

(4) 

 
where Q [m3/s]is the volumetric flux, µw [Pa·s] is the water viscosity at the investigated 
temperature, Δpm [Pa] is the measured pressure drop, L [m] is the length of the investigated 
section of the core over which the pressure drop is measured and keff  [m2]is the effective 
permeability of the medium based on the measured pressure drop. We have verified that for 
the flow rates used in this study the flow was in the laminar regime for which Darcy’s law is 
valid. 
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4.3 RESULTS AND DISCUSSION 

In this section, representative results of the experiments will be given and discussed. Since 
pressure is lowest towards the outlet of the core, this is the location where the first onset of 
degassing is expected to occur. This is why the results shown here are mostly pressure drops 
within this section. An overview of the conditions that were used for the various experiments 
is shown in Table 3. 
 

Table 3: Overview of conditions used in the experiments. 

Rock type T [°C] Aqueous phase sCO2 [mol/L] 

Bentheimer 30 Tap water 0.85 – 1.3 

Berea 30 Tap water 0.3 – 1.3 

Berea 30 – 80 Tap water 0.2 – 0.4 

 

4.3.1 Onset of degassing 

Figure 20 displays the steady-state pressure drop as a function of back-pressure, measured 
over the last core section for experiments using Bentheimer rock core at 30 °C. Each line 
corresponds to a different CO2 concentration. Experiments start at high back-pressure  
(between 40 and 50 bar for these experiments) and then the back-pressure is lowered 
gradually. At the highest pressures, the pressure drop remains constant, indicating single 
phase flow without the formation of free gas. As the  back-pressure decreased, at a certain 
degassing back-pressure (DBP), an increase in the pressure drop was observed. This is 
indicated by opaque markers in the figure. At pressures lower than the DBP, the pressure drop 
continued to increase thus indicating a reduced ability for the water to flow. 

 
Figure 20: Pressure drop over the last interval of the core plotted against backpressure for experiments performed with 

different CO2 concentrations displayed in the legend in mol/L. Opaque markers indicate the degassing back-pressure (DBP). 
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The DBP was compared to the theoretical solubility for CO2 in water using Henry’s law (Eq. [1]) 
combined with the Van ‘t Hoff equation (Eq. [2]) for a temperature of 30 °C. The 
experimentally obtained degassing points along with the theoretical prediction are given in 
Figure 21. Under the experimental conditions, we expect  the Van ‘t Hoff equation to 
accurately predict the degassing pressure. This is largely confirmed by the data in Figure 21.  

 
Figure 21: Measured DBP values for the degassing process (symbols) and their prediction using the Van ‘t Hoff equation 

(line) 

Next, we assess the degree to which the effective permeability of the rock is reduced due to 
the presence of free gas bubbles. To this end, the pressure data from Figure 20 were used to 
determine the effective permeability corresponding to the degassing process by applying Eq. 
(4). The obtained effective permeabilities are shown in Figure 22 as a function of the back-
pressure. Values in this manuscript have been normalized, i.e. the ratio of the effective 
permeability to the absolute permeability is plotted (keff / kabs) The data show a gradual 
decrease in effective permeability for pressures lower than DBP. The permeability is reduced 
from its original absolute value of 2.3 D to between 0.8 and 1 D thus resulting in a reduction 
factor of 2.3 to 3.  
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Figure 22: Effective permeability as a function of backpressure for experiments using a Bentheimer core performed with 

different CO2 concentrations displayed in the legend [mol/L] 

 

4.3.2 Effect of core lithology 

Similar experiments were performed using a Berea rock core instead of Bentheimer to 
investigate the effect of lithology on the degassing process The Berea has a much lower initial 
permeability (0.14 D vs 2.3 D), which is caused by its smaller pores, literature reported average 
pore throat radii of 6 µm for the Berea vs 15 µm for Bentheimer  (Al-Shakry et al., 2019). This 
affects the development of the effective permeability found in this study. Figure 23 shows the 
effective permeability as a function of the back-pressure for the Berea experiments.  
The main takeaways are that the change between a state of single phase flow and that of 
blockage due to free gas formation is far more abrupt in the Berea compared to the more 
gradual transition found for the Bentheimer experiment. Also the extent to which the rock is 
blocked appears to be larger in the Berea with a decrease in effective permeability of roughly 
one order of magnitude (~100 à 10 mD) found for all CO2 concentrations. This is interpreted 
to be a function of the kinetics of bubble growth. The Berea has more small pore throats what 
causes them to block earlier, because small bubbles already have the potential to block the 
pore throats while in the Bentheimer the small bubbles that form at the onset of the degassing 
process can still pass through the wider pore throats. 
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Figure 23: Effective permeability as a function of backpressure for experiments using a Berea core performed with different 

CO2 concentrations displayed in the legend [mol/L] 

Figure 24 shows a direct comparison of the reduction the effective permeabilities found in the 
Bentheimer and Berea experiments at pressures below the bubble point. This reinforces the 
finding in Figure 23 that the change in effective permeability happens much more abrupt for 
the Berea rock than the Bentheimer. At pressures just a few bars below the onset of degassing, 
already a 82% reduction in permeability is found for the Berea, which rises to 91% as the 
pressure is reduced further. As mentioned in the introduction, (Blöcher et al., 2016) found a 
reduction of the productivity index of approximately 93% for the Groß Schönebeck reservoir, 
which is similar in magnitude as the reduction in effective permeability found here for the 
Berea sandstone. For the Bentheimer, the change is much more gradual and even at pressures 
25 bars below the onset of degassing only a reduction of 48% is achieved. 

 
Figure 24: Comparison of the reduction in effective permeability (percentage) after the degassing process has started for 

the Berea and Bentheimer sandstone cores 

 



 

 

 

REFLECT_D.1.3                            Page 41 / 48 

 
 
 

4.3.3 Effect of temperature 

In the second series, the influence of temperature has been investigated by repeating the 
experiments on Berea sandstone at a range of temperatures (30–90 °C). The resulting effective 
permeabilities at these temperatures for the Berea experiment are shown in Figure 25. The 
CO2 concentration used here is kept at the same value of 0.4 mol/L for all investigated 
temperatures. Some differences in the initial permeability is found, especially for the 80 °C 
experiment which has a significantly higher permeability compared to the experiments at 
lower temperatures. A possible reason for this is that at high temperatures the PEEK core 
holder can become slightly ductile thereby creating a non-ideal connection between the core 
holder and the pressure transducer that can lead to errors in the pressure measurements. For 
each experiment, the effective permeability was calculated using the viscosity of water at the 
set temperature (Korson et al., 1969).  
Higher temperatures lead to increased degassing pressures, which is to be expected due to 
reduced solubility. The extent to which the effective permeability is reduced is not a strong 
function of the temperatures, with similar values of reduction found for all investigated 
temperatures. For example, the 70 °C experiment showed a final reduction of 89% in 
permeability vs. 91% for the 30 °C experiment. 

 
Figure 25: Comparison of the effective permeability for experiments performed at different temperatures. Legend indicates 

used temperature [°C] 

Another set of experiments with a range of different temperatures was performed using a 
lower CO2 concentration of 0.2 mol/L. The value of the degassing pressures here were lower 
compared to the experiments using 0.4 mol/L, but the trend that higher temperatures lead to 
higher degassing pressures was also found here. Both sets of experiments were also compared 
to the theoretical CO2 solubility limit according to the Van ‘t Hoff equation. Figure 26 shows 
the experimentally obtained degassing pressures as a function of the temperature for both 
sets of experiments along with the theoretical prediction. For all temperatures, the 
experimentally obtained degassing pressure is lower than the theoretical prediction with 
higher temperatures lead to larger deviations from theory. A possible reason for this 
discrepancy is that the theoretical curves were created using a value of 2400 K for the enthalpy 
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of dissolution (the term Δsol𝐻/R in Eq. (3)). This value is debatable and values ranging from 
2200 to 2900 are found in literature (Sander, 2015). 

 
Figure 26: Onset degassing pressure as a function of temperature for experiments with a fixed CO2 concentration of 0.2 and 

0.4 mol/L along with model prediction according to the Van ‘t Hoff equation 

4.4 CONCLUSIONS 

At temperatures of 30 °C and moderate pressures (up to 50 bar), the maximum CO2 solubility 
in water according to Henry’s law gives a good indication for when the degassing process 
starts. This applicability can be extended to higher temperatures using the Van ’t Hoff 
equation, although increased deviations from theory were found at higher temperature 
regimes. The effect of the degassing process on the effective permeability of a rock is largely 
influenced by the pore scale characteristics of a rock. Comparing a high permeable (2.3 Darcy) 
Bentheimer sandstone core with a lower permeable (0.14 Darcy) Berea sandstone core shows 
that the degassing process causes the effective permeability to reduce faster in the low 
permeable Berea core than in the Bentheimer core. The total decrease in effective 
permeability in the Berea core is also significantly higher than in the Bentheimer core: 91% vs. 
48% respectively for the experiment at 30 °C. This difference is most likely due their difference 
in pore throat size distribution.  
The extent to which the effective permeability is reduced by the formation of free gas is only 
very slightly affected by temperature. By increasing the temperature, the total decrease in 
effective permeability due to degassing went from 91% to 89% at 30 and 70 °C respectively.  
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5 CONCLUDING REMARKS 

REFLECT Task 1.3 has resulted in an improved understanding of the physical principles of the 
degassing process for CO2-water mixtures and its implications for flow in both bulk and porous 
media. Results presented in this report have been disseminated either through journal 
publication or presentations at conferences. 
 
A high-pressure visual cell has been designed and constructed specifically for this task. This 
cell is made of corrosion resistant titanium and uses sapphire windows through which its inner 
volume can be monitored. In its current state, this apparatus is able to function at pressures 
up to 200 bar and temperatures up to 200 °C.  
 
Depressurization experiments using this visual cell have led to the following conclusions for 
degassing of CO2-water mixtures in bulk. Under moderate conditions, when CO2 is in a gaseous 
state, the formation of the first free gas bubbles is in reasonable agreement with the Van ‘t 
Hoff equation, which dictates the solubility of gases at elevated temperatures. However, 
increased deviations were found when using higher temperatures. Improved predictions can 
be established using other equations of state (e.g. (Duan and Sun, 2003)), although deviations  
up to several bars still persist. Employing higher initial pressures, such that CO2 is in its 
supercritical state, resulted in a significant reduction in the measured bubble point pressure. 
The measured bubble points are up to 50% lower compared to the theoretical prediction using 
the Van ‘t Hoff equation. Several possible explanations have been explored that could cause 
the dependency of the bubble point on the initial state of the experiments. These include 
parameters such as the rate of depressurization and the use of a different visual cell, along 
with a thorough analysis of differences in bubble kinetics between the various experiments. 
This sensitivity analysis provided no clear indication that these parameters could have a 
significant impact on the bubble point.  
 
The degassing experiments in porous media show that at temperatures of 30 °C and moderate 
pressures (up to 50 bar), the maximum CO2 solubility in water according to Henry’s law gives 
a good indication for the pressure below which free gas starts to form. This applicability can 
be extended to higher temperatures using the Van ’t Hoff equation, although increased 
deviations from theory were found at higher temperature regimes. Comparing a high and 
lower permeability core (Bentheimer vs. Berea) shows that the formation of free gas causes 
the effective permeability to reduce faster in the Berea core than in the Bentheimer core at 
pressures below the bubble point. A drop in effective permeability up to 91% was found for 
the Berea core, which is significantly higher than the 48% drop in the Bentheimer core for the 
experiment at 30 °C. This difference is most likely due their difference in pore throat size 
distribution, with the free gas bubbles immediately blocking the narrower throats in the Berea 
rock. Performing experiments at higher temperatures causes the degassing process to start at 
a higher pressure due to reduced CO2 solubility. However, the extent to which the effective 
permeability is altered is very similar to previous experiments at lower temperatures.  
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