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Geologic CO2 sequestration is a climate change mitigation strategy that involves the 

injection of supercritical CO2 into deep underground rock formations. This thesis focuses 

on capillary trapping in which capillary forces immobilize CO2 bubbles at the pore scale. 

During injection of supercritical CO2, brine is displaced in what is known as the drainage 

process. Non-wetting fluid (supercritical CO2) connectivity after drainage has been 

shown to impact the amount of capillary trapping after drainage. The drainage process 

(i.e. the CO2 injection) should be engineered to provide favorable connectivity conditions 

to promote capillary trapping. This project investigated how drainage flow rate affects 

NW fluid connectivity. Experiments were conducted on Bentheimer sandstone rock cores 

with brine as the wetting (W) fluid and air as the non-wetting (NW) fluid. The rock cores 

were first saturated with brine and then drained at various flow rates. X-ray computed 

microtomography was used to acquire scans of the cores after saturation and after 

drainage to analyze the amount and distribution of NW phase fluid present in the pores. 

The two data sets acquired showed opposite trends between NW fluid connectivity and 

drainage flow rate. Significantly different NW saturations were reached making it 

difficult to directly observe the effect of drainage flow rate on fluid connectivity. 
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The Effect of Drainage Flow Rate on Fluid Connectivity; 

Application to Geologic CO2 Sequestration 

 

 

 
CHAPTER 1: INTRODUCTION 

 

 

 

 There is increasing evidence that greenhouse gas emissions contribute to global 

warming (IPCC, 2005). Greenhouse gases, such as carbon dioxide (CO2), have been 

linked to rising global average temperatures and sea levels along with extreme weather 

events. Technological developments and increasing anthropogenic activities have 

increased atmospheric CO2 concentrations. Global mean annual CO2 concentration in 

2013 was 395 ppm compared to 280 ppm in pre-industrial times (Dlugokencky & Tans, 

2013). This level is expected to continue to increase due to burning of fossil fuels and 

land use changes (Ghommem, Hajj, & Puri, 2012).  

 Despite increasing awareness and concerns over CO2 emissions, coal will likely 

remain a major energy supplier in the future. The primary purpose of CO2 capture and 

storage (CCS) is the reduction of CO2 emissions from coal and gas fired power plants and 

other large industrial sources. Over 60% of CO2 emissions are amenable to CO2 capture 

and over 2,000 billion metric tonnes of geologic storage capacity exist (IPCC, 2005). 

Therefore, CCS could significantly reduce CO2 emissions. Current technology for CCS is 

based on research and experience in the field of enhanced oil recovery. Long-term CO2 

storage is a relatively new concept, and despite research efforts, many uncertainties still 

exist regarding trapping effectiveness and dissolution and precipitation processes of 

stored CO2 (Schnaar & Digiulio, 2009). 
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 This paper seeks to increase understanding of capillary trapping as a method for 

geologic CO2 sequestration. Specifically, the effect of drainage flow rate on fluid 

connectivity was investigated by conducting drainage experiments on Bentheimer 

sandstone rock cores. A literature review follows covering methods of CO2 sequestration 

along with fluid interaction at the pore scale and quantification of fluid topology. 

Methods and results of lab-scale experimentation are presented. Lastly, conclusions and 

recommendations for future work are discussed. 
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CHAPTER II: BACKGROUND 

 

 

 

2.1 CO2 Sequestration 

 CO2 sequestration is the capture and long-term storage of atmospheric CO2 with 

the goal of mitigating climate change. There are several sequestration methods available 

for CO2 storage including biological, ocean, and geological sequestration. Biological 

sequestration enhances natural biological processes that sequester CO2 in plants, soil, and 

marine sediments. CO2 can also be stored in the ocean by either dissolving it at mid-depth 

or by forming pools of CO2 on the sea bottom where the ocean is deep and CO2 is denser 

than seawater (Benson & Orr, 2008). 

 In another approach, CO2 can be pumped into underground geologic formations, 

such as depleted oil and gas reservoirs, brine-filled formations, and deep unmineable 

coals beds, for long-term storage. Biological sequestration offers limited storage capacity 

and ocean sequestration could possibly increase acidity and affect marine ecosystems. 

Larger storage volumes are available for geologic sequestration and this sequestration 

scheme is more economically feasible and safe than ocean sequestration (IPCC, 2005). 

Geologic storage usually occurs at depths greater than 800 m where temperature and 

pressure render CO2 in a dense, supercritical phase (Pentland et al., 2011). These 

formations occur in basins containing sedimentary rocks. Sedimentary basins consist of 

alternating layers of sand, silt, clay, carbonate, and evaporite. Sand layers provide storage 

space while silt, clay, and evaporite layers act as seals for trapping buoyant fluids. CO2 

has a lower density than water, which can make these layers critical for secure storage. 
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These layers prevent migration of CO2 by a combination of viscous and capillary forces 

(IPCC, 2005). Geologic CO2 sequestration is the focus of this thesis. 

 

2.2 Geologic Trapping Mechanisms 

 A major concern with geologic CO2 storage is the risk of leakage and possible 

subsequent groundwater contamination and return of CO2 to the atmosphere. Therefore, it 

is important in this sequestration scheme to ensure safe, long-term storage. The following 

four trapping mechanisms occur during geologic sequestration: (1) structural trapping, 

where geology of the storage zone and density differences trap CO2, (2) dissolution or 

solubility trapping, where CO2 dissolves in brine or oil, (3) mineral trapping, where CO2 

precipitates into carbonate minerals, and (4) capillary or residual trapping, where 

capillary forces immobilize CO2 bubbles at the pore scale (IPCC, 2005). Figure 1 

illustrates the advantages and disadvantages of each trapping mechanism in terms of 

storage security and time elapsed since injection (CO2CRC, 2011). 

 



5 
 

 

  

  

While structural trapping occurs on a short timescale, there is low trapping 

security due to the possibility of leakage via upward migration through fractures and 

faults. Capillary trapping occurs on relatively short timescales and while storage security 

is not the highest, the other two mechanisms, especially mineral trapping, are kinetically 

slow and can take a very long time to occur (CO2CRC, 2011). Thus, capillary trapping 

offers the most potential and further investigation of this trapping mechanism is needed.  

 

2.3 Capillary Trapping 

 During the injection of supercritical CO2 into an aquifer, brine is displaced in 

what is known as the drainage process. After injection, buoyant forces propel CO2 

upwards as CO2 has a lower density than the brine occupying the pore spaces. Brine then 

reoccupies the rock pore spaces in what is known as the imbibition process. During 

Figure 1: Storage security of different CO2 geologic trapping mechanisms. As time goes on, 

increasingly secure storage mechanisms take place (CO2CRC, 2011). 



6 
 

imbibition, some CO2 is trapped in the rock pores by capillary forces. Capillary trapping, 

sometimes referred to as residual trapping, locks CO2 bubbles in place at the pore scale 

by capillary forces (IPCC, 2005). Capillary pressure (Pc) is the pressure difference 

between a wetting and non-wetting phase and can be calculated using Equation 1: 

 

                                                                  
      

 
                          (1) 

 

where σ is interfacial tension between the wetting and non-wetting phases [mN/m], θ is 

the contact angle of the wetting fluid. and r is the effective pore radius [m] (Bear, 1972). 

Capillary pressure, and thus CO2 resistance to migration, is controlled by the following 

factors: (1) the size of the pore throats connecting the pore spaces, (2) interfacial tension 

between CO2 and water, and (3) wettability of CO2 to the rock surface. Figure 2 show 

CO2 migration through a pore throat (IEAGHG, 2011).  

 

 
Figure 2: CO2 driven upward by buoyancy. CO2 migrates when buoyancy pressure exceeds 

capillary pressure, displacing water from the pores (IEAGHG, 2011). 



7 
 

The large surface-to-volume bubble ratio obtained with the capillary trapping 

mechanism also facilitates faster CO2 dissolution into brine. Capillary trapping also 

allows CO2 to be distributed over a larger reservoir volume leading to a larger volume for 

mineral weathering and carbon deposition (Wildenschild et al., 2011). Fluid properties 

and the injection process can be optimized to maximize capillary trapping and ensure 

storage security. Figure 3 displays residually trapped CO2 in pore spaces (CO2CRC, 

2011). 

 

 

 

 

2.4 Wettability 

 Wettability is the preference of a solid to be in contact with one fluid over 

another. In one extreme, a drop of wetting (W) fluid will displace another fluid and 

spread over the entire surface. Conversely, a drop of non-wetting (NW) fluid placed onto 

a surface covered by a wetting fluid will bead up and minimize contact with the surface. 

If the fluid is neither strongly wetting nor non-wetting, a contact angle between the fluids 

at the solid surface will result (Abdallah et al., 2007). Figure 4 displays wetting and non-

wetting fluid interaction at a surface (CASR). Significant capillary trapping and therefore 

safe storage occurs when supercritical CO2 is the NW phase. If CO2 is wet or neutrally 

Figure 3: CO2 trapped by capillary forces in the pore spaces between rock grains. Over time, 

the residually trapped CO2 can dissolve into the water (CO2CRC, 2011). 
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wet, little capillary trapping occurs. The receding contact angle (CO2 displacing brine) 

affects primary drainage capillary pressure and caprock invasion while the advancing 

angle (brine displacing CO2) affects capillary trapping. It is generally assumed that 

supercritical CO2 remains in the NW phase during the drainage process (Pentland et al., 

2011).  

 

 

 

 

2.5 Quantification of NW Phase 

 The amount of capillary trapped NW fluid (supercritical CO2) is related to the 

capillary number of the imbibition process (Chatzis & Morrow, 1984). The capillary 

number is the ratio between viscous and capillary forces. One of the most common 

expressions for the capillary number is shown in Equation 2:  

 

                                                                  
    

 
                          (2) 

 

where Ca is capillary number, μw is wetting fluid viscosity [mPa·s], vw is Darcy velocity 

of the wetting fluid [m/s], and σ is interfacial tension between the wetting and non-

wetting fluid [mN/m]. The capillary number is a dimensionless parameter, so its value 

Figure 4: Poor and good wettability of a drop of fluid at a surface. A wetting liquid's angle, 

θ, lies between 90 and 180°. A liquid has perfect wetting ability when θ equals 180° (CASR). 
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does not depend on the system of units. Equation 2 shows that a decrease in capillary 

number can be achieved by either a decrease in viscosity or increase in interfacial 

tension. Generally, an increase in capillary number is connected to a decrease in the 

amount of residual (after imbibition) non-wetting phase (Chatzis & Morrow, 1984). 

 Topology is the study of connectivity. The Euler number has been previously 

used to quantify connectivity of the NW phase fluid (Herring et al., 2013). The Euler 

number is derived from the family of Betti numbers, βi, from homology theory. For a 

three-dimensional object or fluid phase within a porous medium, β0 is the number of 

distinct fluid elements, β1 is the number of handles in the structure of each fluid element, 

and β2 is the number of isolated voids or cavities in the fluid element. The Euler number, 

χ, is defined in Equation 3 (Wildenschild & Sheppard, 2013). 

 

                                                                                                                        (3) 

 

 For NW fluid in porous media, small, isolated bubbles that occupy a single pore 

space and a large, connected, multi-pore NW fluid element contribute to β0. A single, 

isolated pore does not contribute to β1, but a highly branched multi-pore fluid element 

can significantly contribute to β1. For this thesis, β2 of the NW phase (air will be used as a 

proxy for CO2) is considered zero because an element of wetting phase (water) or a solid 

particle cannot be completely enclosed by air. Equation 3 demonstrates that greater 

connectivity results in a lower Euler number (Herring et al., 2013). Figure 5 displays 

Betti numbers for simple three dimensional objects (Wildenschild & Sheppard, 2013). 
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 It has been suggested that topology of the NW phase after the drainage process 

can influence the amount of NW phase that is capillary trapped during the imbibition 

process (Wardlaw & Yu, 1988). Work by Herring et al. (2013) showed that the less 

connected the NW phase is after drainage, the greater amount of capillary trapping that 

will occur after imbibition. 

 

 

 

 

 

 

 

 

 

 

Figure 5: Betti numbers (β1, β2, β3) of simple three dimensional objects considered as solid 

(S) or hollow (H) as shown in Wildenschild and Sheppard (2013). 
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CHAPTER III: METHODS 

 

 

 

The goal of geologic CO2 sequestration is to trap the largest amount of NW fluid 

as possible. Geologic sequestration can be optimized by engineering both drainage (initial 

state) and imbibition (residual state) in the reservoir. This thesis looks at optimizing the 

drainage process, which represents the CO2 injection phase. Drainage experiments were 

conducted to determine if drainage flow rate has an effect on initial NW fluid 

connectivity and thus capillary trapping. 

 

3.1 Experimental Set-Up 

 Experiments were conducted on two Bentheimer sandstone rock cores with KI 

brine as the wetting (W) fluid and air, which was used as a proxy for CO2, as the non-

wetting (NW) fluid. Bentheimer sandstone is a typical reservoir material that has been 

identified as a likely candidate for geologic CO2 storage. Both cores had a diameter of 

approximately 6 mm and porosity of approximately 28%. The cores had lengths of 

approximately 21 mm and 22 mm. Figures 6 and 7 display the drainage experimental set-

up and core assembly. The cores were wrapped in Teflon tape and placed in an aluminum 

core holder. Two layers of a semi-permeable, hydrophilic membrane with a 1.2 μm pore 

size (General Electric Company, Fairfield CT, United States) were included at the bottom 

of the column to prevent the NW phase from entering the brine line. The brine line was 

connected to a Harvard PHD 2000 syringe pump (Harvard Apparatus, Holliston MA, 

United States) that controlled flow rate and volume of brine being pumped out of the rock 

core. The brine solution (W phase) consisted of a KI solution at a 1:6 mass ratio of 
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KI:H2O. A pressure transducer (Validyne Engineering, Northridge CA, United States) 

was attached to the brine line to monitor capillary pressure during the drainage process to 

ensure no leaks or membrane failure occurred and to help determine when equilibrium 

was reached.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Set-up for Bentheimer sandstone drainage experiment with the (a) experimental 

set-up schematic, (b) core holder preparation, and (c) sample assembly.  
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3.2 Drainage Experiments 

 Drainage experiments were conducted on two different rock cores. Three 

experiments were conducted at Oregon State University using the rock core with a length 

of 21 mm, which will be referred to as Core 1. An additional three experiments were 

conducted at the Pacific Northwest National Laboratory using the rock core with a length 

of 22 mm, which will be referred to as Core 2. For all experiments, the rock cores were 

initially saturated with brine using a vacuum pump in attempt to fill all air-filled pores 

with brine. The cores were assumed to be fully saturated with brine at this point. After 

saturation, a set brine volume of 0.175 mL for Core 1 or 0.2106 mL for Core 2 was 

drained from the core using the syringe pump. Flow rates of 0.018, 0.18, 0.54, and 1.8 

mL/hr were tested. Pressure was monitored during drainage to ensure membrane failure 

did not occur. The same conditions and fluid volumes were used for each rock core in 

order to determine the effect of flow rate on fluid connectivity. The longest drainage time 

Figure 7: Experimental set-up featuring the (a) Harvard syringe pump,(b) pressure 

transducer, (c) brine reservoir, and (d) core holder.  

(a) 

(b) 

(c) 

(d) 
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was approximately 700 min and the shortest was approximately 6 min. Table 1 

summarizes the experiments conducted on each rock core. 

 

 

  
Experiment 

# 

Drainage 

Volume 

(mL) 

Drainage 

Rate 

(mL/hr) 

Drainage 

Time     

(min) 

Rock 

Core 1 

(OSU) 

1 

0.175 

0.18 58 

2 0.54 19 

3 1.8 6 

Rock 

Core 2  

(PNNL) 

4 

0.2106 

0.018 702 

5 0.18 70 

6 1.8 7 

 

3.3 X-Ray Computed Microtomography 

 Images were collected using x-ray computed microtomography (CMT). Dr. Brian 

Bay’s (School of Mechanical, Industrial, and Manufacturing Engineering) x-ray CMT 

system at Oregon State University (OSU) was used for Experiments 1, 2, and 3 on Core 

1. The scanner uses a cone-beam Focus FXE-160.20 x-ray source and projections are 

collected with a 2448 x 2048 pixel (16-bit) CCD camera. Images were taken using a 

voltage of 110 kV and a current of 71 μA. Each scan was rotated 360° in 1400 increments 

with 6 images averaged per increment. Resolution under these settings was 

approximately 8.3 μm. The core was scanned after saturation to ensure that full saturation 

was achieved for each experiment. The core was scanned after each drainage experiment 

to determine amount and distribution of non-wetting phase fluid. 

 Additional experiments were conducted at the Environmental Molecular Science 

Laboratory (EMSL) at the Pacific Northwest National Laboratory (PNNL). A Nikon (X-

Table 1: Summary of drainage experiments conducted at Oregon State University (OSU) and 

the Pacific Northwest National Laboratory (PNNL). 
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Tek/Metris) XTH 320/225 kV X-ray Tomography System was used for Experiments 4, 5, 

and 6 on Core 2. Projections were collected with a 2000 x 2000 pixel (16-bit) detector. 

Data collection was handled by InspectX software. Images were taken using a voltage of 

110 kV and a current of 240 μA. Each scan was rotated 360° and 3,142 projections were 

collected with 4 frames per projection and 700 ms exposure time spent per frame. 

Resolution under these settings was approximately 7 μm. Again, the core was scanned 

after initial saturation and drainage for each experiment. 

 

3.4 Data Processing 

  Raw data collected at OSU for Experiments 1, 2, and 3 were first corrected for 

spatial distortion resulting from the shape of the beam and normalized for beam intensity 

fluctuations using the software ImageJ (National Institutes of Health, Bethesda MD, 

United States). The data sets were then reconstructed into three dimensional volumes 

using Octopus, a program for the processing of tomography data (inCT, Ghent, Belgium). 

Raw data sets collected at PNNL were reconstructed into three dimensional images in the 

program CT-Pro for Experiments 4, 5, and 6.  

Avizo® Fire (FEI Visualization Sciences Group, Burlington MA, United States) 

was then used to investigate various types of filters for smoothing of images and 

reduction of noise and detail. The three dimensional median filter, an edge preserving 

smoothing filter used to reduce noise, resulted in the best image quality for all the 

experimental data sets. The median filter considers each voxel in the image and its nearby 

neighbors. It replaces its voxel value with the median of the neighboring values. A kernel 

size of 3x3x3 was used when applying the median filter. Threshold values for 
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segmentation of non-wetting and wetting phase were also determined in Avizo® Fire by 

visual inspection. There were not clear bimodal peaks on the greyscale histograms, so 

thresholding based off the greyscale histograms was not optimal. Thus, visual inspection 

of the threshold values was required. 

A script was created to run the median filter, segment the data into wetting and 

combined solid/non-wetting phase using the determined threshold values, and analyze all 

the data sets in terms of initial NW phase saturation, Euler number, and number of blobs. 

A voxel size exclusion filter was included to remove voxels too small to be NW phase. 

OSU data had a size exclusion filter of 100 voxels, which corresponds to a sphere with a 

radius of 29 microns. PNNL data had a size exclusion filter of 73 voxels, which 

corresponds to a sphere with a radius of 18 microns. These sizes were picked based on 

the pore size distribution for Bentheimer sandstone. However, the OSU data were more 

noisy than the PNNL data and thus required a more thorough size exclusion filter. The 

pore size distribution described by Maloney et al. (1990) sets the lower boundary for 

pores to be approximately 20 microns in radius; no pores should be smaller than this size. 

Before running the code, all data sets were cropped into smaller cylinders. OSU 

data sets had varying heights; the smallest data set, with a height of 175 voxels, came 

from Experiment 2 (0.54 mL/hr). The larger data sets from Experiments 1 and 3 (0.18 

and 1.8 mL/hr, respectively) were cut into three smaller volumes the same size as the 

Experiment 2 data set. The code was run on three separate volumes with a diameter of 

650 voxels and height of 175 voxels for Experiments 1 and 3 and the results were 

averaged. All PNNL data sets were cropped into cylinders with a diameter of 850 voxels 

and a height of 725 voxels. Figure 8 shows the different stages of data processing 
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performed for Experiment 3 (1.8 mL/hr) where (a) shows the reconstructed, cropped 

image; (b) shows the application of the median filter; (c) shows the segmentation into 

binary images with solid and wetting phase labeled as black and non-wetting fluid 

labeled as blue; and (d) shows the application of the size exclusion filter. The red label 

indicates voxels that were removed with the size exclusion filter. 

 

 

 

(a) 

(c) (d) 

(b) 

Figure 8: Processing of 3D Bentheimer data sets acquired by x-ray CMT where (a) is the 

reconstructed data, (b) is the data after applying the median filter, (c) is segmentation into 

solid/wetting phase (black) and non-wetting fluid (blue), and (d) is the data after eliminating small 

voxels. The red label shows voxels to be eliminated by the size exclusion filter. 
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CHAPTER IV: RESULTS AND DISCUSSION 

Results obtained from the drainage experiments, including Euler number and 

initial NW saturation as a function of drainage flow rate, along with a discussion of the 

data limitations are detailed in this section. 

 

4.1 Euler Number 

 Non-wetting phase saturations and Euler numbers for each experiment are 

detailed in Table 2. The NW phase Euler numbers listed were not normalized by the 

Euler numbers of the samples at 100% NW phase as was done by Herring et al. (2013). 

Figure 9 shows Euler number as a function of drainage flow rate. Euler number increased 

as drainage flow rate increased for Experiments 1, 2, and 3 conducted at Oregon State 

University. Euler number decreased as drainage flow rate increased for Experiments 4, 5, 

and 6 conducted at the Pacific Northwest National Laboratory. 

 

Experiment 

# 

Drainage 

Rate 

(mL/hr) 

NW Phase 

Saturation 

Euler 

Number 

1 0.18 40% -72 

2 0.54 24% 138 

3 1.8 12% 722 

4 0.018 51% -1055 

5 0.18 51% -1470 

6 1.8 62% -2681 

 

 

 

Table 2: Topology results from drainage experiments. 
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 CO2 injection should be optimized to produce desirable initial NW phase 

topology. The less connected the NW phase after the drainage process the higher the 

probability of successful capillary trapping. As detailed in Chapter II, lower Euler 

numbers indicate greater fluid connectivity. For the OSU experiments, Figure 9 shows 

that NW fluid (air as a proxy for CO2) is the least connected at higher flow rates. Thus, 

the OSU experiments indicate that CO2 should be injected at higher flow rates in order to 

trap more CO2. However, the PNNL experiments show the opposite trend as the OSU 

experiments as seen in Figure 9. NW fluid is the least connected at lower flow rates. 

Thus, CO2 should be injected at lower flow rates according to the PNNL experiments. 
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Figure 9: Relationships between Euler number and drainage flow rate.  
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 Statistical significance of the correlation coefficients was checked by performing 

a student’s t-test as seen in Equation 4:  

 

                                                          
   

    
                                                              (4) 

 

where n is the number of samples and R is the correlation coefficient. The two sided p-

values were obtained using the degrees of freedom and t-values. P-values below 0.05 are 

considered significant. The results are shown in Table 3.  

 

  

Dependent 

Variable 

Independent 

Variable n d.f. R
2
 t-value 

Two sided 

p-value 

OSU Euler Number Flow Rate 3 1 0.998 15.788 0.040 

PNNL Euler Number Flow Rate 3 1 0.973 4.191 0.149 

 

 As seen in Table 3, the p-value for the OSU experiments shows there is evidence 

that higher Euler numbers are correlated with higher drainage flow rates. The p-value for 

the PNNL experiments indicates that no correlation can be made between low drainage 

flow rate and high Euler number with confidence.  

 Additional experiments, including replicates, are needed to fully understand the 

relationship between drainage flow rate and Euler number. Two different rock cores were 

used for the experiments at OSU and PNNL possibly affecting the results. Additionally, 

different x-ray CMT systems were used for data collection. Resolution was 7 μm at 

PNNL and 8.3 μm at OSU. The quality of the x-ray filament at OSU is questionable as 

well; the x-ray filament required replacement and therefore experiments were continued 

at PNNL. Other factors such as noise levels and ring artifacts can alter image quality as 

Table 3: Statistical significance of Euler number and drainage flow rate trends. 
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well. Experiments conducted at PNNL were performed within a five day timeframe, 

while experiments conducted at OSU spanned over months. Thus, there was possibly 

greater consistency in experimental procedure at PNNL lending more credence to these 

results. Significantly different NW saturations were reached for most of the experiments 

making it difficult to directly observe the effect of drainage flow rate on Euler number. 

The changes in Euler number displayed in Figure 8 could have resulted from different 

NW saturations rather than drainage flow rate.  

  

4.2 NW Saturation 

Figure 10 shows the normalized Euler number as a function of NW saturation for 

all of the experiments. As mentioned in Chapter III, smaller volumes were analyzed for 

the OSU data compared to the PNNL data. Therefore, Euler numbers were normalized by 

dividing by the physical volumes of the cropped cylinders. The normalized Euler number 

generally decreased as NW saturation increased; this is in agreement with previous work 

by Herring et al. (2013). 
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Figure 10 supports work by Herring et al. (2013) that suggests that CO2 should be 

injected to lower initial NW saturation values after drainage in order to facilitate residual 

NW capillary trapping in Bentheimer sandstone.  

Statistical significance of the correlation coefficient was checked by performing a 

student’s t-test. The results are shown in Table 4. 

 

Dependent 

Variable 

Independent 

Variable n d.f. R
2
 t-value 

Two sided 

p-value 

Euler Number NW Sat. 6 4 0.948 3.931 0.017 

 

 Table 4 shows that there is evidence (p-value <0.05) that increasing NW 

saturation decreases the Euler number. 

 

Table 4: Statistical significance of normalized Euler number and NW saturation trend.  

R² = 0.948 
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Figure 10: Relationship between normalized Euler number and initial NW phase 

saturation. Diamonds represent OSU experiments and squares represent PNNL 

experiments 
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4.3 NW Phase Isosurfaces 

NW phase isosurfaces for Experiments 1 (0.18 mL/hr) and 4 (0.018 mL/hr) were 

generated using Avizo® Fire. Figure 11 displays NW phase isosurfaces for Experiment 1, 

where (a) shows the analyzed cylinder from the plan view, (b) shows the analyzed 

cylinder from the side view, and (c) is a cropped cube of 200x200x175 voxels. Figure 12 

displays NW phase isosurfaces for Experiment 4, where (a) shows the analyzed cylinder 

and (b) is a cropped cube of 200x200x200 voxels. Smaller cylinder volumes (in the z-

direction) were analyzed for OSU experiments as described in Chapter III. Poorly 

connected blobs of NW phase (blue) are desired for geologic CO2 sequestration 

applications. 
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(b) 

Figure 11: NW phase isosurfaces for Experiment 1, where (a) shows the analyzed cylinder from the 

plan  view, (b) shows the analyzed cylinder from the side view, and (c) shows a cropped cube 

(200x200x175 voxels) within the cylinder. 

(a) 

Figure 12: NW phase isosurfaces for Experiment 4, where (a) shows the analyzed Bentheimer 

cylinder and (b) shows a cropped cube (200x200x200 voxels) within the cylinder. 

(a) 

(b) 

(c) 
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CHAPTER 5: CONCLUSIONS 

 

 

 

The purpose of this project was to determine if the drainage process (i.e. the CO2 

injection) can be engineered to provide favorable connectivity conditions to promote 

capillary trapping. The effect of drainage flow rate on NW fluid connectivity after the 

drainage process was investigated. Opposite trends were observed from the two data sets 

obtained from Oregon State University and the Pacific Northwest National Laboratory. 

Experiments conducted at Oregon State University suggested that higher flow rates result 

in lower connectivity and thus increased capillary trapping while experiments at the 

Pacific Northwest National Laboratory indicated that lower flow rates result in lower 

connectivity and thus increased capillary trapping. Different x-ray CMT systems were 

used for data collection and different NW saturations were reached after the drainage 

process, possibly influencing the change in Euler number and causing the discrepancy 

between the data sets. The relationship between NW saturation and the Euler number was 

confirmed; CO2 should be injected at lower NW saturation values in order to obtain lower 

initial state NW connectivity and thus increased capillary trapping. 

In order to minimize initial NW saturation values, smaller volumes of injected 

CO2 would be required. This presents several problems for CO2 sequestration as CO2 is 

continuously produced from an industrial source. Additionally, injecting smaller volumes 

of CO2 would inefficiently utilize geologic storage capacity. Thus, NW fluid connectivity 

and injection scenarios need to be further investigated to minimize NW saturation values 

after drainage. This work attempted to determine if the injection rate can be engineered to 

promote favorable connectivity conditions after drainage. Future work should further 
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explore the effect of drainage flow rate and other fluid characteristics on initial NW fluid 

connectivity and initial NW fluid saturation. 
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