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Abstract: CO2 relative permeability is the key parameter in modeling CO2 

geological storage and CO2 enhanced oil recovery. However, the literature CO2 relative 

permeability data are often inconsistent and smaller than the actual values. This is 

because the traditional methods only obtain the global values of the three key parameters 

in relative permeability determinations: pressure drop, saturation and phase flux. These 

global values are often different from the local values due to capillary effects. 

This work develops new steady-state and unsteady-state methods to determine 

relative permeabilities. The new methods obtain the local values of the three key 

parameters, hence they have the advantage of experimentally avoiding capillary effects, 

which is crucial for gas and supercritical phase, such as CO2. The new methods give more 

accurate relative permeability data that are up to 50% higher than the traditional methods. 

This work uses the new methods to determine two-phase relative permeabilities 

for CO2-brine in Berea sandstone at different conditions (20-60 °C and 8-12 MPa). 

Within the scatter of data obtained here, the two-phase CO2 relative permeability data at 

different temperature and pressure conditions are similar. To ultimately resolve whether 
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two-phase CO2 relative permeability depends on temperature and pressure, experimental 

relative permeability data with less scatter are needed in future. 

This work also obtains three-phase CO2 and decane relative permeabilities at 70 

°C and 8 MPa when water is immobile. The key findings are: (1) the three-phase relative 

permeability of CO2 is higher than that of decane by one order of magnitude, which is 

consistent with CO2 being more non-wetting than decane in water-wet rocks; and (2) the 

three-phase CO2 relative permeability is lower than the two-phase CO2 relative 

permeability by another order of magnitude, which is consistent with CO2 becoming less 

non-wetting and getting similar to decane at high pressure. Thus when modeling water-

oil-CO2 three-phase flows, the CO2 relative permeability curve can vary significantly 

with temperature and pressure since thermodynamics affects wettability and interfacial 

tension. 
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Chapter 1. Overview and Background 

1.1 OVERVIEW OF THE DISSERTATION 

This dissertation has seven chapters, including one chapter of overview and 

background, five chapters on different research topics, one chapter of conclusion and 

future work, appendices on experimental details and a reference list. Chapter 1 gives an 

overview of the entire dissertation, and a background introduction of relative 

permeability and methods of relative permeability measurements. Chapter 2 presents an 

improved steady-state method of determining relative permeability and applies this 

method to obtain steady-state two-phase CO2 and brine relative permeability in Berea 

sandstone. Chapter 3 presents a new unsteady-state method of determining two-phase 

relative permeability by measuring local values of pressure drop, saturation and phase 

flux, and applies this new method to obtain unsteady-state two-phase CO2 and brine 

relative permeability in Berea sandstone. Chapter 4 presents an extended JBN method of 

determining two-phase relative permeability by extending the regular JBN method with 

local measurements of pressure drop, saturation and phase flux, and then applies this JBN 

extension to obtain unsteady-state two-phase CO2 and brine relative permeability in 

Berea sandstone. Chapter 5 uses the improved steady-state method and the new unsteady-

state method in Chapter 3 to obtain CO2 and brine relative permeability at different high 

temperature and high pressure conditions in Berea sandstone. Chapter 6 uses the 

improved steady-state method and the new unsteady-state method in Chapter 3 to obtain 

two-phase brine and decane relative permeability and three-phase CO2 and decane (brine 

is immobile) relative permeability at one reservoir condition in Berea sandstone. Chapter 

7 draws conclusions based on the results in Chapters 2-6 and proposes possible future 

work that can be done. 
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1.2 BACKGROUND 

1.2.1 Concept of Relative Permeability 

Relative permeability is a reduction of permeability in porous media subjected to 

multi-phase flow and a key parameter in modeling multiphase flow scenarios. It 

prescribes to what extent the flow of one phase in porous media becomes more difficult 

due to the presence of other phase(s). Relative permeability has been studied in both the 

petroleum literature [Wyckoff and Botset, 1936; Buckley and Leverett, 1942; Muskat, 

1949; Burdine, 1953; Johnson et al., 1959] and the hydrology literature (also known as 

unsaturated conductivity) [Irmay, 1954; Gardner and Miklich, 1962] since the 1950s. In 

petroleum engineering, the two-phase water-oil relative permeabilities and three-phase 

water-gas-oil relative permeabilities are critical to predict oil production scenarios that 

use a water flooding strategy [Johnson et al., 1959; Land, 1968, 1971] and water 

alternating gas flooding strategy [Stone, 1970, 1973; Oak, 1990, 1991; Oak et al., 1990; 

Blunt, 2000]. In unsaturated zone hydrology, the main concern in flow prediction has 

been for the relative permeability to the water phase, as it is assumed that the gas 

viscosity is low such that pressure gradients in the gas phase can be ignored. Recently, 

the growing research interests in CO2 geological storage have motivated both 

experimental measurements of CO2-brine relative permeabilities [Bachu and Bennion, 

2007; Krevor et al., 2012; Akbarabadi and Piri, 2013; Pini and Benson, 2013; Chen et 

al., 2014; Ruprecht et al., 2014; Manceau et al., 2015; Reynolds and Krevor, 2015] and 

modeling studies on CO2 geological storage that use CO2 relative permeability as a key 

input [Kovscek and Cakici, 2005; Kumar et al., 2005; Nordbotten et al., 2005; Juanes et 

al., 2006; Doughty, 2007; Celia and Nordbotten, 2009]. 
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1.2.2 Review on CO2 Relative Permeability 

1.2.2.1 Overview of Two-Phase CO2 Relative Permeability 

The global atmosphere CO2 concentration has increased by more than 10% in the 

last two decades and is around 400 pm by 2016 [Ballantyne et al., 2012; Dlugokencky 

and Tans, n.d.]. Among the carbon mitigation strategies, CO2 geological sequestration 

may play an important role in the future [Herzog, 2001; Haszeldine, 2009]. When 

modeling CO2 injection into deep saline aquifers or depleted oil reservoirs, CO2 relative 

permeability is the key parameter that determines CO2 injectivity and CO2 plume 

migration [Spiteri et al., 2005; McMillan et al., 2008; Mathias et al., 2013]. Although 

dozens of experimental studies have measured two-phase CO2-brine relative 

permeabilities in different rocks and at different temperature and pressures [Dria et al., 

1993; Bennion and Bachu, 2005, 2006b, 2008; Bachu and Bennion, 2007; Lee et al., 

2009; Perrin et al., 2009; Krevor et al., 2012; Pini et al., 2012; Akbarabadi and Piri, 

2013, 2015; Pini and Benson, 2013; Akhlaghinia et al., 2014; Chen et al., 2014; 

Farokhpoor et al., 2014; Levine et al., 2014; Ruprecht et al., 2014; Manceau et al., 2015; 

Reynolds and Krevor, 2015], there is a surprising amount of inconsistency between the 

data sets.  
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Figure 1-1. Two-phase oil relative permeabilities obtained by Oak et al. and recent two-
phase CO2 relative permeability measurements in sandstones 

 

This inconsistency can be seen in Figure 1-1, which shows many recent measured 

two-phase CO2 relative permeabilities in sandstone cores [Krevor et al., 2012; 

Akbarabadi and Piri, 2013; Pini and Benson, 2013; Levine et al., 2014; Ruprecht et al., 

2014; Manceau et al., 2015; Reynolds and Krevor, 2015]; included for comparison is the 

well-referenced measurement of two-phase oil relative permeability in Berea sandstone 

by Oak et al. [Oak et al., 1990]. The reported two-phase CO2 relative permeabilities in 

Berea sandstone (open gray symbols) and non-Berea sandstones (gray star and cross 

symbols) show two different trends (the gray dashed lines are guides for the eye), which 

are both well below the reported two-phase oil relative permeability over most of the 

water saturation range. The only exception is that data from Pini et al. [Pini and Benson, 

2013] show a few data points above the Oak curve at the lowest water saturations.  
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This low relative permeability has led to suggestions that the flow of CO2 through 

sandstone is fundamentally different from the flow of oil [Berg et al., 2013; Levine et al., 

2014]. This is surprising since CO2 and oil are both non-wetting phases in water-wet 

sandstones, so they are expected to behave similarly.  There have been many suggested 

potential reasons for the discrepancy including variations in contact angle and interfacial 

tension [Bennion and Bachu, 2006a, 2006b; Bachu and Bennion, 2007; Busch and 

Müller, 2011], viscosity effects [Krevor et al., 2012; Akbarabadi and Piri, 2013; Pini and 

Benson, 2013; Reynolds and Krevor, 2015], the differences between gaseous, liquid, and 

supercritical CO2 relative permeability [Lee et al., 2009], and rock types effects. Next, we 

will review this literature and investigate how these factors affect the two-phase CO2 

relative permeability determination. 

 

1.2.2.2 Effect of Temperature and Pressure on Two-Phase Relative Permeability 

Although temperature and pressure have no effect on the actual two-phase relative 

permeability, they influence the experimental measurements of two-phase relative 

permeability by changing the viscosities of both phases and the interfacial tension. In 

other words, temperature and pressure only determine how significant the experimental 

artifact is.  

The viscosities and the interfacial tension are the key parameters that determine 

the viscous pressure drop and the capillary pressure, respectively. There are two concerns 

in all relative permeability measurements [Krevor et al., 2012; Pini and Benson, 2013]: 

(1) whether the capillary pressure is negligible compared with the viscous pressure drop, 

and (2) what methods can be used to minimize the effect of capillary pressure when it is 

not negligible compared with the viscous pressure drop.  
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In particular for the CO2-brine system, the capillary pressure is typically close to 

the viscous pressure drop because of the low viscosity of CO2 [Pini et al., 2012; Pini and 

Benson, 2013]. Using the overall pressure drop to directly calculate CO2 relative 

permeability would result the obtained value smaller than the actual value. This is 

because the overall pressure drop contains the capillary pressure and is not just the 

viscous pressure drop. Hence, some experimental measurements [Lee et al., 2009] give us 

an illusion that the two-phase CO2 relative permeability depends on temperature and 

pressure. This experimental artifact can be and should be handled in every relative 

permeability determination, especially for gas and supercritical phase with low viscosity, 

such as CO2. In this dissertation, new steady-state and unsteady-state methods will be 

presented to eliminate capillary effects in determining two-phase relative permeability of 

CO2, as well as any other gas or supercritical phase with low viscosity. 

 

1.2.2.3 Effect of Rock Properties on Two-Phase Relative Permeability 

Some of the intrinsic properties of rock, such as wettability, pore properties, and 

heterogeneity, can affect relative permeability. Possible changes to two-phase relative 

permeability include: (1) the endpoint relative permeability, (2) the irreducible saturation, 

(3) the curvature of the relative permeability curve, and (4) the hysteresis (the difference 

in relative permeability curves between a path of increasing saturation and a path of 

decreasing saturation). Below reviews how the rock properties change these four factors. 

Wettability is, quoted from [Peters, 2012], “the tendency of one fluid spread on or 

adhere to a solid surface in the presence of other immiscible fluids”. For instance, as rock 

wettability changes from strongly water wet to oil wet, the oil relative permeability 

decreases and the water relative permeability increases (certainly the endpoint as well); 
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and in the meantime, the hysteresis of oil relative permeability becomes less significant, 

and the hysteresis of water relative permeability becomes more significant [Owens and 

Archer, 1971; Chilingar and Yen, 1983; Honarpour et al., 1986; Anderson, 1987]. 

The pore properties include porosity, pore size distribution, pore geometry and 

pore interconnection. First, it is expected that if porosity is lower than a threshold, the 

endpoint relative permeability would be significantly small. In particular, Bennion and 

Bachu [Bennion and Bachu, 2008] conduct two-phase CO2 relative permeability 

measurements in core samples of sandstone, carbonate, shale and anhydrites. They find 

that (1) for the carbonate and sandstone whose porosity ranges from 10% to 20%, the 

CO2 relative permeability at its maximum saturation during primary drainage is on the 

order of 0.1, (2) for the shale and anhydrite whose porosity ranges from 4% to 1%, the 

CO2 relative permeability at its maximum saturation is on the order of 0.01 to 0.0001. 

Second, the pore size distribution affects the surface area and resultantly affects the 

irreducible water saturation (for water-wet rocks) [Morgan and Gordon, 1970]. The 

irreducible water saturation not only directly affects the saturation span of the relative 

permeability curve, but also affects the endpoint two-phase CO2 (non-wetting phase) 

relative permeability. When there are more large pores, the irreducible water saturation is 

small because the surface area is small. When there are more small pores, the irreducible 

water saturation is large because the surface area is large. Third, pore-level modeling 

[Jerauld and Salter, 1990] suggests that (1) pore to throat ratio affects the hysteresis of 

the relative permeability curve, and (2) the spatial correlation between throat sizes affects 

the curvature of relative permeability. Last, only the connected pores are open for flow. 

For instance, study on the gas/water imbibition [Egermann et al., 2007] shows that the 

gas tends to be trapped in the vugs. Since these vugs are disconnected from the other 
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interconnected pores, the endpoint gas relative permeability is low even if the final 

trapped gas saturation is high. 

The rock heterogeneity can cause preferential saturation distribution during two-

phase flow inside a core and change the relative permeability curve. A study on two-

phase CO2-brine primary drainage relative permeability [Reynolds and Krevor, 2015] has 

shown that the two-phase CO2 relative permeability curves obtained from core floods 

with different saturation distributions have significantly different curvatures. 

 

1.2.2.4 Overview of Three-Phase CO2 Relative Permeability 

To our knowledge, three-phase CO2 relative permeability is only measured by 

Dria et al. (the other two phases are decane and brine) [Dria et al., 1993]. Instead, most 

experimental three-phase water-oil-gas relative permeability studies choose the 

gas/supercritical phase to be either nitrogen gas [Schneider and Owens, 1970; Oak et al., 

1990] or air [DiCarlo et al., 2000a, 2000b; Kianinejad et al., 2014, 2015a, 2015b, 2016a, 

2016b]. Nitrogen gas and air are much more non-wetting compared to the oil phase, since 

the solubility of nitrogen gas in oil is small (typically less than 0.1 in mole fraction, 

[Azarnoosh and McKetta, 1963; Gao et al., 1999; Tong et al., 1999]). However, this is 

not the case for the three-phase system of CO2, brine and decane at high temperature and 

high pressure (HTHP) conditions. For instance, in Dria’s experiment at 71 °C and 9.65 

MPa [Dria et al., 1993], the mole fraction of CO2 in the decane phase is as large as 0.67 

[Reamer and Sage, 1963; Nagarajan and Robinson, 1986; Chou et al., 1990; Jennings 

and Schucker, 1996; Eustaquio-Rincón and Trejo, 2001; Shaver et al., 2001; Jiménez-

Gallegos et al., 2006]; hence CO2 and decane can be similar to each other in terms of 
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wetting state. This is consistent with that the three-phase CO2 and decane relative 

permeabilities by Dria et al. [Dria et al., 1993] match with each other. 

Since the solubility of CO2 in decane changes with temperature and pressure, it is 

expected that the three-phase CO2 relative permeability depends on the thermodynamics. 

Future experiments on three-phase CO2-decane-brine relative permeabilities are needed 

to answer two questions. First, what is the critical solubility of CO2 in decane ( a critical 

temperature and pressure condition) at which three-phase CO2 and decane relative 

permeabilities start to match each other? Second, what do the three-phase CO2 and 

decane relative permeabilities look like when water is immobile? This work will try to 

answer the second question. 

 

1.2.2.5 A Bibliography of CO2 Relative Permeability Measurement Literature 

This section gives a bibliography of CO2 relative permeability measurements 

reported in the literature, on the alphabetic order of first authors. The reader shall see in 

the following, there is not a current method that can both experimentally avoids the 

capillary end effect and measures both the wetting phase and the non-wetting phase 

relative permeability. This motivates us to develop new steady-state and unsteady-state 

methods of measuring relative permeability to both phases with no capillary end effect. 

[Akbarabadi and Piri, 2013] conducted two-phase CO2-brine drainage and 

imbibition experiments to measure relative permeability in sandstone cores. They found 

gas CO2 and supercritical CO2 (scCO2) had different amounts of residual trapping, and 

attributed it to the wettability change of brine phase. At the end of their primary drainage 

experiments, water saturation was 50%, and endpoint CO2 relative permeability was 0.2. 

[Akbarabadi and Piri, 2015] conducted similar two-phase scCO2-brine drainage and 
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imbibition experiments to measure relative permeability, using CO2 contaminated by 

SO2. At the end of their primary drainage experiments, they obtained an endpoint CO2 

relative permeability of 0.04 at water saturation of 65%, which is a very low endpoint 

relative permeability. [Akhlaghinia et al., 2014] measured three-phase isoperm diagrams 

at three temperature conditions by injecting CO2 into a Berea sandstone core saturated 

with oil and water. They reported that the three-phase CO2 relative permeability increased 

with temperature, the endpoint CO2 relative permeability ranged from 0.3 to 0.5, and the 

final CO2 saturation ranged from 55% to 60%. [Al-Menhali et al., 2015] measured two-

phase CO2-brine and N2-brine relative permeability in Berea sandstone. They found CO2 

relative permeability is consistent with N2 relative permeability and they are both 

independent of temperature. They reported an endpoint CO2 relative permeability of 0.2. 

[Bennion and Bachu, 2005] conducted two-phase CO2-brine primary drainage 

experiments in sandstone and carbonate cores at reservoir conditions and measured 

relative permeability. They found the endpoint CO2 relative permeability increased with 

the viscosity ratio of CO2 to brine, and the endpoint CO2 relative permeability ranged 

from 0.1 to 0.3. [Bennion and Bachu, 2006b] found two-phase CO2 relative permeability 

decreased with increasing interfacial tension. [Bennion and Bachu, 2008] measured two-

phase CO2-brine and H2S-brine relative permeability in sandstone and carbonate cores. 

They found, similar to CO2, H2S relative permeability also increased with decreasing 

interfacial tension; and they reported an endpoint non-wetting phase relative permeability 

of 0.1~0.5. [Berg et al., 2013] conducted unsteady-state two-phase CO2-brine and 

decane-brine drainage experiments in Berea sandstone. By assuming a relative 

permeability model with prior fitting parameters and a capillary pressure curve, they used 

a reservoir simulator to simulate the saturation profile. Eventually they obtained the 
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posterior fitting parameters by history matching saturation measurement with simulated 

results. 

[Chen et al., 2014] determined two-phase CO2-brine relative permeability using a 

long Berea sandstone core. They reported an endpoint CO2 relative permeability of 0.5. 

With pressure taps on the core, they found the relative permeability in the center of the 

core were higher than those calculated from the overall pressure drop, which was direct 

evidence of how the capillary end effect affected the overall pressure drop. [Dria et al., 

1993] conducted three-phase CO2-decane-brine relative permeability measurements in a 

dolomite core at an elevated temperature condition. They reported an endpoint CO2 

relative permeability of 0.2, and found CO2 and decane had similar relative permeability 

curves. They explained this was because CO2 and decane had similar wettability at this 

particular condition. [Egermann et al., 2006] conducted both two-phase N2-brine and 

CO2-brine relative permeability in limestone at different conditions. They found N2 and 

CO2 had similar relative permeability. [Farokhpoor et al., 2014] conducted two-phase 

CO2-brine primary drainage experiments in Svalbard sandstones. By using the similar 

history matching methods as [Berg et al., 2013], they reported an endpoint CO2 relative 

permeability of 0.1 at a maximum CO2 saturation of 10%. 

[Krevor et al., 2012] conducted two-phase scCO2-brine drainage experiments in 

Berea sandstone. They reported an endpoint CO2 relative permeability of 0.4 and found 

their CO2 relative permeability curve was consistent with the two-phase oil relative 

permeability by [Oak et al., 1990]. They pointed out the low maximum CO2 saturation 

and the associated endpoint CO2 relative permeability were limited by the capillary 

pressure achieved in experiments and these might not represent actual values. [Lee et al., 

2009] measured two-phase endpoint CO2 relative permeability in Berea sandstone during 

drainage experiments when CO2 was gas, liquid and supercritical. They found CO2 
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relative permeability increased with the viscosity ratio of CO2 to brine. [Levine et al., 

2014] used the unsteady-state method developed by [Ramakrishnan and Cappiello, 1991] 

to determine two-phase endpoint CO2 relative permeability in Berea sandstone and found 

the value was 0.4. As a result, they suggested the rock might not be strongly water-wet in 

the presence of CO2. [Manceau et al., 2015] measured two-phase CO2-brine relative 

permeability in a sandstone core. Using the unsteady-state method by [Pini and Benson, 

2013], they reported an endpoint CO2 relative permeability of 0.8, which was evidence 

that this sandstone was strongly water-wet. 

[Perrin et al., 2009] measured two-phase CO2-brine relative permeability in a 

heterogeneous core and a Berea sandstone core. They reported an endpoint CO2 relative 

permeability of 0.6 and 0.1 for the heterogeneous core and the Berea core, respectively. 

They also found CO2 relative permeability increased with flow rate. [Pini et al., 2012; 

Pini and Benson, 2013] used the unsteady-state method by [Ramakrishnan and 

Cappiello, 1991] to measure two-phase endpoint CO2 relative permeability in Berea 

sandstone. They found gas CO2, scCO2, and nitrogen gas have the similar relative 

permeability curve regardless of being different fluids. They reported an endpoint CO2 

relative permeability of 0.9, which showed Berea sandstone was still strongly water-wet 

in the presence of CO2. 

[Ramakrishnan and Cappiello, 1991] for the first time presented an unsteady-state 

method by stepwise increasing the flow rate of the non-wetting phase during two-phase 

primary drainage. By taking the derivative of overall pressure drop with respect to flow 

rate, the endpoint non-wetting phase relative permeability were obtained at the core inlet. 

As a result, the non-wetting phase relative permeability and its saturation increased 

stepwise with the increasing non-wetting phase flow rate. [Reynolds and Krevor, 2015] 

measured two-phase scCO2-brine and N2-brine relative permeability in a heterogeneous 
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Bentheimer sandstone core at different viscosity ratios, interfacial tensions and flow 

rates. They reported a maximum relative permeability of 0.26. They found due to the low 

viscosity of CO2, when the capillary number was less than 0.1, CO2 relative permeability 

depended on viscosity ratio, interfacial tension and flow rate; and when the capillary 

number was higher than 10, this dependency was not observed. [Ruprecht et al., 2014] 

measured two-phase CO2 relative permeability in Berea sandstone with drainage and 

imbibition experiments. They reported an endpoint CO2 relative permeability of 0.36 by 

using the unsteady-state method [Pini et al., 2012; Pini and Benson, 2013]. 

Based on all above, the author summarizes two common senses from current CO2 

relative permeability literature: (1) the low two-phase endpoint CO2 relative permeability 

in many experiments was merely due to the low viscosity of CO2 and should be fixed 

with either increasing the capillary number or using some well-designed experimental 

methods, and (2) the two-phase non-wetting phase relative permeability does not depend 

on fluids and typical sandstones are still strongly water wet in the presence of CO2. 

 

1.2.2.6 Pore Scale Studies on Relative Permeability 

This section first reviews pore-scale simulation studies of calculating relative 

permeability, and then discusses the relation between my experimental studies with these 

simulations and finally talks about the feasibility of experimentally measuring relative 

permeability at pore scale. 

Here I review two pore-scale methods. First, the pore network methods construct 

a network of pores and throats to represent porous media, and relative permeability can 

be obtained by solving Navier-Stokes equation and Darcy Buckingham equation. Second, 

the lattice Boltzmann methods use Boltzmann equations to describe the evolution of 
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particle distribution function in a lattice, from which relative permeability can be 

calculated using simple moment sums and Darcy Buckingham equation. 

 

Pore Network Modeling 

[Mohanty and Salter, 1982] used a cubic network model that combined pore 

geometry, displacement mechanism and hysteresis to calculate pore-scale fluid transport 

properties. They found during imbibition and secondary drainage, the flow path of any 

phase became most tortuous at phase saturation slightly above residual, which caused low 

relative permeability of the phase. [Jerauld and Salter, 1990] simulated the hysteresis of 

relative permeability and capillary pressure based on the pore-scale model of [Mohanty 

and Salter, 1982]. They found the aspect ratio of pore to throat was the determinant 

factor of the hysteresis and non-wetting phase relative permeability increased when the 

spatial correlation of throat sizes increased. 

[Blunt and King, 1991; Bryant and Blunt, 1992] used a pore-scale model 

represented by random packing of equal spheres to calculate relative permeability during 

two-phase displacements. They found relative permeability depended on capillary 

number and viscosity ratios when a less viscous fluid displaced a more viscous fluid at 

intermediate flow rates. [Bakke and Øren, 1997] generated a pore-scale model using the 

modeling of sandstone-forming processes and backscatter electron (BSE) image of rock 

thin section. They found the simulated relative permeability had good agreement with 

experimental data. [Rajaram et al., 1997] used a cubic pore-scale model to simulate two-

phase displacements in soil and calculate relative permeability. They found when the 

cross correlation of throat radii originating at the same site but with different orientation 

changed, the simulated relative permeability curves varied significantly. 
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[Valvatne and Blunt, 2004] used a geologically realistic pore-scale model by 

[Bakke and Øren, 1997] and designed a workflow to calculate oil recovery and relative 

permeability by adjusting distributions of pore size and contact angle. [Joekar-Niasar et 

al., 2008] calculated relative permeability, saturation and interfacial area using two pore-

scale models: a tube network and a sphere-and-tube network. They suggested the sphere-

and-tube model was more realistic since it predicted the hysteresis. Their results showed 

the hysteresis of the relative permeability-interfacial area curve was stronger than the 

relative permeability-saturation curve. 

[Mehmani and Prodanović, 2014] used pore-scale networks that considered both 

intergranular porosity and micropososity to simulated relative permeability. They found 

when the clay-filling micropososity dominated over intergranular porosity, relative 

permeability to both wetting and non-wetting phases decreased by 50%. 

 

Lattice Boltzmann Methods 

[Gunstensen and Rothman, 1993] used a lattice Boltzmann model to simulate the 

multiphase flow in a random sphere pack. They found under high external force, typical 

relative permeability curves were obtained and equal values for the viscous coupling 

relative permeability terms; while under low external force, the flow is nonlinear. [Martys 

and Chen, 1996] used a lattice Boltzmann model to simulate two-phase flow in 

Fontainebleau sandstone. They calculated relative permeability that were similar to 

experimental measurements and found it was simple to incorporate external interactions 

to this model. 

[Huang and Lu, 2009] used a Shan-Chen-type lattice Boltzmann model to 

simulate two-phase displacement in both co-current and counter-current flows. The 

model’s advantage was that it could tolerate density ratio as high as 56 and adjust the 
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contact angle. They found the simulated relative permeabilities during co-current flow 

were greater than those during counter-current flow. [Boek and Venturoli, 2010] used a 

lattice Boltzmann method to simulate two-phase flow in a Berea 2D micro-model and 

Bentheimer sandstone. Similar to [Gunstensen and Rothman, 1993], [Boek and Venturoli, 

2010] found the simulated relative permeabilities depended on external force. 

 

Experimental Measurements of Relative Permeability at Pore Scale 

The pore-scale simulations on relative permeability elucidate the pore-level 

physics of multiphase displacements. This work focuses on experimental measurements 

of CO2 relative permeability at core-scale, and can be used to constrain these pore-scale 

simulations. 

However, is it possible to experimentally measure relative permeability at pore 

scale using a 1-cm long core and micro CT? The answer is no in terms of conventional 

core floods, since a 1-cm long core will be dominated by capillary entrance and end 

effects [Chen et al., 2014, 2016a, 2016b; Chen and DiCarlo, 2016]. This is why there are 

many experimental measurements of capillary pressure and interfacial area at pore-scale 

using micro CT [Culligan et al., 2004, 2006; Porter et al., 2010; Armstrong and 

Wildenschild, 2012; Armstrong et al., 2012], but no experimental measurements of 

relative permeability at pore-scale. Fortunately, recent advances in micro-scale CT may 

provide a feasible approach. [Clausnitzer and Hopmans, 2000; Wildenschild et al., 2002; 

Wildenschild and Sheppard, 2013] have shown that fast synchrotron X-ray CT can 

accurately capture multiphase fluid distributions in porous media within a time negligible 

to flow. These measurements give in situ saturation filed and velocity field. Then relative 

permeability can be calculated by matching the simulated velocity field with actual 

measurements. Certainly within the simulation, capillary entrance and end effects have to 
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be taken care of; and using the in situ contact angle and interface curvature 

measurements, one may calculate the capillary pressure in space and time and incorporate 

it into simulations. 

 

1.2.3 Review of Relative Permeability Determination Methods 

1.2.3.1 Overview 

Relative permeability is used in the two-phase Darcy-Buckingham equation: 

 

Qi =
kriKA
µi

⋅
ΔPi

L
 ,

 

Equation 1-1 

 

where Qi is the phase i volumetric flow rate, kri is the phase i relative 

permeability, K is the permeability, A is the cross section area, ΔPi is the phase i pressure 

drop, μi is the phase i viscosity and L is the length of porous media. To measure relative 

permeability, one needs to have local measurements of saturation (Si), flow rate and 

pressure drop of phase i. In terms of core floods, obtaining global (core integrated) 

measurements of Si, Qi, and ΔPi
 are typically straightforward; unfortunately the global 

values can vary significantly from the local values. The key to any relative permeability 

measurement method is designing the method to obtain local values of the three 

quantities. Here, we review how these quantities are obtained in both steady and unsteady 

methods, which are the two categories of relative permeability determination methods. 
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1.2.3.2 Steady-State Methods 

During steady-state methods, equilibrated two phase fluids are injected into a core 

until the measured overall pressure drop and the overall saturation do not change with 

time . The phase flow rates, the saturation, and the pressure drop are constants along the 

core when steady state is reached. Thus, for steady-state methods, the global 

measurements are equivalent to the local measurements and the relative permeability 

equation can be used directly. This simple equivalence between global and local values 

makes steady-state methods the gold-standard of relative permeability measurements.  

Potentially there are some complicating capillary effects that occur at the inlet and 

outlet of the core. In particular for low viscosity fluid, such as CO2, the capillary effects 

are strong enough to plague the CO2 relative permeability determination [Krevor et al., 

2012; Akbarabadi and Piri, 2013; Pini and Benson, 2013; Reynolds and Krevor, 2015]. 

These effects can be remedied either by either correction or experimental design 

improvement. As for the correction method, Bennion et al. proposed to measure endpoint 

CO2 relative permeability at different flow rates and fit the two parameters with an 

exponential function. Then they corrected the endpoint CO2 relative permeability by 

extrapolating this function to infinite flow rate [Bennion and Thomas, 1991; Bennion and 

Bachu, 2005, 2006a, 2008]. The experimental design improvement is by measuring 

pressure drops and saturations in the center of the core, which were used in [Chen et al., 

2014] and a submitted GHGST manuscript [Chen et al., 2016b]. In chapter 2, this 

improved steady-state method will be described in details. 

Since at each steady state only two data points are obtained (the relative 

permeability of each phase), the process must be repeated for each flux ratio to obtain a 

full relative permeability curve. This makes the steady-state methods very time 
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consuming (in addition, steady state is achieved very slowly at the end points) and 

expensive.  

 

1.2.3.3 Unsteady-State Methods 

Compared with the relative time-consuming steady-state methods, the unsteady-

state methods take less time to complete the measurements. Unsteady-state methods have 

been developed, particularly in determining oil-brine relative permeabilities [Buckley and 

Leverett, 1942; Welge, 1952; Johnson et al., 1959; Jones and Roszelle, 1978; Hagoort, 

1980; Toth et al., 1998, 2002]. Many of these unsteady-state methods obtain the local 

saturations and phase flow rates from their global measurements by solving the continuity 

equation along with Darcy Buckingham equation either analytically or numerically. In 

the well-known JBN method [Johnson et al., 1959; Jones and Roszelle, 1978; Toth et al., 

1998, 2002], one phase is injected into a core saturated with another phase, during which 

the overall pressure drop and outlet flux (effluent) are measured versus time. Again, the 

global measurements of pressure drop, phase flow rate, and saturation (through mass 

balance) are taken, but now there are large differences between the global and local 

values both in both time and space. The local values are obtained by assuming a 1-

dimensional Buckley Leverett [Buckley and Leverett, 1942; Welge, 1952] type 

displacement, and from mathematical inversions both the relative permeabilities and the 

saturations at the outlet are calculated. This procedure is done versus time, allowing 

many different saturations and relative permeabilities to be obtained from one 

displacement. 

There are other unsteady-state methods; all use slightly different ways of 

obtaining local values of the three key quantities. Hagoort et al. [Hagoort, 1980] 
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extended the JBN method to oil displacement by air in a centrifuge. The expression for 

oil relative permeability at the outlet is simplified from the original JBN expression to the 

oil production rate due to high mobility of air and low capillary pressure. 

In the variations of the JBN method, the capillary pressure is ignored. However, 

for low viscosity fluids, such as CO2, the capillary pressure cannot be ignored since it is 

close to the viscous pressure drop [Krevor et al., 2012; Pini et al., 2012; Pini and Benson, 

2013]. There are methods that consider or even taken advantage of or avoid the capillary 

pressure effects, which are introduced as follows.  

Schembre et al. [Schembre and Kovscek, 2003] and Berg et al. [Berg et al., 2013] 

did two-phase displacement experiments and measured saturation profiles, pressure drop 

and effluent versus time. They input a prior model of relative permeability and a capillary 

pressure curve to numerically solve the coupled Darcy Buckingham equation and 

continuity equation, and eventually they obtained a posterior relative permeability model 

that best matched simulated results with measurements. 

Ramakrishnan et al. [Ramakrishnan and Cappiello, 1991; Levine et al., 2014] and 

Pini et al. [Pini and Benson, 2013] injected non-wetting phase into a wetting phase 

saturated core at increasing flow rates. They fit the flow rate versus overall pressure drop 

with a function. By taking the derivative of this function, CO2 relative permeability was 

determined at the inlet of the core. This method, along with the correction method by 

Bennion and Bachu [Bennion and Thomas, 1991; Bennion and Bachu, 2005, 2006a, 

2008], are colloquially known as bump test methods as the flow rate is increased or 

“bumped up” for the final steps. 

DiCarlo et al. and Kianinejad et al. [DiCarlo et al., 2000a, 2000b; Kianinejad et 

al., 2014, 2015a, 2015b, 2016a, 2016b] conducted gravity drainages and measured local 

saturations and fluxes in-situ using CT scanning. The local pressure gradient was taken to 
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be the gravitational gradient, which was shown to be a good assumption for the center 

portion of the column.  

This dissertation introduces two new unsteady-state methods that are based on 

local measurements of pressure drop, saturation, and phase flux. The advantage over the 

regular JBN method is that these two new methods experimentally avoid the capillary 

effects. The details are in chapter 3 and chapter 4. 
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Chapter 2. An Improved Steady-State Method of Determining Two-
Phase Relative Permeability1 

 

2.1 OVERVIEW 

Again, the conventional steady-state method of relative permeability 

determination is plagued by the capillary end effect, especially for low viscosity fluids, 

such as CO2. The experimental improvement herein is by having pressure drop 

measurement away from the capillary dominated exit region of the core and in situ 

saturation. To achieve this, a long (60.8 cm) Berea sandstone core was chosen and four 

pressure taps were drilled through the core such that pressure drops of five individual 

sections of the core were monitored. A medical X-ray Computed Tomography (CT) 

scanner was used to measure the in situ saturation. In this chapter, five CO2-brine primary 

drainage experiments at 20 °C and 10.34 MPa (1500 psi) are shown. Each consists of a 

few steps at different water fractional flows (fw, defined as water flux divided by total 

flux). The saturation profile and pressure drop data at the steady state are used together to 

determine CO2 and brine relative permeabilities with minimized capillary effects. 

 

2.2 EXPERIMENTAL METHODS 

2.2.1 Rock 

Berea sandstone has been extensively used in previous two-phase relative 

permeability experiments [Fulcher et al., 1985; Oak et al., 1990; Schembre and Kovscek, 

2003; Lee et al., 2009; Perrin et al., 2009; Zuo et al., 2011; Krevor et al., 2012; Pini et
                                                
1 This chapter is based on: X Chen, A Kianinejad and DA DiCarlo (2016b), Measurements of CO2-Brine Relative Permeability in 
Berea Sandstone Using Pressure Taps and a Long Core, Greenh. Gases Sci. Technol., In production. Kianinejad helped with 
experiments and DiCarlo is my supervisor. 
 



 23 

al., 2012; Akbarabadi and Piri, 2013; Pini and Benson, 2013]. Berea sandstone was also 

used herein for straightforward comparisons with previous studies. The sample was one 

60.8-cm long and 7.14-cm diameter cylindrical core. Bedding planes were parallel to the 

axial direction of the core. Firing was not performed to preserve the petrophysical 

properties.  

 

2.2.2 Fluid Properties 

Five CO2-brine primary drainage experiments were conducted at 20 °C (room 

temperature) and 10.34 MPa (1500 psi). At this condition, brine (2 wt% NaCl) and CO2 

were concurrently flowing in the core as two liquid phases. The viscosities of non-

equilibrated brine and non-equilibrated CO2 are 1.040 cp [Mao and Duan, 2009] and 

0.085 cp [Vesovic et al., 1990; Fenghour et al., 1998], respectively; and their densities 

are 1011.7 kg/m3 (measured here) and 860.4 kg/m3 [Duan et al., 1992; Span and 

Wagner, 1996], respectively. Before experiments, equilibrated CO2 (saturated with brine) 

and equilibrated brine (saturated with CO2) were prepared in two vertically placed 1.5-L 

piston accumulators at 20 °C and 10.34 MPa, so there would be no mass transfer between 

the two phases during the experiments. The viscosities of the equilibrated-CO2 and 

equilibrated-brine increase due to the dissolved solutes, and are 0.087 cp and 1.081 cp, 

respectively [Wang and Clarens, 2012]. Details on the preparing equilibrated fluids are in 

Appendix A. 

 

2.2.3 Core Flooding Experiment Setup 

Figure 2-1 shows the schematic core flood setup. The rock sample was wrapped 

with three layers: outward from the core was heat-shrink tubing, followed by aluminum 
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foil and another heat-shrink tubing. The inside heat-shrink tubing provided a barrier to 

brine, while the aluminum foil prevented CO2 from contacting the rubber sleeve, and the 

outside heat shrink tubing kept the aluminum foil in shape. The wrapped rock was then 

snugly placed in a Viton rubber sleeve inside a vertically placed aluminum core holder. 

Water was pumped into the annulus between the core holder and the rubber sleeve to 

keep a confining pressure of 2000 psi (13.8 MPa).  

 

 

Figure 2-1. Schematic setup of core flooding apparatus in this study 

 

Four pressure taps were drilled through the core wrapping at positions of 15.24, 

25.40, 35.56, and 45.72 cm along the axis (inlet is 0 cm). Six differential pressure 

transducers continuously monitored the overall pressure drop (ΔPio) and the pressure 

drops of five individual sections of the core divided by the taps and the inlet and the 

outlet tubing. From the upstream to the downstream, these five sections were named as 
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section 1, section 2, section 3, section 4 and section 5; and their pressure drops were 

named as ΔPi1, ΔP12, ΔP23, ΔP34 and ΔP4o. A Rosemount 2051 series differential pressure 

transducer [range: -2068~2068 kPa (-300~300 psi); accuracy: 0.075 % of the range] 

measured the overall pressure drop; and five Rosemount 3051 series differential pressure 

transducers [range: -249.1~ 249.1 kPa (-1000~1000 inch water); accuracy: 0.04% of the 

range] measured the pressure drops of five individual sections of the core. 

Two Teledyne Isco dual-pump systems were used to inject brine and CO2 from 

respective accumulators (flow rate accuracy is ±0.5%). The two-phase effluent entered a 

vertical 1.5-L piston accumulator (hereafter Acc_C, see Figure 2-1). Before experiments, 

the top of Acc_C was filled with 30 ml brine at 20°C and 1500 psi, while the remaining 

volume in the bottom of Acc_C was filled with DI water. The bottom of Acc_C was 

connected to a backpressure regulator (BPR) (Core Laboratories L.P.) whose dome was 

connected to a gas nitrogen tank at 1500 psi to maintain a stable back pressure in the 

system. By collecting the high-pressure effluents of brine and liquid CO2 at the top and 

discharging DI water from the bottom through the BPR, this downstream accumulator 

(Acc_C) minimized the fluctuations of the measured pressure drops. 

  

2.2.4 Determination of Porosity and Saturation With X-ray CT 

The core holder was vertically mounted onto a vertical positioning system that 

allowed it to move up and down through a medical X-ray CT scanner. The scanner 

voltage and current are 140 kV and 100 mA. X-rays were shot to 62 consecutive 1 cm 

thick slices of the core along the axis, with 1 cm distance between two neighboring 

slices’ center. The 1st slice and 62nd slice of CT images contained the stainless steel end 

caps and hence were not used. In addition, the X-rays were blocked by the stainless steel 
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fittings at the pressure taps, so two slices of CT images nearby each tap were not used. 

Thus, a total of 52 one-cm thick slices of CT scans were used in determining porosity and 

saturation along the axis. During experiments, the in situ saturation was monitored by the 

CT scanner every 0.05 pore volume (hereafter PV) of total injection until steady state. 

Using the linearity between CT number and density [Mull, 1984; Wang et al., 

1985; Peters and Hardham, 1990], the porosity and the saturation were calculated using 

Equation 2-1 and Equation 2-2. In these two equations, CTwet, CTdry, CTx, CTbrinesat and 

CTCO2sat are the CT numbers when the core was saturated with non-equilibrated brine, dry, 

saturated with two-phase fluids during drainage, saturated with equilibrated brine and 

equilibrated CO2, respectively; CTbrine and CTair (-1000) are the CT numbers of non-

equilibrated brine and air. The CT number of non-equilibrated brine (CTbrine) is 

extrapolated as 14 (the densities of air, pure water and non-equilibrated brine in this study 

are 1.225, 997.3 and 1011.7 kg/m3, respectively, and CTwater=0). For the slice-wise 

average saturation, the average CT number of each CT image was used. For the pixel-

wise saturation, a mean filter of a 7×7 neighborhood was applied to the CT image and an 

average denominator (CTbrinesat–CTCO2sat) was used at each position along the core to 

minimize the measurement noise. 

 

φ =
CTwet −CTdry
CTbrine −CTair  

Equation 2-1 

 

Sw =
CTx −CTCO2sat

CTbrinesat −CTCO2sat  

Equation 2-2 
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2.2.5 CO2-Brine Two-Phase Relative Permeability Determination 

To determine two-phase relative permeabilities, concurrent flow of pre-

equilibrated brine and CO2 was used. First, the equilibrated-brine was injected to displace 

the non-equilibrated brine. Second, the two dual-pump systems co-injected the 

equilibrated brine (hereafter brine) and the equilibrated CO2 (hereafter CO2) at specified 

flow rates. When the steady state was reached, we changed the flow rates with a lower 

water fractional flow and continued the drainage experiment, until the final 100% CO2 

injection. In summary, of the five primary drainage experiments at 20 °C and 10.34 MPa 

(1500 psi), three had five steps and two only had 100% CO2 injection and the flow rates 

are in Table 2-1. Of these five experiments, the capillary number (defined as brine 

viscosity times brine’s Darcy velocity divided by interfacial tension) is less than 10-6; 

hence all experiments were within the capillary dominated flow regime. 

 

Table 2-1. Injection rates during each primary drainage experiment 

  qbrine:qCO2 100:0 50:50 10:90 1:99 0.1:99.9 0:100 

Exp5 qbrine(ml/min) 2.000 1.000 0.200 0.040 0.008 0 
qCO2(ml/min) 0 1.000 1.800 3.960 7.992 8.000 

Exp6 qbrine(ml/min) 4.000 2.000 0.400 0.080 0.016 0 
qCO2(ml/min) 0 2.000 3.600 7.920 15.984 16.000 

Exp7d qbrine(ml/min) 2.000 1.000 0.200 0.020 0.002 0 
qCO2(ml/min) 0 1.000 1.800 1.980 1.998 2.000 

Exp8d qbrine(ml/min) NA 0 
qCO2(ml/min) 2.000 

Exp9d qbrine(ml/min) NA 0 
qCO2(ml/min) 4.000 

 

During each step of the primary drainage, the steady state was achieved after less 

than 2 PV for fw = 0.5, 0.1, and around 5 PV for fw = 0.01, 0.001 and 0. We determined 

the steady state was reached when the overall pressure drop and the pressure drops of five 
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sections of the core all became stable and the saturation profile along the core also did not 

change with time. The stable pressure drop and saturation data at the steady state were 

used to calculate the CO2 and brine relative permeabilities. 

 

2.3 RESULTS FROM FIVE PRIMARY DRAINAGES 

2.3.1 Determination of Steady State in Terms of Pressure Drop and Saturation 

This section takes the primary drainage Exp5 (at 20 °C and 1500 psi) as an 

example to show how it was determined that steady state was reached in terms of stable 

pressure drops and saturations. Figure 2-2 (a) shows at the drainage step of fw=0.5, the 

pressure drop of each section became stable after 0.5 PV of injection, and the pressure 

drop fluctuations were within ±0.05 psi for sections 1, 2, 3 and 4, and within ±0.15 psi for 

section 5. Figure 2-2 (b) shows at the same drainage step of fw=0.5, the core average 

water saturation decreased by 11.9 % (absolute saturation) from the beginning to 0.57 

PV, and increased by 0.6 % (absolute saturation) from 0.57 PV to 0.77 PV. This 0.6 % 

increase in water saturation is considered within the measurement error (0.4 % absolute 

saturation) and does not reflect the actual saturation change. Hence steady state was 

reached after 0.5 PV. 

According to Buckley Leverett fractional flow theory [Buckley and Leverett, 

1942], more pore volumes of injection is needed to reach steady state at drainage steps 

with lower fw. This is because the relative permeability of the water phase becomes much 

smaller with decreasing fw, and it takes longer to redistribute the water. Figure 2-2 (c) and 

Figure 2-2 (d) show the water saturation profiles recorded versus time at the drainage 

steps of fw=0.01 and fw=0. At the drainage step of fw=0.01, the core average water 

saturation decreased by 11.9 % (absolute saturation) from 0.11 PV to 2.26 PV, and 
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decreased by 0.2 % (absolute saturation) from 2.26 PV to 4.39 PV. Again, the 0.2 % 

water saturation change was considered within the measurement error (0.4 % absolute 

saturation). The water saturation did not change after 2.26 PV.  

 

 

Figure 2-2. (a) Pressure drop measured versus total injected pore volume for the drainage 
step fw =0.5 during Exp5, water saturation profiles versus total injected pore volume for 
the drainage steps of (b) fw=0.5, (c) fw =0.01 and (d) fw =0 during Exp5 
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At the drainage step of fw=0, the water saturation was still changing at 4.21 PV of 

CO2 injection. At early times (0.12-2.62 PV), the water redistributed towards the exit; and 

at later times (2.62-4.21 PV) the water saturation decreased by 2.1% (absolute saturation) 

throughout the core. Rough estimates based on mass balance show that, between 2.62 PV 

and 4.21 PV, the water flow rate was less than 0.08 ml/min, or the fractional flow of 

water throughout the core was less than 0.01. Since the water was still flowing at an 

uncertain rate, the water relative permeability cannot be calculated for this step.  

However, the CO2 flux is known to an accuracy of better than 1% at these times 

as the flow rate of CO2 (8 ml/min) was two orders of magnitude higher than the actual 

water rate. Thus the flux of CO2 was measured accurately. Along with the measured 

pressure drop (accuracy 3% of the overall pressure drop) and measurements of water 

saturation (accuracy 0.4% absolute water saturation), the CO2 relative permeability can 

be obtained even though absolute steady state was not reached. Hence, only the CO2 

relative permeability was reported for this case (fw=0). 

In summary, steady state was reached for each non-zero fractional flow drainage 

step, allowing measurements of the relative permeability of both phases. Steady state was 

not reached for the fw = 0 step and only the CO2 relative permeability could be obtained. 

 

2.3.2 Phase Pressures Measured at Pressure Taps 

The drainage step of fw=0.5 during primary drainage Exp5 is taken as an example 

to show which phase (brine or CO2) pressure was measured at pressure taps. Before CO2 

breakthrough, in the space between the CO2 front and the core outlet, both the core and 

the pressure taps were filled with brine. Hence, single-phase brine flow was measured 
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between the taps and the measured pressure drop was constant across each section. This 

is observed in Figure 2-2 (a): the pressure drop of every section started from a stable 

value.  

Upon the CO2 front arrival at the upstream pressure tap of one section, CO2 started 

to displace brine at this tap. Once CO2 occupied this tap, the measured pressure drop 

between this tap and the downstream tap (still filled with brine) was the sum of a 

capillary pressure and the pressure drop of single-phase brine flow across this section. As 

a consequence, the measured pressure drop of this section showed a sudden increase. 

This is observed in Figure 2-2 (a) and Figure 2-2 (b): for instance, at 0.10 PV, the 

pressure drop of section 2 suddenly increased by 1 psi (Figure 2-2 (a)); in the meantime, 

CO2 front just arrived at the upstream pressure tap of section 2 at 0.10 PV (Figure 2-2 

(b)). This 1 psi pressure increase is roughly the capillary pressure at this tap (Pc(Sw=97%) 

is estimated from Pentland et al. [Pentland et al., 2011] capillary pressure curve in Berea 

sandstone). 

After the CO2 front arrival at the downstream pressure tap of one section, CO2 

would eventually occupy this downstream tap by displacing brine. When both the 

upstream tap and the downstream tap of this section were filled with CO2, the measured 

pressure drop across this section was just the CO2 phase pressure drop during the two-

phase flow. Since the capillary pressure was not measured any longer, the measured 

pressure drop across this section showed a sudden decrease by roughly the capillary 

pressure. This is observed in Figure 2-2 (a) and Figure 2-2 (b): for instance, at 0.18 PV, 

the pressure drop of section 2 suddenly decreased by 1 psi (Figure 2-2 (a)); while at 0.15 

PV, CO2 front just arrived at the downstream pressure tap of section 2 (Figure 2-2 (b)). 

The small time lag (0.03 PV) between the pressure drop decrease and the CO2 front 
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arrival is mostly likely because it took some time for CO2 to completely displace brine at 

the downstream tap. 

After CO2 front arrived at all the pressure taps, CO2 had occupied all the taps and 

the CO2 phase pressure was measured at the taps instead. During the following drainage 

steps with lower fw, CO2 kept occupying the pressure taps and the pressures measured at 

the taps were always of the CO2 phase. 

 

2.3.3 Porosity and Steady State Saturation 

Figure 2-3 (a) shows porosity images at specific positions along the core. The 

porosity was uniform in the planes perpendicular to the core axis. The beddings were in 

the NE-SW direction. Figure 2-3 (b) (open squares) shows the integrated porosity at each 

location. Again, around each pressure tap, two scans were not used because X-rays were 

blocked by the stainless steel fittings, and are omitted. Figure 2-3 (b) shows the porosity 

was uniform along the axis and the average porosity was 17.6±0.2% (the error is 2 times 

standard deviation).  
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Figure 2-3. (a) 1-cm thick slices of porosity images along the core axis (plane positions at 
4, 12, 20, 28, 37, 44, 52, and 60 cm), (b) porosity profiles along core axis, (c) steady-state 
water saturation images along the core axis (plane positions are the same as porosity 
images) at every drainage step of primary drainage Exp5.  

 

Figure 2-3 (c) shows the steady-state water saturation images along the core axis 

for every fractional flow step of primary drainage Exp5. Only 8 of the 52 images are 

shown at each step for clarity. From the left to the right, each drainage step had a lower fw 

than the previous one. It can be seen that: (1) the steady-state water saturation decreased 

with decreasing fw; (2) the water saturations near the core inlet (at 4 cm) at low fw steps 

(fw=0.01, 0.001, 0) were significantly lower than the downstream (the entrance effect); 

and (3) during the entire drainage water saturation was uniform in the planes 

perpendicular to the core axis and this observed uniformity indicates the measured flow 

represented the entire core instead of part of it. 
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Figure 2-4. Steady state water saturation profiles at different drainage steps (different fw) 
in primary drainage (a) Exp5; (b) Exp6 and (c) Exp7d; and (d) one-step 100% CO2 
injections Exp8d and Exp9d. 

 

Figure 2-4 shows the steady-state water saturation profiles at each step for 

primary drainage Exp5, Exp6, Exp7d, Exp8d and Exp9d. The accuracy of CT measured 
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slice-wise saturation in this study was 0.4 % absolute saturation. From the four sub-

figures of Figure 2-4, it can be seen that the center three sections of the core had uniform 

water saturations along the axis while the entrance and exit sections of the core had 

saturations that varied along the axis. In particular, the upstream 5 cm and the 

downstream 5 cm of the core had the greatest saturation changes with distance. 

The saturation uniformity in the center of the core is quantified by calculating the 

standard deviation (STD) of water saturations in the center three sections (all 24 data 

points from 17 to 44 cm) for every fractional flow step in the five primary drainages (see 

Table 2-2). 

 

Table 2-2. Standard deviation of saturations in the center three sections (all 24 data points 
in sections 2+3+4) during each fw step of the five primary drainage experiments; unit is % 

(absolute water saturation) 

fw 0.5 0.1 0.01 0.001 0 
Exp5 0.4 0.6 1.1 0.9 1.4 
Exp6 0.9 0.9 1.2 2.3 2.1 

Exp7d 0.4 0.8 1.4 2.6 2.7 
Exp8d     3.0 
Exp9d         2.8 

 

Table 2-2 shows at the high fw steps (fw=0.5, 0.1), the STD of saturations in center 

three sections is within 0.9 % (absolute saturation), which is roughly two times the 

accuracy; at the steps when fw=0.01, as well as fw=0.001 and 0 during Exp5, the STD of 

saturations in the center three sections is within 1.4 % (absolute saturation), which is 

roughly three times the accuracy. For these high fw steps, it is reasonable to treat the 

center three sections’ water saturations uniform. For the low fw steps of fw=0.001 (Exp6 

and Exp7d) and fw=0 (Exp6, Exp7d, Exp8d and Exp9d), the STD of saturations in the 
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center three sections is roughly 3.0 % (absolute saturation); in other words, there is 

approximately a 3.0 % change in water saturation between each pair of taps at these low 

fw steps.  

As for the entrance section (14 data points from 1 to 14 cm, half of the length of 

the center three sections altogether), the STD of saturations is roughly 5.0 % (absolute 

saturation) for all steps, which is three times of the center three sections at the low fw 

steps. While for the exit section (14 data points from 47 to 60 cm, also half of the length 

of the center three sections altogether), the STD of saturations is roughly 1.4 % (absolute 

saturation) for all steps, which is the same as the center three sections at the low fw steps. 

The uniformity of saturation is important in calculating relative permeability in 

two manners. One, since relative permeability varies non-linearly with saturation, taking 

an average saturation along a section with a range of saturations can result in a measured 

relative permeability across the section different from the actual. Two, if the saturation 

varies along the axis, then the capillary pressure will vary along this axis. In turn, the 

non-wetting phase and the wetting phase pressure drops will necessarily be different. We 

consider this in the next section when we calculate the relative permeabilities from the 

pressure drops.  

 

2.3.4 CO2-Brine Relative Permeability 

The single-phase non-equilibrated brine permeability (kw) was measured before 

each primary drainage experiment and is reported in Table 2-3. The last row of Table 2-3 

shows, the brine permeability of the whole core and every section were within 10% 

throughout the five primary drainage experiments at 20 °C and 1500 psi. 

 



 37 

Table 2-3. Single-phase non-equilibrated brine permeability kw 

    whole section1 section2 setion3 section4 section5 
length(cm) 60.80 15.24 10.16 10.16 10.16 15.08 

kw (md) 

Exp5 115.98 95.17 128.27 138.78 143.12 110.87 
Exp6 104.76 80.45 119.98 126.66 126.91 104.50 

Exp7d 114.36 91.82 128.50 135.03 141.15 110.02 
Exp8d 117.63 101.55 134.22 138.24 135.15 116.04 
Exp9d 120.56 101.67 135.86 147.46 132.13 113.66 

avg(md) 114.66 94.13 129.37 137.24 135.69 111.01 
std/avg (%) 5.22 9.28 4.82 5.46 4.87 3.92 

 

Using a simple inversion of the two-phase Darcy Buckingham equation, the 

relative permeabilities to CO2 and brine can be determined using Equation 2-3 and 

Equation 2-4. In these Equations, QCO2 and Qbrine are the flow rates of CO2 and brine set by 

the pumps (Table 2-1); μCO2 and μbrine are the viscosities of CO2 (0.087 cp) and brine 

(1.081 cp); ΔPnw and ΔPw are the pressure drops of the CO2 phase and the brine phase; kw 

and L are the single-phase permeability to the non-equilibrated brine and the length of a 

specific section or the entire core, respectively (Table 2-3); and krg and krw are the relative 

permeabilities to CO2 and brine. Since the maximum gravitational potential difference 

between brine and CO2 (0.1 psi) is only 1% of the typical overall pressure drop (10 psi), 

so gravity can be safely ignored in the Darcy Buckingham equation. 

 

krg =
QCO2 ⋅µCO2 ⋅L
A ⋅ ΔPnw ⋅ kw  

Equation 2-3 

krw =
Qbrine ⋅µbrine ⋅L
A ⋅ ΔPw ⋅ kw  

Equation 2-4 
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In section 2.3.2, it has been shown that the CO2 phase pressures were measured at 

the pressure taps. Thus the measured pressure drops of the center three sections are equal 

to the CO2 phase pressure drops. This is consistent with physical arguments that the large 

openings of the taps will be connected to the non-wetting (CO2) phase; it is also 

consistent with the CO2 relative permeability measurements in the entrance section as 

will be seen below.  

The water phase pressure drops in the center three sections have to be inferred 

from the uniformity of water saturation and capillary pressure in the center of the core. If 

the water saturation does not vary along the axis, the capillary pressure will not vary 

either, and the brine phase pressure drop will necessarily be the CO2 phase pressure drop. 

For the center three sections at the high fw steps, this was the case (section 2.3.3). For the 

center sections at the low fw steps, the water saturation ranged between 50 % and 65 % 

(Figure 2-4) and had a variation of 3.0 % absolute saturation along each section (section 

2.3.3); using the capillary pressure curve of Berea sandstone by Pentland et al. [Pentland 

et al., 2011], this corresponds to a capillary pressure variation of 0.03 psi. This variation 

is 1~2 orders of magnitude smaller than the pressure drop across each center section (0.3 

~ 2 psi). Thus in the center sections at the low fw steps, the measured pressure drop can be 

considered as ΔPw and ΔPnw too. 

This is not the case at the entrance and the exit sections. Simply, there is no 

capillary pressure at the inlet and the outlet tubing, so the capillary pressure varies in 

space, unlike in the center sections. In addition, the measured pressure drop in the exit 

section (1.5~6 psi) was the same order as the CO2-brine capillary pressure (1~1.5 psi) 

[Pentland et al., 2011], which makes the exit section pressure drop data unreliable for 

relative permeability calculations. For the entrance section, since the inlet and pressure 
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tap 1 are both measuring the CO2 phase pressure, we can use this to calculate the CO2 

relative permeability, but not for the brine relative permeability.  

In summary, we use the measured pressure drops in the center three sections to 

directly calculate both CO2 and brine relative permeabilities with Equation 2-3 and 

Equation 2-4; and use the measured pressure drop in the entrance section (section 1) to 

calculate only the CO2 relative permeability with Equation 2-3. For completeness, we 

also use the measured pressure drop in the exit section (section 5) to calculate brine and 

CO2 relative permeabilities, which show how the capillary end effect under-measures the 

data. The saturation was the average Sw of the particular section. All the data are tabulated 

in Table 2-4, Table 2-5, Table 2-6, Table 2-7, Table 2-8, and Table 2-9. 

The uncertainty of relative permeabilities obtained in the center three sections is 

entirely due to fluctuations in the pressure drop as the other parameters have much less 

relative uncertainty (e.g. single-phase permeability, viscosity, flow rate, and core 

dimensions). The typical overall pressure drop in our drainage experiments was 5-15 psi 

and the fluctuation was less than 0.15 psi; hence, the relative uncertainty of the CO2 and 

brine relative permeabilities determined in the center three sections was 3%. For the 

entrance section (section 1) with non-uniform saturation, we used the average saturation 

and the measured pressure drop to determine only the CO2 relative permeability. Due to 

the non-linearity between relative permeability and saturation, the CO2 relative 

permeability obtained in the entrance section has a 6% relative error (detail is in 

Appendix B). The uncertainty of Sw for all drainage steps is only due to the saturation 

measurement error, and is 0.4 % (absolute saturation).  
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Table 2-4. Steady-state CO2-brine relative permeability in Exp5 

fw section Sw krw krg 
1 sec2+3+4 1.000 0.9302   

 sec2 0.896 0.4851 0.0390 
0.5 sec3 0.898 0.5285 0.0425 

 sec4 0.898 0.4604 0.0371 
  sec2 0.748 0.1962 0.1421 

0.1 sec3 0.744 0.1794 0.1300 
  sec4 0.755 0.1856 0.1344 

 sec2 0.612 0.0405 0.3229 
0.01 sec3 0.613 0.0372 0.2965 

         
  sec2 0.611 0.0042 0.3389 

0.001 sec3 0.610 0.0043 0.3487 
  sec4 0.626 0.0039 0.3141 
  sec2 0.559   0.3716 
0 sec3 0.568  0.3478 
  sec4 0.590  0.3454 

0.5   0.886   0.0498 
0.1  0.727  0.2089 

0.01 sec1 0.565  0.4553 
0.001  0.533  0.5254 

0   0.476   0.5804 
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Table 2-5. Steady-state CO2-brine relative permeability in Exp6 

fw section Sw krw krg 
1 sec2+3+4 1.000 0.9689   

 sec2 0.915 0.5182 0.0417 
0.5 sec3 0.928 0.3548 0.0286 

 sec4 0.935 0.5002 0.0403 
  sec2 0.780 0.2091 0.1514 

0.1 sec3 0.788 0.1376 0.0997 
  sec4 0.801 0.2274 0.1647 

 sec2 0.623 0.0434 0.3457 
0.01 sec3 0.633 0.0415 0.3310 

 sec4 0.651 0.0391 0.3115 
  sec2 0.578 0.0054 0.4327 

0.001 sec3 0.603 0.0044 0.3563 
  sec4 0.631 0.0045 0.3615 
  sec2 0.535   0.4686 
0 sec3+4 0.570  0.4290 
      0.5   0.890   0.0423 

0.1  0.732  0.1999 
0.01 sec1 0.564  0.4651 

0.001  0.494  0.6778 
0   0.452   0.7792 
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Table 2-6. Steady-state CO2-brine relative permeability in Exp7d 

fw section Sw krw krg 
1 sec2+3+4 1.000 0.8881   

 sec2 0.890 0.5691 0.0458 
0.5 sec3 0.896 0.2411 0.0194 

 sec4 0.894 0.4620 0.0372 
  sec2 0.745 0.1888 0.1367 

0.1000 sec3 0.750 0.1538 0.1114 
  sec4 0.761 0.1492 0.1081 

 sec2 0.588 0.0270 0.2155 
0.010 sec3 0.601 0.0314 0.2499 

 sec4      
  sec2 0.546 0.0039 0.3112 

0.001 sec3 0.576 0.0033 0.2673 
  sec4      

 sec2 0.547   0.3254 
0 sec3 0.576  0.2829 

 sec4      
0.5   0.875   0.0483 
0.1  0.705  0.1812 

0.01 sec1 0.519  0.3627 
0.001  0.445  0.4257 

0   0.444   0.4808 

 

 

Table 2-7. Steady-state CO2-brine relative permeability in Exp8d 

fw section Sw krw krg 
1 sec2+3+4 1.000 0.8717   

0 

sec1 0.494   0.3846 
sec2 0.592  0.2740 
sec3 0.626  0.2181 
sec4 0.658   0.2230 
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Table 2-8. Steady-state CO2-brine relative permeability in Exp9d 

fw section Sw krw krg 
1 sec2+3+4 1.000 0.9098   

0 

sec1 0.496   0.5115 
sec2 0.562  0.3109 
sec3 0.588  0.2625 
sec4 0.626   0.2658 

 

 

Table 2-9. CO2-brine relative permeability calculated in the exit section of core 

exp# section  fw Sw krw krg 

 sec5 fw =0.5 0.878 0.2581 0.0208 

 sec5 fw =0.1 0.747 0.0765 0.0554 
Exp5 sec4+5 fw =0.01 0.645 0.0194 0.1549 

 sec5 fw=0.001 0.635 0.0042 0.3339 

 sec5 fw =0 0.611  0.3550 
  sec5 fw =0.5 0.925 0.3938 0.0317 

 sec5 fw =0.1 0.797 0.1001 0.0725 
Exp6 sec5 fw =0.01 0.656 0.0214 0.1704 

 sec5 fw=0.001 0.641 0.0025 0.2042 
  sec5 fw=0 0.590   0.2366 

 sec5 fw=0.5 0.880 0.3920 0.0316 

 sec5 fw=0.1 0.756 0.0770 0.0558 
Exp7d sec4+5 fw=0.01 0.635 0.0130 0.1040 

 sec4+5 fw=0.001 0.623 0.0014 0.1124 

 sec4+5 fw=0 0.631  0.1218 
Exp8d sec5 fw=0 0.690   0.0943 
Exp9d sec5 fw=0 0.658   0.1325 
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Figure 2-5. (a) Steady-state CO2 relative permeabilities obtained in the entrance section 
(blue) and the center sections (black), and brine relative permeabilities obtained in the 
center sections (gray) in the five primary drainage experiments. The dashed line and the 
solid line are the Corey-type models that fit all the CO2 and brine relative permeabilities 
from the entrance section and the center sections. (b) CO2 relative permeabilities obtained 
in the entrance and center sections (black) compared with those obtained in the exit 
section (purple) of the five experiments. 

 

Figure 2-5 (a) shows the steady-state CO2 and brine relative permeabilities 

obtained in the entrance and the center three sections of the core from the five primary 

drainage experiments at 20 °C and 1500 psi. For each experiment, CO2 relative 

permeability data obtained in the entrance section (blue symbols) and center sections 

(black symbols) are consistent regardless of different uncertainties. Furthermore, both 

CO2 and brine relative permeability data are consistent among the five experiments. The 

dashed line and the solid line are the Corey-type models (Equation 2-5 and Equation 2-6) 

that are fit to the CO2 and brine relative permeability data using a least square method 

[McIntyre et al., 1966; York, 1966, 1968]. 
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krg =
1− Sw
1− Swr

⎛

⎝
⎜

⎞

⎠
⎟

ng

 

Equation 2-5 

 

krw =
Sw − Swr
1− Swr

⎛

⎝
⎜

⎞

⎠
⎟

nw

 

Equation 2-6 

 

Only the exponents, ng and nw, are used as fitting parameters. The irreducible 

water saturation (Swr) is determined by averaging the measured Swr of each primary 

drainage experiment. For each experiment, Swr is obtained as the water saturation at x=0 

cm for the final step of fw =0, and the overall uncertainty of Swr is the standard deviation 

of the 5 measurements. When fitting to the model, the uncertainty of ng and nw is mainly 

due to the scatter of relative permeability data from experiment to experiment and section 

to section rather than the uncertainties of the measurements. The resulting values of the 

parameters from the measurements are Swr =(26 ± 2) %, ng=1.8 ± 0.1, and nw= 5.2 ± 0.3. 

Figure 2-5 (b) shows the CO2 relative permeabilities obtained from all the 

sections of the core; the values obtained in the exit section are shown with purple circles. 

As mentioned above, the pressure drop data in the exit section includes both variations in 

capillary pressure and variations in saturation due to the capillary end effect. Figure 2-5 

(b) shows that using the pressure drop data “as is” in the exit section results in the CO2 

relative permeabilities that are roughly 50% lower than those obtained in the center and 

entrance sections. 

During the fractional flow steps of fw=0.5 and 0.1 in Exp6, and the fractional flow 

step of fw=0.5 in Exp7d, the differences in relative permeabilities among the center three 
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sections are much greater than the differences in water saturations. In Appendix D, the 

author discusses whether the data can be corrected for capillary pressure and finds out the 

capillary correction is not generally feasible. 

 

2.4 DISCUSSION 

The CO2 and brine relative permeabilities of the five primary drainages at 20 °C 

and 1500 psi can be summarized as follows: 

(1) Water saturations were axially uniform in the center of the long core, but 

showed variations with distance near the ends.  

(2) Drainage CO2 and brine relative permeabilities obtained from the center of the 

core are consistent across 5 experiments, and can be fit with the Corey type relative 

permeability functions. 

(3) CO2 relative permeabilities can be found in the entrance section with higher 

error bars. The data are consistent with the center sections. 

(4) CO2 relative permeabilities obtained from the exit of the core are roughly half 

of the values obtained from the entrance and the center of the core. 

 

Results 1, 2 and 3 give us confidence that the obtained relative permeabilities are 

accurate. There is no need for adjustments for end effects as the end effects are avoided 

experimentally. Result 4 is important in comparisons to many recent measurements of 

CO2 relative permeabilities in sandstones [Krevor et al., 2012; Akbarabadi and Piri, 

2013; Berg et al., 2013; Pini and Benson, 2013; Levine et al., 2014; Ruprecht et al., 

2014; Manceau et al., 2015; Reynolds and Krevor, 2015; Jordan, 2016]. Figure 2-6 

compares CO2 and brine relative permeabilities in this study with these recent studies. 
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Figure 2-6. (a) CO2 and (b) brine relative permeabilities as a function of water saturation 
in sandstones. Red colors and purple colors: Berea sandstone, green: Cretaceous 
sandstone, and blue: Bentheimer sandstone. The blue, green, purple and red dashed lines 
are four Corey models (Equation 2-5) that fit to different CO2 relative permeability data 
sets. The red solid line is the Corey model (Equation 2-6) that fits to all brine relative 
permeability data sets.  

 

In Figure 2-6, CO2 relative permeability data obtained by [Reynolds and Krevor, 

2015] and [Manceau et al., 2015] follow two distinct trends and are different from other 

studies and this study. One explanation is that [Reynolds and Krevor, 2015] used 

Bentheimer sandstone, [Manceau et al., 2015] used Cretaceous sandstone, and other 

studies and this study used Berea sandstone. Since different rocks have different pore 

structures, so CO2 relative permeability curves measured in different rocks can have 

different residual water saturations and curvatures. 

Most steady-state CO2 relative permeability data measured in Berea sandstones 

[Krevor et al., 2012; Akbarabadi and Piri, 2013; Ruprecht et al., 2014] are significantly 
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lower than this study. The simplest explanation is that these recent experiments used 

shorter cores and did not use pressure taps. Result 4 in this study and Figure 2-5 (b) show 

that the CO2 relative permeabilities that are obtained in the exit section of the long core 

are roughly half of those obtained in the center sections. This is roughly the same amount 

that these recent steady-state CO2 data are different than data in this study. The cores that 

were used in these studies were also roughly the same size as the exit section of the core 

used in this study (some longer, some shorter), with the pressure drop being measured 

across the whole core. 

As explained earlier, the exit section having a higher pressure drop to CO2 and a 

lower apparent relative permeability is just due to water being held up as the capillary 

end effect. This is only a problem because of CO2’s low viscosity. For the flow rates used 

in this 60-cm-long core, the overall pressure drop is 5~15 psi; this is even with a long 

core (it is proportionally smaller with a shorter core). If the CO2 was oil instead with a 

viscosity of 1 cP, the pressure drop would be roughly 50~150 psi. Since a typical 

capillary pressure for Berea sandstone is 1~1.5 psi (estimated from the Pentland et al. 

capillary pressure curve [Pentland et al., 2011]), the capillary pressure is roughly 20% of 

the overall pressure drop in our experiments and 1~2% of the overall pressure drop if 

CO2 was oil instead with viscosity of 1 cp. Hence, the capillary pressure cannot be 

ignored for the CO2-brine system but can be safely neglected for the oil-brine system.  

Again, this argument is not new, and efforts have been made to combat this 

difficulty. Recent reported measurements have used bump test methods to adjust for the 

capillary end effect, in which the CO2 flow rate is gradually increased (or “bumped up”) 

to achieve lower water saturation and higher CO2 relative permeability at the core inlet 

[Krevor et al., 2012; Pini and Benson, 2013; Ruprecht et al., 2014]. Figure 2-6 (a) shows, 

using this bump test method, the endpoint CO2 relative permeability by Krevor et al. 
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[Krevor et al., 2012] and Ruprecht et al. [Ruprecht et al., 2014], and the CO2 relative 

permeability data by Pini et al. [Pini and Benson, 2013], match the data obtained here. 

But these measurements only affect the endpoint CO2 relative permeability. In contrast, 

here we make the recommendation that just using longer cores and using pressure taps is 

the simplest and most straightforward way to avoid the difficulties associated with CO2’s 

low viscosity for the whole saturation range. 

Another way to obtain high endpoint CO2 relative permeability with the overall 

pressure drop is by injecting CO2 at a sufficiently high rate into a long core. Figure 2-6 

(a) also shows steady-state CO2 relative permeability data in a 30-cm long Berea 

sandstone core by [Jordan, 2016] at two temperature and pressure conditions. His data 

show an endpoint CO2 relative permeability of 0.7, which is similar to this study. 

However, [Reynolds and Krevor, 2015] also tried to inject CO2 at high flow rates, yet 

their endpoint CO2 relative permeabilities are less than 0.3. To give a criterion when the 

CO2 rate is high enough to use overall pressure drop, I suggest a dimensionless number 

Ncv [Rapoport and Leas, 1953; Lake, 1989]. 

 

𝑁!" =
𝑢! ∙ 𝜇! ∙ 𝐿
𝜎 ∙ 𝐾

 

Equation 2-7 

 

In Equation 2-7, ug is the maximum CO2 flow rate, μg is CO2 viscosity, L is the 

core length, σ is the CO2-brine interfacial tension and K is the absolute permeability. 

Large Nvc implies high CO2 viscous pressure drop and low capillary pressure, in which 

one can use overall pressure drop to determine CO2 relative permeability without 

compromising the value. The Ncv of [Akbarabadi and Piri, 2013] (55°C 11 MPa), 
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[Reynolds and Krevor, 2015] (38°C 21 MPa), this study (20°C 1500 psi) and [Jordan, 

2016] (40°C 1900 psi) are 0.06, 0.15, 0.43 and 0.77, respectively. [Akbarabadi and Piri, 

2013; Reynolds and Krevor, 2015; Jordan, 2016] all used overall pressure drops. 

Reynolds and Akbarabadi underestimated the CO2 data, while Jordan obtained reasonable 

endpoint CO2 relative permeability. This study gives accurate CO2 data by using pressure 

taps. Hence, it is recommended that Ncv needs to around 0.8 or higher, in order to use 

overall pressure drop to obtain accurate CO2 relative permeability. 

In terms of water relative permeabilities, Figure 2-6 (b) shows the water relative 

permeabilities in this study and previous studies [Oak et al., 1990; Krevor et al., 2012; 

Ruprecht et al., 2014; Manceau et al., 2015; Reynolds and Krevor, 2015] have the similar 

data and can be fit altogether with the gray dashed line, with the exception of Akbarabadi 

et al. [Akbarabadi and Piri, 2013]. This consistency is because the pressure drop 

measured across the core is equal to the water phase pressure drop during the CO2-brine 

primary drainage, which is not affected by the capillary end effect of the CO2 phase.  

 

 



 51 

 

Figure 2-7. Two-phase CO2 relative permeability in this study compared with two-phase 
oil relative permeability and two-phase N2 relative permeability by [Oak et al., 1990] 

 

Figure 2-7 shows that the two-phase CO2 relative permeability data of this study, 

the two-phase oil (mineral oil) relative permeability data and the two-phase N2 relative 

permeability data in Berea sandstone of [Oak et al., 1990] are all within the two black 

dashed lines, which are 40% above and 40% below the Corey fit (the red dashed line, 

Equation 2-5, Swr =26% and ng=1.8). This suggests it cannot be resolved whether two-

phase non-wetting phase relative permeability of CO2, mineral oil and N2 are the same or 

not within the data scatter of my experiments and [Oak et al., 1990].  

 

2.5 SUMMARY 

Using the improved steady-state method, CO2-brine relative permeability data 

free of the capillary end effects were successfully determined by using a long Berea 

sandstone core with four pressure taps. The taps allow measurement of pressure drops in 
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the entrance section and center sections of the core. The CO2-brine relative permeabilities 

determined in five primary drainage experiments at 20 °C and 1500 psi are consistent 

with each other and can be fit with simple Corey-type models. The CO2 relative 

permeabilities determined in this study are measurably higher than those in many recent 

studies, but our CO2-brine relative permeability data match well the previous oil/brine 

and N2/brine relative permeabilities in the same rock, i.e. Oak et al. [Oak et al., 1990]. 

The simplest reason for the discrepancy with CO2 experiments is the capillary end effect 

is greater for CO2 due to its low viscosity; this is borne out in the data when the exit 

section is observed. The results indicate that high pressure CO2 has a relative 

permeability similar to oil and N2 gas for the same porous medium; this matches with 

both CO2, mineral oil and N2 being the non-wetting phase in sandstone and the previous 

observations that the CO2-water system and the N2-water system have similar relative 

permeability functions [Krevor et al., 2012; Pini and Benson, 2013; Manceau et al., 

2015; Egermann et al., 2006].   
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Chapter 3. A Fractional Flow Based Unsteady-State Method of 
Determining Two-Phase Relative Permeability2 

 

3.1 OVERVIEW 

This chapter presents a new unsteady-state method that is based on the improved 

steady-state method introduced in Chapter 2. Again, two phases are simultaneously 

injected into the core at a certain water fractional flow, during which local saturation is 

measured non-destructively using CT scanning, and pressure drops are measured through 

pressure taps to avoid the capillary end effect. Unlike the improved steady-state method, 

here we use the local measurements at all times (not just at steady state) at each new 

water fractional flow. Local saturations are found from repeated CT scans, local pressure 

gradients are found from multiple pressure taps with continuously recorded pressure 

drops, and local fluxes are found from saturation profile along the core versus time and a 

fractional flow analysis. From these local measurements during the unsteady-state portion 

of flow (the part that occurs during each fractional flow step before steady state is 

reached), many points on a relative permeability curve can be obtained rather than a 

single point obtained using the steady-state method at each fractional flow step. 

Compared with standard unsteady-state methods, such as the JBN method [Johnson et 

al., 1959], this new unsteady-state method experimentally avoids the capillary end effect 

by only using the upstream four sections of the core.  

                                                
2 This chapter is based on: X Chen and DA DiCarlo (2016), A New Unsteady-State Method of Determining Two-Phase Relative 
Permeability Illustrated by CO2-Brine Primary Drainage in Berea Sandstone, Adv. Water Resour., 96, 251–265. Kianinejad helped 
with experiments and DiCarlo is my supervisor. 



 54 

3.2 OBTAINING LOCAL FLUX FROM SATURATION DATA 

As mentioned in Chapter 1, the key to any relative permeability determination is 

obtaining local measurements of pressure gradient, saturation and phase flux. The first 

two parameters are experimentally measured. Hence, the key of this new unsteady-state 

method is to obtain the local flux. Again, to avoid the capillary end effect, only the 

pressure drop measurements of the four upstream sections of the core are used (the exit 

section of the core is excluded). During the unsteady-state portion of flow, the local phase 

fluxes in each of these upstream sections differ from the imposed value. This section 

gives two different methods that use the measured saturation profiles with time to find the 

local fluxes during the unsteady portion of the flow. 

One is a new method developed by the author that uses the fractional flow theory 

and integrates spatial saturation difference. The second is a previously published method 

that integrates the temporal saturation difference on space [DiCarlo et al., 2000a, 2000b; 

Kianinejad et al., 2014, 2015a, 2015b, 2016a, 2016b].  

The assumptions of both methods are: (1) stable displacement (no fingering), (2) 

negligible capillary pressure, (3) incompressible fluids, and (4) no shock. Both methods 

have the same initial condition and boundary condition. The initial condition is that the 

core starts with the uniform saturation achieved at the earlier fractional flow step:  

 

Sw (x, t = 0) = Sw (x, steady state of previous fractional flow step) .
 

Equation 3-1 
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In Equation 3-1, Sw is the water saturation, t is the time from the onset of a new 

imposed fractional flow, and x is the distance from the inlet of core (unit: cm). The 

boundary condition is the application of a new fractional flow: 

 

 fw (x = 0, t > 0) = fw (imposed at the pumps, t > 0) .  

Equation 3-2 

 

In Equation 3-2, fw is water fractional flow. The new method that we develop 

herein uses the fractional flow theory [Buckley and Leverett, 1942; Welge, 1952] to 

obtain the local water fractional flow as a function of space and time. By assuming 

incompressible fluids and no diffusive transport, the continuity equation is: 

  

φ
∂Sw
∂t

+u∂fw
∂x

= 0 .
 

Equation 3-3 

 

In Equation 3-3, ϕ is porosity and u is the total Darcy velocity of the two phases 

(unit: cm/min). If gravitational and capillary forces are neglected then the fractional flow 

is only a function of the saturation. Thus, Equation 3-3 is hyperbolic, and can be solved 

by introducing a new variable using the similarity transform: ξ = x
t

. Then Equation 3-3 

becomes the following equation: 

 

−
φ
u
⋅ξ ⋅

dSw
dξ

+
dfw
dSw

⋅
dSw
dξ

= 0 .
 

Equation 3-4 
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Equation 3-4 has two solutions: a) a trivial one is dSw/dξ = 0, this occurs ahead of 

the front where the change in boundary condition has not yet propagated, and b)   

 
dfw
dSw

=
φx
ut

 .
 

Equation 3-5 

 

Since the variables on the right hand side are easily found, Equation 3-5 gives the 

derivative of water fractional flow with respect to water saturation at any position and 

time. To obtain the local fractional flow at a particular injection time, this derivative is 

numerically integrated with respect to the spatial changes in saturation at the same time; 

this integration is done by finite difference approximation shown in Equation 3-6. Note 

that: when applying the boundary condition Equation 3-2, the most upstream slice of the 

core measured by CT is set to have the imposed fw by pumps. 

 

fw (x, t) = fw (0, t)+ dfw
dSw

dSwSw (0,t )

Sw (x,t )
∫

⇒ f (x = i, t) = fw (x =1, t)+ dfw
dSw x0−1,t

⋅ Sw (x0, t)− Sw (x0 −1, t)[ ]
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪x0=2

x0=i

∑  .
 

Equation 3-6 

 

The second method of calculating local phase fluxes is previously published and 

used by DiCarlo et al. and Kianinejad et al. [DiCarlo et al., 2000a, 2000b; Kianinejad et 

al., 2014, 2015a, 2015b, 2016a, 2016b] (hereafter called the previous method), which is 

based on mass conservation. In their gravity drainage experiments, they calculated the 
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phase fractional flow by integrating the temporal phase saturation difference on space, 

and the integration was approximated with finite difference shown by Equation 3-7. 

 

fw (x, t) = fw (0, t)+ φ
uΔt

Sw (x0, t −Δt)− Sw (x0, t)( )dx00

x
∫

⇒ fw (x = i, t) = fw (x = 0, t)+ φ ⋅ Δxo
uΔt

Sw (x0, t −Δt)− Sw (x0, t)( )
x0=1

x0=i

∑  .
 

Equation 3-7 

 

The local flux obtained above along with the measured pressure drop of each 

section of the core can be used to find the relative permeabilities with Equation 2-3 and 

Equation 2-4, and the associated water saturation was measured locally.  

 

3.3 EXPERIMENTAL METHODS 

This Chapter uses the pressure drop and saturation data during the unsteady-state 

portion of the five primary drainages at 20 °C and 1500 psi, which are the same five 

experiments as in Chapter 2. Hence, the methods details are exactly the same as in 

Chapter 2, section 2.2, and are not repeated here. 

 

3.4 RESULTS FROM FIVE PRIMARY DRAINAGES 

3.4.1 Single-Phase Brine Relative Permeability 

The single-phase brine permeability measured before each of the five primary 

drainage experiments (Exp5, Exp6, Exp7d, Exp8d, and Exp9d) have been reported in 

Chapter 2, section 2.3.4, Table 2-3. Hence, it is not repeated here. When relative 
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permeability is calculated for each primary drainage experiment, the single-phase 

permeabilities determined in that specific drainage are used.  

 

3.4.2 Saturation and Pressure Drop Data Versus Space and Time 

The fractional flow step of 0.1 during Exp5 is taken as an example to show how 

relative permeability is calculated with the new unsteady state method. Figure 3-1 (a) 

shows the saturation profile development versus time at the fractional flow step of fw=0.1 

during Exp5. The initial condition of the core was after a steady-state flood with fw=0.5. 

With the application of the lower water fractional flow of fw = 0.1, the water saturation 

decreased from 0.90 to about 0.75 as the front moved through the core from left to right.  

Figure 3-1 (b) shows the measured pressure drops of the upstream four sections of 

the core versus total injected volume at the fractional flow step of fw=0.1 in Exp5. Note 

that the pressure drop in section 1 was higher than the other sections, as it is longer (see 

Table 2-3). Section 5 is also longer but not shown, as it is not used in calculating relative 

permeability. The pressure drops of the core’s upstream four sections monotonically 

decreased with time until reaching stable values. By comparing Figure 3-1 (a) and Figure 

3-1 (b), we find the evolutions of saturation and pressure drop of every section of the core 

were synchronized. For instance, for the entrance section of the core (section 1), between 

0.05 PV and 0.20 PV, both the water saturation and the pressure drop decreased with 

time; since 0.25 PV, they both approximately reached steady-state values. 
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Figure 3-1. During the fractional flow step of fw=0.1 in Exp5: (a) water saturation profiles 
recorded at continuous injection times; (b) the pressure drops of the upstream four 
sections of the core measured versus injected pore volume. 

 

3.4.3 Local Phase Flux and CO2-Brine Relative Permeability 

Figure 3-2 (a) and Figure 3-2 (b) show the calculated local water fractional flow 

versus space and time using the new method and the previous method for the fractional 

flow step of fw=0.1 in Exp5. Again, the new method integrates the spatial saturation 

difference based on the fractional flow theory; while the previous method integrates the 

temporal saturation difference on space based on mass balance. In general, both figures 

show the calculated water fractional flow started at 0.1 at the inlet where the flow was 

controlled; progressing into the column the water fractional flow rose quickly in space to 

the fractional flow of the previous step (0.5). At later times, 0.55-0.60 PV, the imposed 

fractional flow of 0.1 was seen throughout the column.  
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Figure 3-2. At the fractional flow step of fw=0.1 during Exp5: the local water fractional 
flows versus space and time calculated with (a) the new method and (b) the previous 
method; the unsteady-state (c) brine and (d) CO2 relative permeability data obtained with 
the new method and the previous method compared with the steady-state data at this step 
and the previous step (fw=0.5). 
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Comparing the two methods, the differences between the slice-wise water 

fractional flows calculated with the new method and the previous method are: (1) the 

water fractional flow profile at every injection time calculated with the new method was 

more scattered than that calculated with the previous method; (2) the water fractional 

flow profile calculated with the new method monotonically decreased with increasing 

time, while the previous method had some water fractional flows that increased with 

increasing time (see 0.20 PV and 0.25 PV). The first difference is because the new 

method integrates on spatial saturation difference that has more scatter due to saturation 

heterogeneity. The second difference is because: (1) in the new method, the integrand, 

dfw/dSw=ϕx/ut, monotonically decreases with time and hence the integral at the same 

space also monotonically decreases with time; (2) in the previous method, the integrand, 

ϕΔSw/uΔt, does not monotonically decrease with time, but depends on the measured 

temporal saturation difference. For instance, in the downstream portion of the core, the 

temporal water saturation difference between 0.20 and 0.25 PV was greater than that 

between 0.15 and 0.20 PV; hence the water fractional flows at 0.25 PV was higher than 

those at 0.20 PV when using the previous method. 

Since the local pressure drop is measured over each section, the fw is averaged 

over each section. This causes some of the scatter in fw obtained by the new method to be 

smoothed out. Comparing the section-wise fw of these two methods, it is found that they 

are consistent with an average relative difference (defined as the absolute difference in 

fractional flow between the two methods divided by the fractional flow obtained from the 

new method) of 20%. 

Using the section-wise fractional flow of both methods and the pressure drop of 

each section, the unsteady-state CO2 and brine relative permeability can be directly 

calculated with Equation 2-3 and Equation 2-4. In these two equations, QCO2 =Qt*(1-fw) 
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and Qbrine =Qt*fw where Qt are the total flow rates of CO2 and brine (Table 2-1); μCO2 and 

μbrine are the viscosity of equilibrated CO2 and brine, which are 0.087 cp and 1.081 cp; L 

and kw are the length and single phase brine permeability of the entire core or a certain 

section, (Table 2-3); A is cross section area of the core, which is 40.08 cm2. The pressure 

drop ΔP was the measured pressure drop of each of the upstream four sections at each 

injection time; it has been shown in Chapter 2, sections 2.3.2, 2.3.3 and 2.3.4, that this is 

the pressure drop of both phases ΔPi in the center three sections of the core and the 

pressure drop of the CO2 phase ΔPCO2 in the entrance section of the core (section 1). 

Figure 3-2 (c) and Figure 3-2 (d) show the unsteady-state brine and CO2 relative 

permeability data obtained during the unsteady-state flow portion of fw=0.1 step with both 

the new method and the previous method along with the steady state data. For both 

methods, there are dozens of unsteady-state relative permeability data points (30 for brine 

and 40 for CO2) that fill the saturation gap between the steady state data of consecutive 

steps. 

By comparing the relative permeabilities obtained with the two methods, we find, 

(1) in terms of brine relative permeability, the average relative difference between these 

two methods is 20%, which reflects the 20% average relative difference between the 

water fractional flows calculated with these two methods; (2) in terms of CO2 relative 

permeability, the average relative difference between these two methods is 6%. This is 

because at this step, local unsteady-state fw is around 0.1; hence, the average relative 

difference in CO2 fractional flow between these two methods is one order of magnitude 

less than the average relative difference in water fractional flow. 

Using both the new method and the previous method, we calculate the local water 

fractional flows and then obtain the unsteady-state CO2 and brine relative permeability 

data from Exp5, Exp6 and Exp7d (5 steps primary drainage) at water fractional flow 
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steps of fw= 0.5, 0.1 and 0.01, and from Exp8d and Exp9d (1 step primary drainage at fw= 

0). Note that some fractional flow steps and sections do not have any data. This is 

because sometimes the measured saturation changes within our experiment were too 

small to apply the new method of calculating unsteady-state local water fractional flow 

profiles. There were other instances of pressure tap failures. Still, through 5 experiments 

we have determined 388 CO2 relative permeability data points and 266 brine relative 

permeability data points with both the new method and the previous method. The 

uncertainty in water saturation is 0.4 % (absolute saturation) due to measurement error. 

For both the new method and the previous method, the uncertainty of CO2 relative 

permeability obtained in the center three sections of the core is 3% of its own value, and 

the uncertainty of CO2 relative permeability obtained in the entrance section of the core is 

6% of its own value. The uncertainty of brine relative permeability obtained in the center 

three sections of the core is 4% of its own value for the new method, and 8% of its own 

value for the previous method. Details on the uncertainties of unsteady-state relative 

permeability data are in Appendix C. The unsteady-state CO2-brine relative permeability 

data obtained with both the new method (developed by the author) and the previous 

method for the five primary drainages at 20 °C and 1500 psi are tabulated in Tables 3-1 

to 3.10. 
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Table 3-1. CO2-brine relative permeability calculated with the new method in Exp5 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

 0.30 0.887 0.0507 0.898 0.5014 0.0390 0.903 0.5127 0.0385 0.910 0.4739 0.0341 
0.5 0.35 0.890 0.0509 0.904 0.4887 0.0379 0.907 0.5561 0.0421 0.913 0.4761 0.0351 

  0.40 0.892 0.0509 0.900 0.4852 0.0383 0.904 0.5479 0.0424 0.907 0.4674 0.0360 

0.1 

0.05 0.810 0.1176 0.875 0.4850 0.0548 0.882 0.5191 0.0448 0.884 0.4849 0.0398 
0.10 0.764 0.1545 0.845 0.3982 0.0751 0.862 0.4462 0.0612 0.874 0.4214 0.0455 
0.15 0.753 0.1793 0.823 0.3122 0.0923 0.851 0.3650 0.0716 0.869 0.3781 0.0565 
0.20 0.748 0.1903 0.803 0.2662 0.1054 0.826 0.2933 0.0861 0.855 0.3550 0.0694 
0.25 0.739 0.2027 0.783 0.2772 0.1332 0.799 0.2655 0.1031 0.831 0.3365 0.0859 
0.30 0.739 0.2039 0.779 0.2456 0.1291 0.792 0.2375 0.1073 0.820 0.3076 0.0974 
0.40 0.738 0.1874 0.766 0.2534 0.1546 0.768 0.2083 0.1236 0.788 0.2398 0.1123 
0.45 0.733 0.1962 0.765 0.2301 0.1405 0.766 0.2068 0.1233 0.788 0.2369 0.1130 
0.55 0.738 0.1875 0.764 0.2188 0.1417 0.757 0.1930 0.1300 0.772 0.2102 0.1228 
0.60 0.730 0.1859 0.759 0.2451 0.1577 0.756 0.2002 0.1309 0.772 0.2276 0.1291 

0.01 

0.30 0.644 0.2989 0.726 0.1755 0.1872 0.736 0.1802 0.1502    0.40 0.632 0.3026 0.711 0.1584 0.2213 0.726 0.1498 0.1589    
0.45 0.627 0.3153 0.706 0.1440 0.2230 0.721 0.1392 0.1626    
0.55 0.622 0.3305 0.698 0.1216 0.2285 0.717 0.1266 0.1721    
0.60 0.619 0.3593 0.695 0.1096 0.2255 0.711 0.1170 0.1812    
0.65 0.618 0.3328 0.689 0.1151 0.2602 0.705 0.1092 0.1851    
0.75 0.613 0.3431 0.682 0.1040 0.2698 0.698 0.0997 0.1936    
0.90 0.600 0.3581 0.662 0.0988 0.3057 0.677 0.0839 0.1989    
1.00 0.595 0.3890 0.657 0.0817 0.2703 0.672 0.0840 0.2146    1.10 0.594 0.3954 0.657 0.0806 0.2795 0.670 0.0800 0.2219    1.15 0.595 0.3598 0.652 0.0845 0.3205 0.666 0.0765 0.2263    1.25 0.592 0.3689 0.650 0.0816 0.3161 0.664 0.0740 0.2301    1.40 0.592 0.3678 0.646 0.0786 0.3326 0.658 0.0699 0.2419    
1.50 0.590 0.3670 0.640 0.0797 0.3591 0.651 0.0650 0.2460       
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Table 3-2. CO2-brine relative permeability calculated with the previous method in Exp5 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

 0.30 0.887 0.0511 0.898 0.4926 0.0397 0.903 0.5098 0.0388 0.910 0.5219 0.0302 
0.5 0.35 0.890 0.0517 0.904 0.4568 0.0404 0.907 0.4942 0.0471 0.913 0.4050 0.0409 

  0.40 0.892 0.0522 0.900 0.4779 0.0389 0.904 0.5485 0.0424 0.907 0.4815 0.0349 

0.1 

0.05 0.810 0.1002 0.875 0.6098 0.0447 0.882 0.6304 0.0359 0.884 0.6205 0.0289 
0.10 0.764 0.1467 0.845 0.5086 0.0663 0.862 0.5513 0.0527 0.874 0.4978 0.0394 
0.15 0.753 0.1839 0.823 0.2825 0.0947 0.851 0.3131 0.0757 0.869 0.2950 0.0632 
0.20 0.748 0.1945 0.803 0.2543 0.1064 0.826 0.3208 0.0839 0.855 0.3641 0.0687 
0.25 0.739 0.2021 0.783 0.3473 0.1276 0.799 0.4041 0.0920 0.831 0.4886 0.0737 
0.30 0.739 0.2075 0.779 0.1907 0.1336 0.792 0.1900 0.1111 0.820 0.2298 0.1037 
0.40 0.738 0.1895 0.766 0.2440 0.1554 0.768 0.2511 0.1202 0.788 0.3137 0.1064 
0.45 0.733 0.1951 0.765 0.2534 0.1387 0.766 0.2306 0.1214 0.788 0.2246 0.1140 
0.55 0.738 0.1901 0.764 0.1745 0.1453 0.757 0.1764 0.1313 0.772 0.2061 0.1232 
0.60 0.730 0.1830 0.759 0.3233 0.1514 0.756 0.2837 0.1242 0.772 0.2877 0.1243 

0.01 

0.30 0.644 0.2985 0.726 0.1698 0.1876 0.736 0.1590 0.1520    0.40 0.632 0.3042 0.711 0.1564 0.2214 0.726 0.1524 0.1587    
0.45 0.627 0.3157 0.706 0.1305 0.2241 0.721 0.1359 0.1629    
0.55 0.622 0.3328 0.698 0.0969 0.2305 0.717 0.0957 0.1746    
0.60 0.619 0.3612 0.695 0.0746 0.2283 0.711 0.0957 0.1829    
0.65 0.618 0.3357 0.689 0.1032 0.2612 0.705 0.1244 0.1839    
0.75 0.613 0.3436 0.682 0.0982 0.2703 0.698 0.1033 0.1933    
0.90 0.600 0.3567 0.662 0.1758 0.2996 0.677 0.1722 0.1918    
1.00 0.595 0.3888 0.657 0.0986 0.2690 0.672 0.1015 0.2132    1.10 0.594 0.3960 0.657 0.0451 0.2824 0.670 0.0393 0.2252    1.15 0.595 0.3647 0.652 0.0485 0.3234 0.666 0.0838 0.2257    1.25 0.592 0.3678 0.650 0.0779 0.3164 0.664 0.0648 0.2308    1.40 0.592 0.3698 0.646 0.0593 0.3342 0.658 0.0606 0.2427    
1.50 0.590 0.3667 0.640 0.0928 0.3581 0.651 0.0986 0.2434       
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Table 3-3. CO2-brine relative permeability calculated with the new method in Exp6 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

0.5 0.32 0.879 0.0497 0.892 0.5877 0.0456 0.901 0.3532 0.0260 0.911 0.5644 0.0389 

 0.10 0.754 0.1578 0.825 0.3635 0.0750 0.854 0.2486 0.0307 0.870 0.5727 0.0508 

 0.20 0.730 0.1906 0.780 0.2882 0.1181 0.806 0.1745 0.0511 0.833 0.3489 0.0694 
0.1 0.32 0.728 0.2006 0.766 0.2528 0.1367 0.782 0.1559 0.0709 0.808 0.2342 0.0774 

 0.41 0.729 0.2025 0.763 0.2456 0.1443 0.773 0.1465 0.0793 0.800 0.1982 0.0798 
  0.50 0.732 0.2026 0.763 0.2372 0.1463 0.768 0.1429 0.0851 0.787 0.1676 0.0831 

0.01 1.10 0.586 0.4277 0.665 0.0997 0.2792 0.703 0.1068 0.1891    1.47 0.560 0.4438 0.628 0.0832 0.3013 0.665 0.0684 0.1622       
* At fw=0.01, relative permeability data of section 3 are calculated from the total pressure drops 
of sec 3&4 

 

 

Table 3-4. CO2-brine relative permeability calculated with the previous method in Exp6 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

0.5 0.32 0.879 0.0511 0.892 0.5584 0.0479 0.901 0.3458 0.0267 0.911 0.5907 0.0368 

 0.10 0.754 0.1362 0.825 0.5893 0.0568 0.854 0.3353 0.0238 0.870 0.7003 0.0405 

 0.20 0.730 0.1906 0.780 0.3490 0.1132 0.806 0.2243 0.0471 0.833 0.4187 0.0638 
0.1 0.32 0.728 0.2034 0.766 0.2200 0.1394 0.782 0.1465 0.0717 0.808 0.2133 0.0791 

 0.41 0.729 0.2050 0.763 0.2029 0.1477 0.773 0.1242 0.0811 0.800 0.1511 0.0836 
  0.50 0.732 0.2050 0.763 0.1877 0.1503 0.768 0.1162 0.0872 0.787 0.1344 0.0858 

0.01 1.10 0.586 0.4271 0.665 0.1231 0.2773 0.703 0.1240 0.1877    
1.47 0.560 0.4419 0.628 0.1390 0.2968 0.665 0.1279 0.1574       

* At fw=0.01, relative permeability data of section 3 are calculated from the total pressure drops 
of sec 3&4 

 

  



 67 

Table 3-5. CO2-brine relative permeability calculated with the new method in Exp7d 

  Time sec1   sec2     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg 

 0.25 0.896 0.0483    0.924 0.4998 0.0353 
0.5 0.30 0.900 0.0485    0.921 0.4853 0.0365 

 0.35 0.899 0.0483    0.919 0.5130 0.0389 

0.1 

0.20 0.745 0.1654 0.796 0.2763 0.1111     0.25 0.743 0.1773 0.787 0.2422 0.1156     0.30 0.741 0.1778 0.778 0.2310 0.1221     0.35 0.742 0.1786 0.776 0.2167 0.1233     0.40 0.742 0.1784 0.773 0.2179 0.1288     0.45 0.744 0.1792 0.775 0.2135 0.1301     0.50 0.745 0.1791 0.774 0.2087 0.1303     0.55 0.746 0.1800 0.772 0.2086 0.1332     0.60 0.743 0.1810 0.773 0.2122 0.1354     0.65 0.746 0.1806 0.775 0.2110 0.1362     0.70 0.745 0.1804 0.772 0.2076 0.1358     0.75 0.744 0.1801 0.774 0.2062 0.1346     0.80 0.743 0.1808 0.774 0.2083 0.1365     0.85 0.746 0.1815 0.774 0.2055 0.1364     0.90 0.745 0.1804 0.774 0.2052 0.1367     0.95 0.745 0.1806 0.773 0.2044 0.1370     1.00 0.744 0.1818 0.774 0.2015 0.1347     1.10 0.740 0.1813 0.770 0.2038 0.1374     1.20 0.732 0.1811 0.764 0.2049 0.1383     1.30 0.730 0.1813 0.762 0.2031 0.1377       

 0.45 0.636 0.3223 0.731 0.1472 0.1768     
 0.50 0.631 0.3293 0.728 0.1384 0.1799     
 0.55 0.627 0.3334 0.721 0.1246 0.1802     
 0.60 0.625 0.3398 0.717 0.1164 0.1837     
 0.65 0.621 0.3378 0.710 0.1092 0.1889     
 0.70 0.618 0.3405 0.706 0.1034 0.1906     
 0.75 0.615 0.3465 0.704 0.1007 0.1962     
 0.80 0.612 0.3435 0.698 0.1004 0.2098     
 0.85 0.611 0.3444 0.695 0.0974 0.2154     0.01 0.90 0.608 0.3464 0.692 0.0947 0.2183     
 0.95 0.605 0.3535 0.690 0.0931 0.2236     
 1.00 0.605 0.3626 0.686 0.0867 0.2230     
 1.10 0.595 0.3657 0.675 0.0826 0.2280     
 1.20 0.582 0.3496 0.661 0.0786 0.2320     
 1.30 0.581 0.3590 0.659 0.0742 0.2330     
 1.40 0.579 0.3626 0.655 0.0721 0.2396     
 1.50 0.574 0.3621 0.648 0.0695 0.2438     
 1.60 0.567 0.3494 0.641 0.0670 0.2434       1.70 0.567 0.3671 0.642 0.0649 0.2449       
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Table 3-6. CO2-brine relative permeability calculated with the previous method in Exp7d 

  Time sec1   sec2     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg 

 0.25 0.896 0.0490    0.924 0.5296 0.0329 
0.5 0.30 0.900 0.0503    0.921 0.4599 0.0385 

 0.35 0.899 0.0480    0.919 0.5135 0.0389 

0.1 

0.20 0.745 0.1676 0.796 0.2505 0.1132     0.25 0.743 0.1806 0.787 0.2032 0.1188     0.30 0.741 0.1783 0.778 0.2235 0.1228     0.35 0.742 0.1820 0.776 0.1647 0.1275     0.40 0.742 0.1796 0.773 0.1924 0.1309     0.45 0.744 0.1821 0.775 0.1519 0.1351     0.50 0.745 0.1805 0.774 0.1826 0.1324     0.55 0.746 0.1815 0.772 0.1823 0.1353     0.60 0.743 0.1802 0.773 0.2126 0.1354     0.65 0.746 0.1837 0.775 0.1553 0.1407     0.70 0.745 0.1803 0.772 0.2084 0.1357     0.75 0.744 0.1802 0.774 0.1931 0.1357     0.80 0.743 0.1804 0.774 0.2013 0.1370     0.85 0.746 0.1841 0.774 0.1604 0.1401     0.90 0.745 0.1805 0.774 0.1963 0.1374     0.95 0.745 0.1811 0.773 0.1969 0.1377     1.00 0.744 0.1821 0.774 0.1911 0.1356     1.10 0.740 0.1807 0.770 0.2196 0.1361     1.20 0.732 0.1792 0.764 0.2394 0.1355     1.30 0.730 0.1812 0.762 0.2067 0.1374       

 0.45 0.636 0.3240 0.731 0.1140 0.1795     
 0.50 0.631 0.3306 0.728 0.0990 0.1831     
 0.55 0.627 0.3353 0.721 0.0924 0.1828     
 0.60 0.625 0.3416 0.717 0.0790 0.1867     
 0.65 0.621 0.3389 0.710 0.0962 0.1899     
 0.70 0.618 0.3410 0.706 0.0824 0.1923     
 0.75 0.615 0.3480 0.704 0.0693 0.1987     
 0.80 0.612 0.3442 0.698 0.0935 0.2104     
 0.85 0.611 0.3460 0.695 0.0707 0.2175     0.01 0.90 0.608 0.3461 0.692 0.0816 0.2194     
 0.95 0.605 0.3523 0.690 0.0724 0.2253     
 1.00 0.605 0.3660 0.686 0.0467 0.2262     
 1.10 0.595 0.3631 0.675 0.1331 0.2240     
 1.20 0.582 0.3463 0.661 0.1551 0.2259     
 1.30 0.581 0.3598 0.659 0.0443 0.2355     
 1.40 0.579 0.3631 0.655 0.0590 0.2407     
 1.50 0.574 0.3617 0.648 0.0894 0.2423     
 1.60 0.567 0.3468 0.641 0.1008 0.2407       1.70 0.567 0.3690 0.642 0.0283 0.2478       
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Table 3-7. CO2-brine relative permeability calculated with the new method in Exp8d 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

 0.25 0.673 0.2524 0.790 0.1919 0.1132 0.833 0.2237 0.0774 0.874 0.2905 0.0603 

 0.30 0.660 0.2590 0.774 0.1796 0.1332 0.813 0.1925 0.0889 0.844 0.2405 0.0746 

 0.35 0.648 0.2642 0.761 0.1549 0.1383 0.797 0.1662 0.0951 0.827 0.2155 0.0841 

 0.40 0.638 0.2852 0.751 0.1429 0.1472 0.784 0.1542 0.1059 0.814 0.1986 0.0934 

 0.45 0.630 0.2967 0.741 0.1398 0.1675 0.776 0.1381 0.1087 0.806 0.1803 0.0969 

 0.50 0.622 0.3097 0.735 0.1279 0.1696 0.770 0.1317 0.1150 0.797 0.1728 0.1066 

 0.55 0.618 0.3091 0.727 0.1129 0.1690 0.760 0.1272 0.1271 0.789 0.1616 0.1130 

 0.60 0.611 0.3139 0.722 0.1060 0.1732 0.755 0.1168 0.1282 0.784 0.1556 0.1183 

 0.65 0.607 0.3166 0.715 0.0956 0.1737 0.749 0.1088 0.1311 0.777 0.1538 0.1296 

 0.70 0.602 0.3168 0.710 0.0901 0.1780 0.741 0.0988 0.1317 0.770 0.1443 0.1330 

 0.76 0.594 0.3377 0.700 0.0823 0.1802 0.735 0.0970 0.1371 0.763 0.1361 0.1362 

 0.80 0.589 0.3360 0.694 0.0779 0.1813 0.723 0.0907 0.1447 0.753 0.1267 0.1377 

 0.85 0.588 0.3434 0.694 0.0777 0.1911 0.727 0.0915 0.1487 0.756 0.1218 0.1388 

 0.90 0.585 0.3513 0.690 0.0727 0.1893 0.723 0.0879 0.1525 0.750 0.1127 0.1396 

 0.95 0.578 0.3535 0.687 0.0732 0.1969 0.720 0.0865 0.1557 0.748 0.1117 0.1434 
0 1.00 0.578 0.3673 0.683 0.0696 0.2035 0.715 0.0808 0.1597 0.744 0.1100 0.1518 

 1.05 0.575 0.3651 0.679 0.0701 0.2167 0.711 0.0771 0.1597 0.739 0.1075 0.1576 

 1.10 0.572 0.3629 0.676 0.0659 0.2143 0.708 0.0743 0.1616 0.737 0.1047 0.1595 

 1.15 0.568 0.3757 0.674 0.0656 0.2206 0.706 0.0722 0.1618 0.735 0.1059 0.1681 

 1.20 0.564 0.3677 0.669 0.0634 0.2213 0.701 0.0704 0.1660 0.731 0.1021 0.1680 

 1.25 0.563 0.3751 0.667 0.0595 0.2222 0.698 0.0658 0.1657 0.728 0.0974 0.1695 

 1.30 0.560 0.3735 0.664 0.0574 0.2218 0.696 0.0653 0.1700 0.724 0.0935 0.1706 

 1.35 0.557 0.3785 0.661 0.0547 0.2203 0.692 0.0633 0.1735 0.722 0.0909 0.1711 

 1.40 0.554 0.3794 0.660 0.0545 0.2250 0.690 0.0657 0.1851 0.720 0.0884 0.1721 

 1.45 0.552 0.3786 0.656 0.0525 0.2258 0.689 0.0638 0.1827 0.716 0.0841 0.1713 

 1.50 0.549 0.3803 0.654 0.0529 0.2332 0.687 0.0660 0.1951 0.715 0.0831 0.1732 

 1.60 0.541 0.3831 0.643 0.0480 0.2317 0.675 0.0607 0.1970 0.704 0.0781 0.1764 

 1.70 0.530 0.3831 0.633 0.0458 0.2345 0.666 0.0590 0.2001 0.694 0.0755 0.1810 

 1.80 0.525 0.3832 0.627 0.0421 0.2285 0.660 0.0565 0.2044 0.689 0.0725 0.1841 

 1.90 0.520 0.3816 0.624 0.0416 0.2367 0.657 0.0542 0.2051 0.685 0.0679 0.1832 
  2.00 0.518 0.3817 0.619 0.0393 0.2409 0.650 0.0495 0.2029 0.680 0.0666 0.1893 

 

  



 70 

Table 3-8. CO2-brine relative permeability calculated with the previous method in Exp8d 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

 0.25 0.673 0.2533 0.790 0.1683 0.1151 0.833 0.2387 0.0762 0.874 0.3376 0.0565 

 0.30 0.660 0.2572 0.774 0.1709 0.1340 0.813 0.1927 0.0889 0.844 0.2748 0.0718 

 0.35 0.648 0.2630 0.761 0.1564 0.1382 0.797 0.1779 0.0942 0.827 0.2356 0.0825 

 0.40 0.638 0.2845 0.751 0.1318 0.1481 0.784 0.1492 0.1063 0.814 0.1963 0.0936 

 0.45 0.630 0.2960 0.741 0.1197 0.1691 0.776 0.1265 0.1097 0.806 0.1566 0.0988 

 0.50 0.622 0.3086 0.735 0.1168 0.1705 0.770 0.1146 0.1164 0.797 0.1508 0.1084 

 0.55 0.618 0.3106 0.727 0.0762 0.1719 0.760 0.1080 0.1286 0.789 0.1413 0.1147 

 0.60 0.611 0.3123 0.722 0.0922 0.1743 0.755 0.0993 0.1296 0.784 0.1208 0.1212 

 0.65 0.607 0.3169 0.715 0.0837 0.1747 0.749 0.1018 0.1317 0.777 0.1400 0.1307 

 0.70 0.602 0.3163 0.710 0.0727 0.1794 0.741 0.0918 0.1322 0.770 0.1400 0.1334 

 0.76 0.594 0.3356 0.700 0.1108 0.1779 0.735 0.1279 0.1347 0.763 0.1602 0.1342 

 0.80 0.589 0.3347 0.694 0.1058 0.1791 0.723 0.1526 0.1398 0.753 0.2346 0.1290 

 0.85 0.588 0.3436 0.694 0.0260 0.1953 0.727 0.0206 0.1544 0.756 0.0196 0.1471 

 0.90 0.585 0.3511 0.690 0.0688 0.1896 0.723 0.0777 0.1534 0.750 0.1071 0.1400 

 0.95 0.578 0.3502 0.687 0.0902 0.1956 0.720 0.0960 0.1550 0.748 0.1063 0.1438 
0 1.00 0.578 0.3681 0.683 0.0412 0.2058 0.715 0.0579 0.1616 0.744 0.0873 0.1536 

 1.05 0.575 0.3649 0.679 0.0685 0.2169 0.711 0.0802 0.1594 0.739 0.1078 0.1576 

 1.10 0.572 0.3617 0.676 0.0592 0.2148 0.708 0.0685 0.1621 0.737 0.0864 0.1610 

 1.15 0.568 0.3753 0.674 0.0596 0.2211 0.706 0.0637 0.1624 0.735 0.0774 0.1704 

 1.20 0.564 0.3643 0.669 0.0951 0.2188 0.701 0.0980 0.1638 0.731 0.1373 0.1652 

 1.25 0.563 0.3750 0.667 0.0404 0.2238 0.698 0.0487 0.1671 0.728 0.0717 0.1716 

 1.30 0.560 0.3726 0.664 0.0541 0.2221 0.696 0.0627 0.1702 0.724 0.0908 0.1708 

 1.35 0.557 0.3777 0.661 0.0607 0.2198 0.692 0.0731 0.1728 0.722 0.0914 0.1711 

 1.40 0.554 0.3783 0.660 0.0494 0.2254 0.690 0.0542 0.1861 0.720 0.0707 0.1735 

 1.45 0.552 0.3772 0.656 0.0538 0.2257 0.689 0.0658 0.1826 0.716 0.0763 0.1720 

 1.50 0.549 0.3788 0.654 0.0554 0.2330 0.687 0.0612 0.1955 0.715 0.0636 0.1748 

 1.60 0.541 0.3806 0.643 0.0962 0.2279 0.675 0.1298 0.1915 0.704 0.1629 0.1695 

 1.70 0.530 0.3791 0.633 0.1050 0.2297 0.666 0.1296 0.1945 0.694 0.1527 0.1748 

 1.80 0.525 0.3824 0.627 0.0546 0.2275 0.660 0.0748 0.2030 0.689 0.0911 0.1826 

 1.90 0.520 0.3809 0.624 0.0429 0.2367 0.657 0.0484 0.2056 0.685 0.0573 0.1841 
  2.00 0.518 0.3819 0.619 0.0328 0.2415 0.650 0.0558 0.2024 0.680 0.0757 0.1886 
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Table 3-9. CO2-brine relative permeability calculated with the new method in Exp9d 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

0 

0.25 0.677 0.2356 0.752 0.1395 0.1302 0.791 0.1942 0.0933 0.842 0.2847 0.0656 
0.30 0.663 0.2572 0.737 0.1296 0.1484 0.768 0.1581 0.1043 0.809 0.2286 0.0813 
0.35 0.651 0.2721 0.726 0.1164 0.1535 0.756 0.1429 0.1126 0.795 0.2137 0.0940 
0.41 0.641 0.2956 0.715 0.1069 0.1674 0.746 0.1280 0.1204 0.783 0.1986 0.1076 
0.45 0.637 0.3120 0.707 0.0955 0.1758 0.737 0.1171 0.1295 0.772 0.1752 0.1127 
0.50 0.630 0.3257 0.702 0.0912 0.1864 0.729 0.1071 0.1346 0.767 0.1643 0.1172 
0.55 0.624 0.3259 0.698 0.0874 0.1896 0.724 0.1019 0.1394 0.761 0.1576 0.1235 
0.60 0.615 0.3274 0.690 0.0858 0.2008 0.719 0.1013 0.1473 0.756 0.1520 0.1287 
0.65 0.612 0.3366 0.685 0.0799 0.2069 0.713 0.0932 0.1508 0.749 0.1426 0.1349 
0.70 0.608 0.3483 0.679 0.0736 0.2142 0.707 0.0891 0.1583 0.744 0.1342 0.1380 
0.75 0.603 0.3552 0.676 0.0713 0.2161 0.703 0.0867 0.1652 0.741 0.1307 0.1428 
0.80 0.603 0.3608 0.672 0.0646 0.2192 0.698 0.0858 0.1839 0.737 0.1174 0.1396 
0.95 0.588 0.3734 0.659 0.0612 0.2405 0.687 0.0779 0.1893 0.725 0.1096 0.1544 
1.00 0.583 0.3845 0.650 0.0558 0.2459 0.678 0.0691 0.1848 0.716 0.1115 0.1690 

 

 

Table 3-10. CO2-brine relative permeability calculated with the previous method in 
Exp9d 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

0 

0.25 0.677 0.2332 0.752 0.2033 0.1251 0.791 0.2798 0.0865 0.842 0.3914 0.0570 
0.30 0.663 0.2539 0.737 0.1960 0.1431 0.768 0.2335 0.0982 0.809 0.3112 0.0747 
0.35 0.651 0.2668 0.726 0.1697 0.1492 0.756 0.1868 0.1091 0.795 0.2283 0.0928 
0.41 0.641 0.2941 0.715 0.1310 0.1654 0.746 0.1370 0.1197 0.783 0.1831 0.1089 
0.45 0.637 0.3161 0.707 0.0867 0.1765 0.737 0.1307 0.1284 0.772 0.1811 0.1123 
0.50 0.630 0.3233 0.702 0.1020 0.1855 0.729 0.1196 0.1336 0.767 0.1408 0.1191 
0.55 0.624 0.3231 0.698 0.1043 0.1882 0.724 0.1084 0.1389 0.761 0.1281 0.1259 
0.60 0.615 0.3232 0.690 0.1491 0.1957 0.719 0.1505 0.1434 0.756 0.1703 0.1273 
0.65 0.612 0.3362 0.685 0.0761 0.2072 0.713 0.0897 0.1511 0.749 0.1243 0.1364 
0.70 0.608 0.3498 0.679 0.0746 0.2141 0.707 0.0998 0.1574 0.744 0.1179 0.1393 
0.75 0.603 0.3522 0.676 0.0847 0.2150 0.703 0.0894 0.1650 0.741 0.1040 0.1450 
0.80 0.603 0.3651 0.672 0.0224 0.2226 0.698 0.0517 0.1867 0.737 0.0670 0.1436 
0.95 0.588 0.3712 0.659 0.1001 0.2374 0.687 0.1114 0.1866 0.725 0.1180 0.1537 
1.00 0.583 0.3830 0.650 0.1330 0.2397 0.678 0.1797 0.1759 0.716 0.2332 0.1592 
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3.5 DISCUSSION 

3.5.1 Comparison Between Steady-State and Unsteady-State Relative Permeability 

Figure 3-3 compares (a) the steady-state and (b) the unsteady-sate (using the new 

method) CO2 and brine relative permeabilities of all five drainages, of which Figure 3-3 

(a) is reproduced from Figure 2-5 (a) of Chapter 2. The dashed line (Equation 2-5) and 

the solid line (Equation 2-6) in Figure 3-3 (a) and Figure 3-3 (b) are the Corey-type 

models that fit to the steady-state and the unsteady-state CO2 and brine relative 

permeabilities, respectively.  

 

 

Figure 3-3. (a) Steady-state and (b) unsteady-state (using the new method) CO2 and brine 
relative permeability data determined in all five primary drainages. The dashed line and 
the solid line are the Corey-type models that fit to the steady-state and the unsteady-state 
CO2 and brine relative permeabilities, respectively. 

 

In Equation 2-5 and Equation 2-6, only the exponents, ng and nw, are the fitting 

parameters. The irreducible water saturation (Swr) is the average measured Swr of the five 
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primary drainages, with an error being the standard deviation; so the result is Swr = (26 ± 

2) %. Using the least square method, the exponents that fit to the steady-state relative 

permeability data are given in Chapter 2: ng = 1.8 ± 0.1 and nw = 5.2 ± 0.3; while the 

exponents that fit to the unsteady-state data are: ng = 1.78 ± 0.01 and nw = 4.64 ± 0.04. 

Because of the larger amount of data points in the new unsteady-state method compared 

with the steady-state method, the uncertainty in the fitting exponents, ng and nw, decrease 

by roughly 90%, leading to better constrained relative permeability models. 

In general, the steady-state and the unsteady-state CO2 and brine relative 

permeabilities are consistent. In particular, the Corey-type exponents, ng and nw, in both 

methods are different by 1% and 11%, respectively. The relative large difference in nw 

reflects the uncertainty in the calculated local water fractional flow with the new method. 

The smaller relative difference in ng is due to the local CO2 fractional flow (fg) being 

close to 1 in the primary drainages. Hence, the uncertainty in fg is one order (or two 

orders) of magnitude smaller than the uncertainty in fw. One limitation of the new method 

compared with steady-state methods is that values cannot be obtained at very low water 

saturations. The reason is at the final steps of the primary drainage (very low imposed fw), 

water saturation changes within the experimental duration were too small to apply this 

new method to calculate local unsteady-state water fractional flows. 

 

3.5.2 Comparison Between the New Method and the Previous Method 

The new method and the previous method use slightly different ways to obtain 

local water fractional flows: the former integrates spatial saturation difference, and the 

latter integrates temporal saturation difference on space [DiCarlo et al., 2000a, 2000b; 

Kianinejad et al., 2014, 2015a, 2015b, 2016a, 2016b]. If the actual flow exactly follows 
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the fractional flow theory, then these two methods should give identical results. However, 

this is not the case as Figure 3-2 (c) clearly shows that the brine relative permeabilities 

calculated by these two methods are different. By simple eye test, the new method is 

better because the brine relative permeabilities of the new method are less scattered. 

Figure 3-4 compares the brine and CO2 relative permeability data calculated with 

the new method and the previous method for all five primary drainage experiments at 20 

°C and 1500 psi. Figure 3-4 (a) shows brine relative permeability data obtained from the 

previous method were roughly between 30% more and 20% less of those obtained from 

the new method (average relative difference is 25%). Figure 3-4 (b) shows CO2 relative 

permeability data obtained from the previous method were within 2% of those obtained 

from the new method (average relative difference is 2%). As we have mentioned in the 

results section 3.4, the relative difference in the brine relative permeability data between 

the two methods only results from the same amount of relative difference in the section-

wise water fractional flows between the two methods. And since CO2 fractional flow is 

order/orders of magnitude higher than water fractional flow in our primary drainages, this 

relative difference in water fractional flow becomes order/orders of magnitude smaller 

for CO2 fractional flow.  
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Figure 3-4. Comparison of (a) brine relative permeability and (b) CO2 relative 
permeability determined with this new method and the previous method. The black, green 
and blue solid lines are y=x, y=1.3x and y=0.8x, respectively. 
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shock saturation of invading phase. This is a general limitation for all 1D two-phase 

unsteady-state methods that ignore or avoid (in our case) the capillary term. Based on the 

fractional flow curve and the saturation measurements, this section shows shock is not 

observed and no relative permeability data are obtained beyond shock. 

In our case, the invading phase is CO2. Figure 6a plots both the CO2 fractional 

flow (fg) and the CO2 fractional flow derivative (dfg/dSg) versus CO2 saturation (Sg). 

 

fg =
1

1+
krwµg

krgµw

                                                              

Equation 3-8 

 

Equation 11 (obtained from Equation 1) is used to calculate fg, in which krg and krw 

use Equations 9 and 10 and the fitting parameters for all unsteady-state data (Swr=0.26, 

ng=1.78, and nw=4.64). As mentioned above, a shock has to be added in the dfg/dSg -Sg 

curve (dfg/dSg is linear with x) to avoid double values of Sg at each position x. And the 

invading phase saturation at the peak of the dfg/dSg -Sg curve (Sg=10%) is a lower bound 

of the shock saturation. This is consistent with our experimental observations of water 

saturation in Figure 6b during the first primary drainage step of fw=0.5. Hence, unsteady-

state relative permeability cannot be obtained when water saturation is higher than 

roughly 90%. This is seen in Figures 4b where no relative permeability data is reported in 

this saturation range, because the new method does not calculate the relative permeability 

before breakthrough. 
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Figure 3-5. (a) CO2 fractional flow and CO2 fractional flow derivative versus CO2 
saturation curves (based on Equations 9, 10 and 11 and the fitting parameters in this 
manuscript), (b) water saturation profile evolution during the first drainage step of fw=0.5 
in Exp5, (c) CO2 fractional flow derivative versus CO2 saturation curves at different 
viscosity ratios of the invading phase to the defending phase. 

 

Second, another limitation of the new method is that when conducting the 5-step 

primary drainage experiments, the unsteady-state relative permeability cannot be 

0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1
fg

Sg
(a)

 

 

0

2

4

6

8

10

df
g/
dS
g

fg
dfg/dSg

0 20 40 600.8

0.85

0.9

0.95

1

Distance From the Core Inlet (cm)
(b)

W
at

er
 S

at
ur

at
io

n

 

 

0.05 PV
0.10 PV
0.15 PV
0.20 PV

0.25 PV
0.30 PV
0.35 PV
0.40 PV

0.57 PV
0.77 PV

0 0.2 0.4 0.6 0.8
0

3

6

9

12

15

Si
(c)

df
i/d
Si

 

 

µi/µd=0.01

µi/µd=0.1

µi/µd=1

µi/µd=10

µi/µd=100



 78 

obtained at very low fw steps (or very low water saturations). The reason is at the final 

steps when the imposed fw are very low, the measured water saturation changes within the 

experimental duration were too small to calculate local unsteady-state water fractional 

flows. 

Although the first limitation happens for all 1D two-phase Buckley-Leverett 

displacements that ignore/avoid the capillary term, the extent of the limitation is 

determined by the viscosity ratio of the invading phase to the defending phase. In Figure 

6c, by using Equations 9, 10 (the same fitting parameters) and 11, we plot the invading 

phase fractional flow derivative (dfi/dSi) versus the invading phase saturation (Si) at five 

different viscosity ratios of the invading phase to the defending phase (μi/μd), namely, 

0.01, 0.1, 1, 10 and 100. It can be seen that, as the invading phase becomes more viscous, 

the invading phase saturation at the peak (a lower bound of shock saturation) increases 

from 3% to 52%; in turn, this limits the calculation of the relative permeability to 

narrower saturation ranges. In our case, the CO2-brine primary drainage experiments have 

an invading phase to defending phase viscosity ratio of 0.08. Hence, this limitation is 

small for the data shown here. Thus this method is most appropriate for displacements of 

high viscosity fluids by low viscosity fluids (such as gases and supercritical phases), as 

the limitations are minor, but with the advantage of avoiding the capillary end effect.  

 

3.6 SUMMARY 

This chapter presents a new unsteady-state method of determining two-phase 

relative permeability by using the local pressure drop, local saturation, and local phase 

fluxes during the unsteady-state flow portion of conventional steady-state primary 

drainage experiments. The former two parameters are experimentally measured, and the 
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last is obtained by integrating spatial saturation difference based on the fractional flow 

theory. In particular, the new method is used to determine CO2-brine relative 

permeability from five primary drainage experiments in a Berea sandstone core at 20 °C 

and 1500 psi. We find that the unsteady-state and steady-state CO2-brine relative 

permeability data are consistent. Compared with the steady-state method, the large 

amount of relative permeability data obtained by the new unsteady-state method decrease 

the uncertainties of the exponents in the Corey-type fits by roughly 90%. We also use a 

previous method by DiCarlo et al. [DiCarlo et al., 2000a, 2000b] to calculate local phase 

fluxes based on mass balance. The previous method integrates temporal saturation 

difference on space. The comparison between the new method and the previous method 

in terms of section-wise phase fluxes and relative permeabilities proves that the new 

method is rigorous in finding the local phase fluxes and unsteady-state relative 

permeabilities. 
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Chapter 4. An Extended JBN Method of Determining Unsteady-State 
Two-Phase Relative Permeability3 

 

4.1 OVERVIEW 

The JBN method is a well-known and fast method that determines two-phase 

relative permeability across a broad range of saturations [Welge, 1952; Johnson et al., 

1959]. It consists of injecting an invading phase into a core fully saturated with a 

defending phase; during the unsteady-state portion of the displacement, both the overall 

pressure drop and the effluent phase ratio are measured versus time. By using fractional 

flow theory [Buckley and Leverett, 1942] and a mathematical inversion, relative 

permeability data to both phases are obtained at the outlet as the defending phase 

saturation decreases. 

This chapter extends the regular JBN method by having local measurements of 

fractional flow (introduced in Chapter 3), pressure drop (using pressure taps), and 

saturation (using CT). With these local measurements and the similar mathematical 

inversion, this extended JBN method can obtain relative permeability data to both phases 

at every tap location of the core (not just at the outlet). Although this method requires 

measuring in situ saturation and having pressure taps, it has the advantage of avoiding the 

capillary end effect. A single primary drainage with CO2 displacing brine is taken as an 

example to compare results between the regular JBN method and the extended JBN 

method. The results show that the extended JBN method data are closer to the steady-

state data (shown in Chapter 2) than the regular JBN method.  

                                                
3 This chapter is based on: X Chen, A Kianinejad and DA DiCarlo (2016a), An Extended JBN Method of Determining Unsteady-
State Two-Phase Relative Permeability, Water Resour. Res., 52, 8374-8383. Kianinejad helped with experiments and DiCarlo is my 
supervisor. 
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4.2 EXPERIMENTAL METHODS 

The experiment taken as an example to illustrate this extended JBN method is 

Exp8, which is a CO2 displacing brine saturated core experiment at 20 °C and 1500 psi 

presented in Chapter 2. All the experimental methods details are in Chapter 2, section 2.2. 

In the following, the regular JBN method is first introduced and the JBN extension detail 

is given afterwards. 

 

4.2.1 Overview of the JBN Method 

As introduced, the JBN method is a popular and fast unsteady-state method of 

determining relative permeability across a wide range of saturations [Welge, 1952; 

Johnson et al., 1959]. One invading phase is injected into a core fully saturated with a 

defending phase. During the displacement, both the overall pressure drop and the effluent 

phase ratio are measured versus time. By applying the fractional flow theory [Buckley 

and Leverett, 1942] (continuity equation) to the Darcy Buckingham equation and a 

mathematical inversion, one can obtain the relative permeabilities to both the defending 

phase (d) and the invading phase (i) at the core outlet. Two main assumptions are stable 

displacements and incompressible fluids, which can be satisfied by maintaining high flow 

rate and high experimental pressure. The JBN method also assumes no capillary or 

gravitational forces.  

With these assumptions and the inversion, Equations 4-1 to 4-3 are used to find 

the defending phase and the invading phase relative permeabilities at the core outlet (krd2 

and kri2), and the defending phase saturation at the core outlet (Sd2). Note, the subscript ‘2’ 

means the outlet of the core. In Equation 4-1, fd2 is the defending phase fractional flow 

(defined as the phase flux divided by the total flux) at the core outlet, L is the length of 
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core, Qt is the total flow rate, μd is the defending phase viscosity, td is the injected pore 

volume, K is the single phase permeability, A is the cross section area of core, and ΔP is 

the measured overall pressure drop. In Equation 4-2, μi is the invading phase viscosity. In 

Equation 4-3, Sdavg is the core-average defending phase saturation. 

 

 

krd2 =
fd2LQtµd

KA
d 1 td( )
d ΔP td( )

 ,  

Equation 4-1 

 

kri2 = krd2
µi (1− fd2 )
µd fd2

 ,  

Equation 4-2 

 
Sd2 = Sdavg + fd2td  .  

Equation 4-3 

 

4.2.2 The Extended JBN Method 

Without loss of generality, the JBN method can be extended to determine relative 

permeability at any position of the core (not just the outlet), as along as one has the local 

measurements of saturation and fractional flow at this position, and the pressure drop 

measurement between the inlet and this position. 

Again the method consists of injecting an invading phase into a core fully 

saturated with a defending phase. The difference from the regular JBN method is that 

both the pressure drop and saturation are measured locally. Using pressure taps on the 
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core, pressure drops of individual sections of the core are measured, not just the overall 

pressure drop. Equation 4-3 is not used to interpret the outlet saturation from the average 

saturation; instead, X-ray Computed Tomography (CT) technique is used to measure the 

in situ saturation along the core. If the local fractional flow can be found at each pressure 

tap, then together with the pressure drop and saturation measurements, the regular JBN 

method can be straightforwardly extended to determining relative permeability data to 

both phases at each tap using Equation 4-1 and Equation 4-2. The greatest advantage of 

the extended JBN method is that it uses pressure drops away from the capillary 

dominated exit region, and hence experimentally avoids the capillary end effect that 

potentially plagues the JBN method data. This will be shown in the results. 

To our knowledge, there are two methods of calculating local fractional flow from 

the saturation profile at each injection time. One method is based on a fractional flow 

analysis and integrating spatial saturation difference to obtain local fractional flow, which 

is developed by [Chen and DiCarlo, 2016]. Another method is based on mass balance 

and integrating temporal saturation difference against space to obtain local fractional 

flow, which is developed by DiCarlo et al. [DiCarlo et al., 2000a, 2000b] and used by 

Kianinejad et al. [Kianinejad et al., 2014, 2015a, 2015b, 2016a, 2016b]. Both methods 

have been given in details in Chapter 3, section 3.2: obtaining local flux from saturation 

data. Hence, the details and the equations (Equations 3-1 to 3-7) are not repeated here. 

 

4.2.3 Illustration Experiment 

To illustrate this extended JBN method, the saturation and pressure drop data 

during the unsteady-state flow portion of the primary drainage experiment Exp8 are used. 

Exp8 is an experiment presented in Chapter 2, which consists of injecting CO2 into a 
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brine-saturated Berea sandstone core (60.8 cm long) at 20 °C and 1500 psi. During the 

experiment, differential pressure transducers are used to measure the pressure drops of 

five individual sections of the core divided by four pressure taps. From the upstream to 

the downstream, the five sections are named as sec1, sec2, sec3, sec4 and sec5. A 

medical X-ray CT scanner is used to obtain the in situ saturation profile along the core 

every 0.05 PV from 0.05 PV to 1.50 PV, and every 0.10 PV from 1.50 PV to 2.00 PV (35 

scan series in total). Steady state was not reached at 2.00 PV, but it is enough for method 

illustration purpose. 

In the illustration experiment, the already known parameters are: the length from 

the core inlet to each tap and the core outlet L (Table 4-1), the total flow rate Qt (2 

ml/min), the defending phase (brine) viscosity μd (1.081 cp), the invading phase (CO2) 

viscosity μi (0.087 cp), the injected total pore volume td, the average permeability from 

the inlet to each tap and the outlet K (Table 4-1), the cross section area A (40.08 cm2), the 

porosity of the core ϕ (17.61%), and the pore volume PV (429.3 cm3). 

 

Table 4-1. Length and permeability from the core inlet to each tap and the core outlet 

 sec1 secs 12 secs 123 secs 1234 overall 
L (cm) 15.24 25.40 35.56 45.72 60.80 
K (mD) 101.55 112.51 118.83 122.10 120.54 

 

 

4.3 RESULTS FROM THE ILLUSTRATION EXPERIMENT 

For simplicity, Figure 4-1 (a) only shows water saturation (Sw) profiles at a few 

selected injection times. Before the CO2 injection, the core was uniformly saturated with 

brine. As CO2 was injected, Sw decreased as the CO2 front moved from the left to the 
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right. Before the breakthrough (0.05, 0.11, 0.15 PVs), roughly the same volume of brine 

was displaced by the injected CO2. After the breakthrough at 0.20 PV, Sw decreased at a 

slower rate with time and eventually reached roughly 60% at 2.00 PV. Again, steady state 

was not reached at 2.00 PV, but it is enough to show until this time for method 

illustration. 
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Figure 4-1. (a) Water saturation profile recorded at each injection time, (b) pressure drop 
of the five individual sections of the core measured versus the total injected pore volume. 
Water fractional flow profile calculated at each injection time using (c) the Chen et al. 
method [Chen and DiCarlo, 2016] and (d) the DiCarlo et al. Method [DiCarlo et al., 
2000a, 2000b]. 
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Figure 4-1 (b) shows the measured pressure drop of each section of the core 

versus time. Before the arrival of CO2 front at each section, its pressure drop remained 

constant because single-phase brine flow was measured between taps. When the front 

was moving through this section, the pressure drop increased because the CO2 phase 

occupied the upstream pressure tap of this section and both the viscous pressure drop and 

the capillary pressure were measured between the taps. Upon the front departure from 

this section, the pressure drop decreased because both pressure taps of this section were 

occupied by the CO2 phase and only the viscous pressure drop was measured. 

Figure 4-1 (c) shows the local water fractional flow (fw) profiles versus time 

calculated from the saturation profiles using the Chen et al. method [Chen and DiCarlo, 

2016]. Before the breakthrough (0.05, 0.11, 0.15 PVs), fw increased from 0 at the inlet 

(not shown in log scale) to 1 at the front and stayed at 1 until the outlet. After the 

breakthrough at 0.20 PV, fw still increased from the inlet to the outlet, but the value was 

monotonically decreasing with time and approaching the imposed fw of 0. At 2.00 PV, the 

core average fw was roughly 0.01. 

Figure 4-1 (d) shows the fw profiles versus time calculated using the DiCarlo et al. 

method [DiCarlo et al., 2000a, 2000b]. Besides the similar trend as Figure 4-1 (c), the 

difference between these two figures is that fw in Figure 4-1 (d) did not monotonically 

decrease with time: e.g. fw at 0.80 PV was higher than fw at 0.60 PV. This is because the 

DiCarlo et al. method is based on mass balance, and the measured temporal Sw difference 

did not monotonically decrease with time, e.g. Sw difference between 0.60 PV and 0.80 

PV was higher than Sw difference between 0.40 PV and 0.60 PV. Because Sw 

monotonically decreased with time but fw obtained by the DiCarlo et al. method [DiCarlo 

et al., 2000a, 2000b] did not, so the fw-Sw functionality are scattered. 
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Figure 4-2 (a) plots 1/td versus ΔP/td for the overall core, section 1 of the core, the 

combination of sections 1 and 2, the combination of sections 1, 2 and 3, and the 

combination of sections 1, 2, 3 and 4. For each plot, a cubic equation was fit to it and the 

fitting parameters are listed in Table 4-2. The derivative d(1/td)/d(ΔP/td) at each injection 

time is calculated by differentiating the respective cubic equation for each section or 

combination of sections. 

 

Table 4-2. Fitting parameters for 1/td as a function of ΔP/td, using y=a+bx+cx2+dx3 

  overall secs 1 secs 12 secs 123 secs 1234 
a 0.110 0.0399 0.102 0.136 0.144 
b 0.222 2.42 1.168 0.713 0.515 
c -0.00645 -0.656 -0.119 -0.0469 -0.0264 
d 0.000130 0.134 0.00855 0.00212 0.000852 

 

Using fw calculated with both the Chen et al. method [Chen and DiCarlo, 2016] 

and the DiCarlo et al. method [DiCarlo et al., 2000a, 2000b], the derivative 

d(1/td)/d(ΔP/td), the relative permeabilities to both CO2 and brine are calculated at each of 

the four pressure taps with the extended JBN method and the core outlet with the regular 

JBN method for each injection time after the breakthrough (0.20 PV). In total, 124 pairs 

of brine and CO2 relative permeability data are obtained with the extended JBN method 

using the pressure drops between the inlet and the four pressure taps and 31 pairs of brine 

and CO2 relative permeability data are obtained with the regular JBN method using the 

overall pressure drop. 

 



 89 

 

Figure 4-2 
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Figure 4-2. (a) 1/td plotted versus ΔP/td for the overall core, section 1, sections 1 and 2, 
sections 1, 2 and 3, and sections 1, 2, 3 and 4 and their cubic equation fits (dashed lines). 
(b) Based on fw calculated with the Chen et al. method [Chen and DiCarlo, 2016] and (c) 
based on fw calculated with the DiCarlo et al. method [DiCarlo et al., 2000a, 2000b], the 
resulting brine and CO2 relative permeabilities determined at the taps using the extended 
JBN method, and those determined at the outlet using the regular JBN method. (d) Steady 
state relative permeability data compared with those obtained with the extended JBN 
method (using the Chen et al. method for fw). The dashed line and the solid line in (b), (c) 
and (d) are the Corey-type models (Equations 2-5 and 2-6) that fit to CO2 and brine 
relative permeability data using the same parameters (Swr=0.28, nw=4.66, ng=1.74). 
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Figure 4-2 (b) shows, based on fw calculated with the Chen et al. method [Chen 

and DiCarlo, 2016], the CO2 and brine relative permeability data obtained with the 

extended JBN method (red squares and circles) compared against the regular JBN method 

(blue diamonds and triangles). The dashed line and the solid line are Corey-type models 

(Equation 2-5 and Equation 2-6, fitting parameters are Swr=0.28, nw=4.66, ng=1.74) that fit 

to the CO2 and brine relative permeability data obtained with the extended JBN method. 

It can be seen that, the CO2 and brine relative permeability data obtained at the outlet 

with the regular JBN method are roughly 70% lower than the Corey type fits (which fit 

very well to the data obtained at the taps with the extended JBN method, R2=0.96 for 

brine and R2=0.94 for CO2). This is because for the low viscosity fluid CO2, the capillary 

pressure (~1 psi estimated from Pentland et al. [Pentland et al., 2011]) is at the same 

order of magnitude as the viscous pressure drop (~5 psi), so the measured overall 

pressure drop is affected by the capillary pressure. Unlike the regular JBN method using 

the overall pressure drop, the extended JBN method uses the pressure drops between the 

inlet and the pressure taps on the core. As a result, the extended JBN method 

experimentally avoids the capillary end effect and obtains higher relative permeability 

data to both phases. 

Figure 4-2 (c) shows, based on fw calculated with the DiCarlo et al. method 

[DiCarlo et al., 2000a, 2000b], the CO2 and brine relative permeability data obtained with 

the extended JBN method (red squares and circles) compared against the JBN method 

(blue diamonds and triangles). Clearly, we see the similar trend that the data obtained by 

the regular JBN method are roughly 70% lower than the Corey type fits (same parameters 

as in Figure 4-2 (b)) that fit to the data obtained with the extended JBN method. 

The difference between Figure 4-2 (b) and Figure 4-2 (c) is that the brine relative 

permeability data in Figure 4-2 (c) are more scattered. This can be quantified by the R2 of 
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the brine Corey-type fit, which is 0.96 for Figure 4-2 (b) and 0.82 for Figure 4-2 (c). The 

cause has been mentioned above: since fw calculated with the DiCarlo et al. method 

[DiCarlo et al., 2000a, 2000b] did not monotonically decrease with time while Sw 

monotonically decreased with time; putting these together in a relative permeability curve 

directly causes the scattering in the krw-Sw functionality. However, the scatter does not 

show on the CO2 relative permeability data in Figure 4-2 (c) (R2 for the CO2 Corey-type 

fit is 0.94 in Figure 4-2 (c)). This is because the fractional flow of CO2 (fg) is orders of 

magnitude higher than fw and hence the scattering of the fw-Sw functionality has less effect 

on the fg-Sw functionality.  

Figure 4-2 (d) compares the unsteady-state CO2 and brine relative permeability 

data obtained with the extended JBN method (from red symbols in Figure 4-2 (b)) against 

the steady-state data obtained in the five primary drainage experiments (including this 

illustration experiment) in the same rock and at the same temperature and pressure 

(presented in Chapter 2). It can be seen that these two datasets are consistent with each 

other. In particular, the steady-state CO2 relative permeability data are within ± 20% of 

the CO2 Corey-type fit; and the steady-state brine relative permeability data are within -

40% and +30% of the brine Corey-type fit. This gives us confidence to use this extended 

JBN method as a timesaving alternative method of determining two-phase relative 

permeability data. 

 

4.4 SUMMARY 

In summary, by extending the regular JBN method to the interior of the core, we 

show how one is able to quickly obtain two-phase relative permeabilities using an 

unsteady-state flood. The additional experimental requirements over the regular JBN 
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method are in situ measurements of the saturation and pressure taps along the core. In 

cases where the end effect is large (in this case, the end effect is large due to the low 

viscosity of the invading CO2 phase), the relative permeabilities obtained with the 

extended JBN method match the steady-state measurements, but are considerably higher 

than those obtained from the regular JBN method. Hence, this JBN extension may be an 

additional useful relative permeability measurement technique, especially in the case 

where the invading fluid has a low viscosity, such as a gaseous or supercritical fluid. 
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Chapter 5. Supercritical CO2 Relative Permeability at Different 
Temperature and Pressure Conditions 

 

5.1 OVERVIEW 

Knowing the dependency of CO2 relative permeability on temperature and 

pressure is pivotal to using CO2 relative permeability in modeling multiphase flow 

scenarios in geological porous media. Different geological settings have different 

temperatures and pressures. Even within the same formation, as CO2 migrates upwards, 

temperature and pressure decrease. If CO2 relative permeability has no dependency on 

temperature or pressure, then a universal CO2 relative permeability function can be used 

within the same rock type, which will be timesaving for modeling practice. Furthermore, 

knowing this dependency will help us better understand the physics of CO2 and brine 

two-phase flow. 

This chapter presents three primary drainages conducted at 40 °C and 1800 psi 

(12.41 MPa), 40 °C and 1200 psi (8.27 MPa), and 60 °C and 1800 psi. Each drainage 

experiment consists of three steps with fw of 0.5, 0.1 and 0. The improved steady-state 

method in Chapter 2 and the new unsteady-state method in Chapter 3 are used together to 

obtain both steady-state and unsteady-state CO2 and brine relative permeability data from 

these three experiments. 

 

5.2 EXPERIMENTAL METHODS 

The experimental methods have been introduced in details in Chapter 2. The big 

difference in this chapter is that heaters and thermocouples are added to increase the 
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temperature of the floods, which is introduced here. Otherwise, the experimental method 

is almost the same as in Chapter 2 and is only briefly mentioned here. 

 

5.2.1 Rock and Fluid 

Similar to Chapter 2, this chapter chooses another Berea sandstone core (60.9-cm 

long and 7.15-cm diameter). Bedding planes were parallel to the core axis. Firing was not 

performed to preserve the original rock property. Three primary drainage experiments 

were conducted at three different high-temperature and high-pressure (HTHP) conditions 

(40 °C and 1800 psi, 40 °C and 1200 psi, and 60 °C and 1800 psi). Brine (2 wt% NaCl) 

and CO2 were used for the core floods. To avoid mass transfer during co-injection, both 

brine and CO2 were pre-equilibrated in two vertical accumulators for at least 12 hours. 

The necessary amounts of CO2 and brine for equilibration are calculated from the mutual 

solubility of CO2 and brine [Wiebe and Gaddy, 1941; Duan et al., 1992; King et al., 

1992; Teng and Yamasaki, 1998; Duan and Sun, 2003; Seo et al., 2011]. Details on phase 

equilibrations are described in Appendix A. The viscosity (unit cp or mPa*s) of non-

equilibrated brine [IAPWS, 1997; Mao and Duan, 2009], equilibrated brine [Duan et al., 

1992; Teng and Yamasaki, 1998; Duan and Sun, 2003; Wang and Clarens, 2012] and 

equilibrated CO2 [King et al., 1992; Seo et al., 2011; Vesovic et al., 1990; Fenghour et 

al., 1998] are 0.676, 0.716, and 0.0615 at 40 °C and 1800 psi; 0.675, 0.695, and 0.0246 at 

40 °C and 1200 psi; and 0.486, 0.506, and 0.0350 at 60 °C and 1800 psi, respectively. 

 

5.2.2 Methods 

Figure 5-1 shows the modified setup for high temperature experiments, in which 

X-ray source is not shown for simplicity. Two Teledyne Isco pumps pushed equilibrated 



 96 

brine and CO2 from two piston accumulators into the vertical core holder. The core 

holder was mounted on a vertical positioning system that can move up and down through 

a medical X-ray CT scanner to take CT image. Inside the core holder, the core was placed 

snuggly and wrapped with two layers of heat shrink tubing and one layer of aluminum 

foil for preventing brine and CO2 contacting with the rubber sleeve. On the core holder, 

there were four pressure taps at 15.24, 25.40, 35.56, and 45.72 cm from the core inlet, 

through which core wrapping was drilled for pressure transmission. These taps along 

with the core holder inlet and outlet tubing allowed us to use six Rosemount differential 

pressure transducers to monitor the overall pressure drop and the pressure drops of five 

individual sections of the core. These sections were named as sec1, sec2, sec3, sec4 and 

sec5 from the upstream to the downstream of the core. The effluent brine and 

supercritical CO2 entered the top of a third vertical piston accumulator. This accumulator 

discharged DI water from its bottom to a back pressure regulator (BPR) set at the 

experimental pressure, which minimized pressure fluctuation. 

In order to increase the temperature of the core floods, heaters and thermocouples 

were applied on the upstream accumulators storing CO2 and brine, the downstream 

accumulator collecting effluents, and the core holder. Figure 5-1 shows that, (1) one 

silicone rubber heater (200W) was wrapped spirally around each accumulator, and one 

thermocouple (polyimide substrate with elastomer cover) was taped at the center; (2) four 

polyimide Thermofoil™ heaters (192.6 W in total, 0.3 mm thin) were taped on the core 

holder, and three thermocouples were taped at the top, center and bottom of the core 

holder surface. Both the polyimide Thermofoil™ heaters and the thermocouples are 

transparent to X-rays. The heaters and the thermocouples are made by Minco™. 
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Figure 5-1. Modified schematic setup for high temperature experiments 

 

The experiment started from equilibrated brine displacing non-equilibrated brine 

in the core. Following that, concurrent equilibrated brine (hereafter brine) and 

equilibrated supercritical CO2 (hereafter CO2) were co-injected. After the steady state was 

reached, the flow rates of brine and CO2 were changed with lower water fractional flow. 

This process was repeated until the final step of 100% CO2 injection. At each condition, 

including 40 °C and 1800 psi, 40 °C and 1200 psi, and 60 °C and 1800 psi, one three-step 

primary drainage experiment was conducted. The flow rates (unit cc/min) of brine and 

CO2 during each primary drainage experiment were Qbrine=2 and QCO2=2 when fw=0.5; 

Qbrine=0.4 and QCO2=3.6 when fw=0.1; and Qbrine=0 and QCO2=4 when fw=0, respectively. 

The medical X-ray CT scanner was used to obtain porosity and in situ water 

saturation using the linearity between CT number and density [Mull, 1984; Wang et al., 
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1985; Peters and Hardham, 1990]. During the unsteady-state portion of each drainage 

step, starting at 2 cm from the inlet, 30 1-cm-thick slices of CT images were scanned 

along the core and the scan frequency is every 0.05 PV. When steady state was reached, 

60 1-cm-thick slices of CT images were taken along the core to capture a more thorough 

saturation profile. Near each pressure tap (stainless steel fittings) that blocked X-rays, 

one/two slices of CT images were not used when 30/60 slices of images were taken along 

the core. Hence, only 26 out of 30 slices and 52 out of 60 slices of CT images are usable 

along the core. The porosity was calculated by dividing the CT number difference 

between the non-equilibrated brine saturated core and the dry core by the CT number 

difference between non-equilibrated brine (16) and air (Equation 2-1). The in situ water 

saturation was calculated by linear interpolation in CT number among the brine-saturated 

core, the CO2-saturated core and the in situ core at the particular experimental 

temperature and pressure (Equation 2-2). 

 

5.3 RESULTS FROM THREE PRIMARY DRAINAGES 

5.3.1 Porosity and Steady-State Water Saturation 

Figure 5-2 shows the porosity and steady-state water saturation during each 

primary drainage experiment. Figure 5-2 (a) shows 8 of the 52 useable 1-cm-thick 

porosity images along the core. The high porosity zones were located linearly in the 

bedding directions (N47.5W), particularly near upper-right quarters. The porosity 

heterogeneity later on affected CO2-brine distribution, which is shown soon after. Figure 

5-2 (b) shows the porosity profile along the core. The porosity is uniform along the core 

and the average porosity is 15.6±0.2 % (uncertainty is 2 times standard deviation). 
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Figure 5-2. (a) Porosity images along the core at 4, 12, 20, 28, 37, 44, 52 and 59 cm from 
the core inlet, (b) porosity profile along the core. Steady-state water saturation images at 
different fw steps of primary drainages conducted at (c) 40 °C and 1800 psi, (e) 40 °C and 
1200 psi and (g) 60 °C and 1800 psi (same positions as the porosity images). Steady-state 
water saturation profiles along the core at different fw steps of primary drainages 
conducted at (d) 40 °C and 1800 psi, (f) 40 °C and 1200 psi and (h) 60 °C and 1800 psi. 
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For the primary drainages conducted at 40 °C and 1800 psi, 40 °C and 1200 psi 

and 60 °C and 1800 psi, Figures 5-2 (c), (e) and (g) show 8 out of the 52 usable steady-

state water saturation images along the core at each water fractional flow step; while 

Figures 5-2 (d), (f) and (h) show the steady-state water saturation profiles along the core 

at these steps. From Figures 5-2 (c), (e) and (g), it can be seen that: (1) steady-state water 

saturation decreased as fw was lowered; (2) at high fw (0.5) step, CO2 and brine were 

evenly distributed in each cross section of the core; (3) as fw decreased (0.1, 0), 

supercritical CO2 was preferentially distributed in the upper right quarter in each cross 

section of the core, which is correlated to the upper right quarters having higher porosity. 

From Figures 5-2 (d), (f) and (h), it can be seen that, (1) water saturation was uniform 

along the core at drainage steps with high fw (0.5 and 0.1); and (2) at the drainage step 

with fw of 0, water saturation was only uniform in the center and was lower near the 

entrance and higher near the exit of the core. 

 

5.3.2 Steady-State CO2-Brine Relative Permeability 

Using a simple inversion of two-phase Darcy Buckingham equation, steady-state 

CO2 and brine relative permeability can be directly obtained with Equation 2-3 and 

Equation 2-4. Among the parameters in Equations 2-3 and 2-4, Q and μ of both phases 

are given in the Experimental Methods section; L and kw are tabulated in Table 5-1, and A 

is 40.12 cm2. Table 5-1 shows the standard deviation of brine permeability in each 

primary drainage was roughly 20% of the average value for the entire core and each 

section of the core. This indicates brine permeability was well preserved throughout the 

three primary drainage experiments. 
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Table 5-1. Brine permeability measured before each primary drainage experiment 

    whole section1 section2 setion3 section4 section5 
length(cm) 60.88 15.24 10.16 10.16 10.16 15.16 

  40C, 1800psi 52.97 43.33 56.58 57.78 58.36 54.64 
k(mD) 40C, 1200psi 37.46 28.46 38.73 42.17 45.15 41.51 

  60C, 1800psi 45.07 38.95 48.12 44.67 45.98 47.86 
std/avg(%) 17.16 20.70 18.67 17.40 14.84 13.68 

 

During CO2-brine two-phase flows, the CO2 pressure differs from the brine 

pressure by the capillary pressure. It is deduced that the pressure measured at the taps is 

the CO2 phase pressure. This is because the taps are big openings and thus prefer the non-

wetting phase (CO2). This is consistent with observations on the pressure drop versus 

time trace when CO2 first invades a brine saturated core [Chen et al., 2016b] (Chapters 2-

4). Thus the CO2 pressure drop is equal to the measured pressure drop in the center 

sections. Furthermore, in the center sections, water saturation is uniform; thus the 

capillary pressure is uniform and the brine pressure drop is equal to the CO2 pressure 

drop. 

In the entrance section, the inlet tubing measures both CO2 and brine pressures 

during CO2-brine co-injection and only CO2 pressure during 100% CO2 injection, and 

CO2 pressure is measured at the tap; thus the pressure drop measured in the entrance 

section is only equal to CO2 pressure drop. 

Using the pressure drops of the core’s upstream four sections and the steady-state 

water saturation profiles, the steady-state CO2 and brine relative permeability data are 

obtained for all three primary drainages, which are in Table 5-2. 
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Table 5-2. Steady-state relative permeability data of three primary drainages 

Exp condition fw section Sw krw krg 

  sec2 0.886 0.691 0.059 

 0.5 sec3 0.893 0.359 0.031 

  sec4 0.890 0.829 0.071 

  sec2 0.774 0.176 0.136 

 0.1 sec3 0.775 0.171 0.132 
40 °C  sec4 0.774 0.193 0.149 

1800 psi  sec2 0.555  0.398 

 0 sec3 0.584  0.345 

  sec4 0.606  0.424 

 0.5  0.865  0.040 

 0.1 sec1 0.732  0.167 

 0  0.478  0.553 

  sec2 0.892 0.523 0.019 

 0.5 sec3 0.896 0.513 0.018 

  sec4 0.895 0.485 0.017 

 0.1 sec234 0.797 0.329 0.105 
40 °C  sec2 0.582  0.362 

1200 psi 0 sec3 0.615  0.308 

  sec4 0.640  0.295 

 0.5  0.870  0.019 

 0.1 sec1 0.745  0.108 

 0  0.509  0.485 

  sec2 0.896 0.871 0.060 

 0.5 sec3 0.898 0.563 0.039 

  sec4 0.898 0.493 0.034 

 0.1 sec3 0.779 0.215 0.134 
60 °C  sec4 0.780 0.263 0.164 

1800 psi 0 sec3 0.607  0.341 

  sec4 0.630  0.235 

 0.5 sec1 0.865  0.032 

 0.1 sec12 0.755  0.150 

 0 sec12 0.517  0.393 

 

Figure 5-3 shows two-phase CO2 and brine relative permeability data at four 

different temperature and pressure conditions. The black solid and dashed lines are the 

Corey-type models (Equation 2-5 and Equation 2-6) that fit to the CO2 and brine relative 

permeability data at 20°C and 1500 psi with the fitting parameters of Swr=0.26, nw=5.2 
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and ng=1.8. It can be seen that, there are no appreciable difference in either CO2 or brine 

relative permeability data among four different conditions. In order to have quantitative 

comparison between data at different conditions, Figure 5-4 plots the data in both linear 

and logarithm scales with some upper and lower bounds.  

 

 

Figure 5-3. Two-phase (a) CO2 and (b) brine relative permeability data at 20°C & 1500 
psi, 40°C & 1800 psi, 40°C & 1200 psi and 60°C, 1800 psi. 

 

Figures 5-4 (a) and 5-4 (b) show the steady-state CO2 and brine relative 

permeability data at 20 °C and 1500 psi in both linear and log scales. These data were 

reported in Chapter 2 and the GHGST manuscript [Chen et al., 2016b]. The black solid 

line and the gray solid line are the Corey-type models (Equation 2-5 and Equation 2-6) 

that fit to the CO2 and brine relative permeability data at 20°C and 1500 psi with the 

fitting parameters of Swr=0.26, nw=5.2 and ng=1.8. It can be seen from Figures 5-4 (a) and 

(b) that, 89% of the steady-state CO2 relative permeability data are within 40% of the 
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CO2 fit (the two black dashed lines), and 89% of the steady-state brine relative 

permeability data are within 80% of the brine fit (the two gray dashed lines). These 40% 

and 80% scatters compared to the fits are chosen to have roughly 90% of the steady-state 

relative permeability data at 20°C and 1500 psi within these ranges. Hereafter, for 

straightforward comparison, these same Corey fits and the same dashed lines appear in 

every relative permeability figure of this chapter. 
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Figure 5-4. Steady-state CO2 and brine relative permeabilities during the primary 
drainages at 20 °C and 1500 psi in (a) linear scale and (b) log scale (reported in the 
GHGST manuscript [Chen et al., 2016b]), and at HTHP conditions (40 °C and 1800 psi, 
40 °C and 1200 psi, and 60 °C and 1800 psi) in (c) linear scale and (d) log scale. The 
black solid line and gray solid line are the Corey-type CO2 and brine fits (Swr=0.26, 
nw=5.2, ng=1.8). The black dashed lines are 40% beyond and 40% below the black solid 
line; and the gray dashed lines are 80% beyond and 80% below the gray solid line. 
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Figures 5-4 (c) and (d) plot the steady-state CO2 and brine relative permeability 

data at all three HTHP conditions in both linear and log scales. It can be seen that the 

steady-state relative permeabilities at all three HTHP conditions have the similar scatter 

compared to the same Corey fits as the steady-state data at 20 °C and 1500 psi. At all 

three HTHP conditions, 81% of the steady-state CO2 relative permeability data are within 

40% of the CO2 fit, and 86% of the steady-state brine relative permeability data are 

within 80% of the brine fit.  

Furthermore, the average deviations (defined as the difference between the 

measured value and the predicted value divided by the predicted value) of each dataset 

compared to the same Corey fits (Swr=0.26, nw=5.2 and ng=1.8) are calculated for 

comparison, and the values are given Table 5-3. 

 

Table 5-3. The average deviation compared to the same Corey-type CO2 and brine fits 

T(°C)  20 20 HTHP HTHP 40 40 40 40 60 60 
P(psi) 1500 1500 HTHP HTHP 1800 1800 1200 1200 1800 1800 
steady ✔  ✔  ✔  ✔  ✔  unsteady   ✔   ✔   ✔   ✔   ✔ 

dev_krg 11% 6% 7% 20% 22% 28% -19% 15% 14% 8% 
dev_krw 4% 34% 34% 38% 33% 14% 28% 100% 42% 52% 

 

Along with the similar scatter compared to the CO2 fit, Table 5-3 shows that the 

steady-state CO2 relative permeability data at 20 °C and 1500 psi and those at all three 

HTHP conditions have similar average deviations from the same CO2 fit (the former is 

11% and the latter is 7%). Hence, it is suggested from these graphical comparisons that, 

the steady-state CO2 relative permeability data at 20 °C and 1500 psi and those at all 

three HTHP conditions are consistent with each other.   
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However, Table 5-3 shows the steady-state brine relative permeability data at 20 

°C and 1500 psi and those at all three HTHP conditions have significant different average 

deviations compared to the same brine fit (the former is 4% and the latter is 34%). 

Herein, it is considered that the deviations compared to the Corey fits for two datasets are 

significantly different if the deviations are different by over 20%. Although these two 

datasets have similar scatterings from the same brine fit, the big difference in deviations 

compared to the brine fit suggests that the steady-state brine relative permeability data at 

20 °C and 1500 psi and those at all three HTHP conditions could be different. 

 

5.3.3 Unsteady-State CO2-Brine Relative Permeability 

Using the unsteady-state method introduced in Chapter 3 (developed in [Chen and 

DiCarlo, 2016]), the unsteady-state CO2 and brine relative permeabilities are calculated 

for each of the three primary drainages at HTHP conditions. This new method [Chen and 

DiCarlo, 2016] requires local measurements of saturation and pressure drop versus time. 

Local saturations during the unsteady-state portion of flow are used to obtain local 

fractional flows. Using the local values of saturation, pressure drop and fractional flow, 

unsteady-state CO2 and brine relative permeability can be obtained from the entrance and 

the center sections of the core and these data are free of capillary end effect. The method 

details are in Chapter 3. In this chapter, the drainage step with fw=0 at 40 °C and 1800 psi 

is taken as an example to show how to obtain unsteady-state CO2 and brine relative 

permeability data with the new unsteady-state method. 

After steady state was reached at the fractional flow step of fw=0.1 at 40 °C and 

1800 psi, the core was subjected to 100% CO2 injection for 2.8 PV and then subjected to 

another 2.6 PV CO2 injection (experiment paused for refilling CO2 in the accumulator). 



 108 

The unsteady-state data are calculated from the first 2.8 PV. During the first injection of 

2.8 PV, the core was scanned every 0.05 PV during the first PV, every 0.10 PV during 

the second PV and every 0.20 PV during the third PV. There are timings when the core 

was not scanned, and there are 30 scan series in total. 

Figure 5-5 (a) shows the saturation profiles versus time during the 100% CO2 

injection step at 40 °C and 1800 psi (only 9 out of the 30 scan series shown for 

simplicity). From 0.10 PV to 2.80 PV, the core-average water saturation decreased by 

roughly 10%. The water saturation profile was uniform in the center, but was lower at the 

entrance and higher at the exit. The saturation non-uniformity propagated ~5cm into both 

the entrance and the exit of the core. 

Figure 5-5 (b) shows the pressure drop of each of the five individual sections of 

the core versus time. The pressure drops of each section monotonically decreased with 

time soon after the transient beginning. This is because CO2 relative permeability of each 

section increased with time as CO2 gradually displaced brine. The pressure drops of the 

center three sections were roughly the same, since they had the same length (10.2 cm), 

similar permeability and saturation. The longer entrance section (sec1, 15.2 cm) had the 

similar pressure drop as the center three sections, because the entrance section had lower 

water saturation and higher CO2 relative permeability. The exit section (sec5, 15.2 cm) 

had a higher pressure drop than any other section, because the measured pressure drop in 

the exit section was plagued by the capillary pressure. Hence the exit section was not 

used to calculate any relative permeability. 
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Figure 5-5. During the 100% CO2 injection step at 40 °C and 1800 psi, (a) water 
saturation profiles recorded at different pore volumes of injection, (b) pressure drop of 
five individual sections of the core versus injected pore volume, (c) water fractional flow 
profiles at different pore volumes of injection, (d) unsteady-state CO2 and brine relative 
permeability data compared with steady-state data at this fractional flow step (fw=0) and 
the previous step (fw=0.1) 
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Using Equation 3-6, the water fractional flow profile at each injection time was 

obtained by integration on the saturation profile at the same time. Figure 5-5 (c) shows 

the water fractional flow profiles at a few injection times in the semi-log scale. At 0.10 

PV, fw was roughly 0.1, which was the steady-state value of the previous fractional flow 

step (fw=0.1). As more CO2 was injected, fw was approaching the imposed value of 0. At 

2.80 PV, fw had decreased by roughly one order of magnitude and was around 0.01. 

Using the section-wise average fw and Sw, and the measured pressure drops of each 

of the upstream four sections, the unsteady-state relative permeabilities are calculated at 

each injection time with Equation 2-3 and Equation 2-4. Figure 5-5 (d) shows the 

unsteady-state CO2 and brine relative permeabilities obtained during the fw=0 step against 

steady-state data at this step and the previous step (fw=0.1). It can be seen that, the 

unsteady-state data are consistent with the steady-state data by filling up the saturation 

gap between the two steady-state steps. 

Using this new unsteady-state method (presented in Chapter 3), unsteady-state 

CO2 and brine relative permeability data at each step (except for fw=0.5) of the three 

HTHP primary drainages are calculated and tabulated in Tables 5-4, 5-5 and 5-6. 
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Table 5-4. Unsteady-state CO2 - brine relative permeability at 40 °C and 1800 psi 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

 0.20 0.877 0.040 0.903 0.599 0.045 0.897 0.570 0.046 0.899 0.609 0.048 

 0.25 0.886 0.043 0.895 0.592 0.049 0.900 0.606 0.049 0.900 0.663 0.053 
0.5 0.35 0.892 0.042 0.899 0.553 0.047 0.898 0.569 0.048 0.899 0.632 0.053 

  0.40 0.896 0.042 0.903 0.539 0.046 0.895 0.544 0.048 0.894 0.581 0.051 

 0.05 0.796 0.080 0.861 0.438 0.057 0.865 0.470 0.053 0.865 0.756 0.085 

 0.10 0.755 0.092 0.837 0.397 0.080 0.853 0.384 0.059 0.852 0.666 0.106 

 0.15 0.737 0.104 0.808 0.717 0.222 0.828 0.224 0.053 0.843 0.609 0.109 

 0.20 0.736 0.131 0.788 0.362 0.156 0.805 0.234 0.081 0.825 0.354 0.090 

 0.25 0.739 0.174 0.773 0.216 0.119 0.791 0.239 0.106 0.808 0.296 0.101 

 0.35 0.738 0.177 0.762 0.199 0.130 0.772 0.209 0.122 0.789 0.262 0.122 

 0.40 0.739 0.164 0.759 0.195 0.132 0.763 0.190 0.123 0.775 0.226 0.126 

 0.45 0.740 0.161 0.758 0.188 0.131 0.760 0.183 0.125 0.770 0.214 0.131 

 0.55 0.741 0.163 0.760 0.191 0.134 0.759 0.176 0.125 0.763 0.213 0.146 

 0.65 0.745 0.172 0.758 0.196 0.143 0.757 0.171 0.126 0.759 0.233 0.169 

 0.70 0.745 0.172 0.758 0.195 0.144 0.757 0.186 0.138 0.756 0.203 0.152 

 0.75 0.745 0.165 0.759 0.185 0.136 0.757 0.177 0.131 0.755 0.197 0.149 
0.1 0.85 0.746 0.139 0.762 0.246 0.181 0.759 0.173 0.129 0.760 0.198 0.148 

 0.90 0.748 0.130 0.761 0.307 0.228 0.758 0.169 0.127 0.758 0.196 0.148 

 0.95 0.747 0.130 0.762 0.315 0.234 0.759 0.171 0.129 0.759 0.195 0.147 

 1.01 0.747 0.165 0.762 0.184 0.136 0.759 0.175 0.132 0.757 0.194 0.149 

 1.10 0.752 0.172 0.765 0.191 0.143 0.762 0.181 0.137 0.761 0.204 0.156 

 1.20 0.751 0.166 0.766 0.182 0.136 0.762 0.174 0.132 0.761 0.194 0.149 

 1.30 0.747 0.166 0.766 0.184 0.137 0.761 0.174 0.132 0.761 0.194 0.147 

 1.40 0.744 0.165 0.764 0.180 0.134 0.762 0.168 0.126 0.761 0.203 0.153 

 1.50 0.746 0.166 0.765 0.182 0.136 0.761 0.175 0.133 0.759 0.193 0.147 

 1.60 0.746 0.166 0.763 0.180 0.135 0.759 0.174 0.132 0.760 0.194 0.147 

 1.70 0.743 0.166 0.764 0.182 0.136 0.762 0.176 0.132 0.759 0.193 0.147 

 1.80 0.745 0.136 0.764 0.286 0.214 0.759 0.175 0.133 0.759 0.194 0.148 
  1.90 0.745 0.133 0.764 0.303 0.228 0.760 0.174 0.132 0.759 0.193 0.148 

 0.35 0.675 0.306 0.759 0.107 0.151 0.775 0.125 0.130 0.786 0.159 0.134 

 0.45 0.665 0.326 0.750 0.100 0.179 0.772 0.121 0.149 0.785 0.153 0.149 

 0.50 0.663 0.346 0.744 0.090 0.191 0.768 0.118 0.164 0.779 0.140 0.161 

 0.55 0.662 0.357 0.738 0.080 0.198 0.763 0.107 0.167 0.776 0.136 0.170 

 0.65 0.652 0.339 0.731 0.067 0.189 0.757 0.090 0.164 0.774 0.120 0.162 

 0.70 0.651 0.373 0.728 0.069 0.214 0.753 0.086 0.172 0.768 0.117 0.179 
0 0.75 0.650 0.394 0.723 0.063 0.223 0.749 0.083 0.184 0.767 0.123 0.198 

 0.85 0.642 0.401 0.718 0.060 0.234 0.746 0.081 0.192 0.764 0.114 0.201 

 0.90 0.641 0.377 0.716 0.056 0.232 0.739 0.068 0.184 0.759 0.104 0.201 

 0.95 0.640 0.379 0.713 0.053 0.240 0.738 0.067 0.192 0.755 0.096 0.204 

 1.00 0.639 0.394 0.710 0.051 0.251 0.735 0.064 0.196 0.752 0.091 0.206 

 1.10 0.636 0.405 0.708 0.049 0.258 0.733 0.064 0.214 0.751 0.091 0.223 

 1.20 0.628 0.408 0.704 0.047 0.257 0.729 0.062 0.219 0.744 0.083 0.229 
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Table 5-4. Continued 

  Time sec1   sec2     sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg Sw krw krg 

 1.30 0.626 0.401 0.698 0.040 0.256 0.724 0.055 0.214 0.740 0.078 0.232 

 1.40 0.620 0.421 0.695 0.042 0.275 0.719 0.054 0.228 0.735 0.078 0.248 

 1.50 0.616 0.449 0.689 0.040 0.288 0.716 0.052 0.231 0.732 0.081 0.273 

 1.60 0.614 0.432 0.687 0.036 0.281 0.714 0.048 0.229 0.729 0.073 0.268 

 1.70 0.611 0.438 0.684 0.035 0.282 0.710 0.045 0.231 0.724 0.069 0.276 
0 1.81 0.608 0.441 0.681 0.033 0.292 0.706 0.044 0.237 0.722 0.068 0.288 

 1.90 0.605 0.465 0.680 0.035 0.310 0.704 0.043 0.248 0.717 0.065 0.299 

 2.00 0.601 0.464 0.675 0.033 0.317 0.700 0.041 0.247 0.715 0.064 0.302 

 2.20 0.596 0.465 0.672 0.032 0.320 0.696 0.039 0.259 0.711 0.059 0.304 

 2.40 0.589 0.469 0.664 0.029 0.327 0.689 0.038 0.266 0.703 0.058 0.327 

 2.60 0.584 0.480 0.660 0.028 0.342 0.685 0.035 0.275 0.699 0.055 0.341 
  2.80 0.582 0.504 0.655 0.026 0.350 0.679 0.033 0.284 0.694 0.057 0.381 
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Table 5-5. Unsteady-state CO2 - brine relative permeability at 40 °C and 1200 psi 

  Time sec1   sec234   
fw (PV) Sw krg Sw krw krg 

 0.25 0.771 0.098 0.796 0.317 0.076 

 0.35 0.776 0.104 0.792 0.362 0.104 

 0.40 0.773 0.100 0.791 0.369 0.107 

 0.45 0.780 0.095 0.790 0.399 0.123 

 0.50 0.781 0.101 0.791 0.377 0.117 

 0.65 0.783 0.107 0.795 0.372 0.116 

 0.70 0.784 0.109 0.794 0.376 0.118 

 0.75 0.784 0.106 0.795 0.340 0.107 

 0.80 0.784 0.105 0.795 0.339 0.106 

 0.85 0.786 0.106 0.797 0.333 0.105 
0.1 0.90 0.787 0.108 0.798 0.338 0.106 

 1.00 0.789 0.111 0.801 0.372 0.117 

 1.10 0.787 0.105 0.801 0.334 0.104 

 1.20 0.787 0.106 0.802 0.339 0.106 

 1.30 0.787 0.116 0.802 0.352 0.110 

 1.40 0.787 0.103 0.802 0.310 0.097 

 1.50 0.785 0.110 0.800 0.318 0.099 

 1.60 0.786 0.115 0.804 0.359 0.112 

 1.70 0.786 0.101 0.802 0.288 0.090 

 1.80 0.786 0.106 0.803 0.316 0.099 
  1.90 0.787 0.116 0.804 0.348 0.109 

 0.60 0.659 0.201 0.750 0.274 0.220 

 0.65 0.653 0.313 0.747 0.207 0.176 

 0.70 0.650 0.299 0.743 0.197 0.179 

 0.75 0.645 0.314 0.739 0.184 0.177 

 0.90 0.636 0.352 0.732 0.184 0.208 

 0.95 0.632 0.354 0.728 0.173 0.208 

 1.00 0.630 0.323 0.725 0.178 0.228 

 1.10 0.623 0.353 0.719 0.150 0.205 
0 1.20 0.620 0.386 0.716 0.188 0.284 

 1.30 0.615 0.354 0.709 0.142 0.233 

 1.40 0.610 0.363 0.704 0.152 0.271 

 1.50 0.607 0.392 0.701 0.173 0.331 

 1.60 0.600 0.362 0.695 0.133 0.267 

 1.70 0.597 0.414 0.691 0.172 0.368 

 1.80 0.595 0.399 0.689 0.150 0.346 

 2.03 0.585 0.436 0.679 0.134 0.344 

 2.20 0.580 0.399 0.671 0.130 0.372 
  2.42 0.574 0.410 0.665 0.114 0.359 
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Table 5-6. Unsteady-state CO2 - brine relative permeability at 60 °C and 1800 psi 

  Time sec12   sec3     sec4   
fw (PV) Sw krg Sw krw krg Sw krw krg 

 0.15 0.757 0.133 0.823 0.404 0.075 0.838 0.463 0.067 
 0.20 0.750 0.139 0.808 0.346 0.089 0.822 0.388 0.081 
 0.30 0.748 0.139 0.790 0.294 0.111 0.802 0.361 0.116 
 0.35 0.748 0.157 0.781 0.267 0.115 0.792 0.315 0.119 
 0.40 0.747 0.150 0.777 0.258 0.120 0.787 0.299 0.125 
 0.45 0.747 0.164 0.773 0.248 0.122 0.781 0.304 0.138 
 0.56 0.750 0.166 0.770 0.230 0.124 0.777 0.298 0.151 
 0.60 0.750 0.154 0.768 0.230 0.126 0.772 0.303 0.162 
 0.65 0.749 0.166 0.766 0.221 0.124 0.766 0.272 0.154 
 0.75 0.753 0.164 0.771 0.240 0.136 0.770 0.293 0.168 
 0.80 0.753 0.158 0.770 0.233 0.133 0.768 0.289 0.169 

0.1 0.90 0.754 0.151 0.771 0.230 0.132 0.771 0.270 0.156 
 0.95 0.755 0.153 0.771 0.222 0.129 0.769 0.270 0.160 
 1.02 0.756 0.152 0.772 0.229 0.134 0.771 0.278 0.164 
 1.10 0.756 0.150 0.772 0.225 0.132 0.772 0.285 0.168 
 1.20 0.757 0.151 0.774 0.215 0.127 0.773 0.263 0.156 
 1.30 0.758 0.152 0.774 0.225 0.133 0.773 0.260 0.155 
 1.40 0.756 0.152 0.774 0.226 0.133 0.772 0.267 0.159 
 1.50 0.757 0.142 0.774 0.226 0.134 0.772 0.275 0.165 
 1.60 0.755 0.152 0.773 0.225 0.134 0.773 0.267 0.160 
 1.70 0.758 0.143 0.775 0.224 0.134 0.773 0.278 0.168 
 1.80 0.757 0.148 0.774 0.221 0.132 0.773 0.254 0.153 
  1.90 0.759 0.141 0.775 0.237 0.142 0.768 0.278 0.172 
 0.35 0.649 0.259 0.762 0.184 0.139 0.764 0.233 0.170 
 0.40 0.645 0.266 0.758 0.172 0.145 0.764 0.227 0.176 
 0.45 0.640 0.254 0.754 0.151 0.139 0.764 0.201 0.160 
 0.55 0.629 0.255 0.747 0.139 0.152 0.760 0.181 0.162 
 0.60 0.627 0.280 0.742 0.135 0.163 0.755 0.164 0.162 
 0.70 0.617 0.251 0.735 0.117 0.160 0.752 0.150 0.160 
 0.75 0.613 0.262 0.729 0.111 0.165 0.746 0.154 0.179 
 0.80 0.611 0.281 0.725 0.104 0.167 0.744 0.136 0.164 
 0.85 0.607 0.282 0.720 0.098 0.170 0.740 0.127 0.164 
 0.90 0.605 0.265 0.716 0.098 0.183 0.736 0.139 0.192 
 1.00 0.599 0.265 0.710 0.088 0.185 0.730 0.117 0.180 
 1.10 0.593 0.296 0.703 0.085 0.196 0.723 0.106 0.182 

0 1.21 0.588 0.288 0.696 0.077 0.201 0.716 0.095 0.184 
 1.30 0.582 0.318 0.690 0.075 0.206 0.707 0.093 0.199 
 1.40 0.578 0.312 0.684 0.072 0.216 0.702 0.084 0.195 
 1.50 0.573 0.323 0.679 0.068 0.219 0.697 0.084 0.207 
 1.60 0.568 0.276 0.675 0.066 0.228 0.691 0.074 0.201 
 1.70 0.566 0.298 0.670 0.068 0.255 0.688 0.070 0.204 
 1.80 0.561 0.349 0.668 0.066 0.257 0.683 0.077 0.239 
 1.90 0.559 0.339 0.664 0.062 0.259 0.680 0.069 0.228 
 2.00 0.557 0.344 0.661 0.060 0.267 0.677 0.063 0.219 
 2.20 0.548 0.347 0.653 0.059 0.287 0.669 0.058 0.223 
 2.40 0.543 0.347 0.646 0.054 0.291 0.662 0.070 0.297 
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For similar comparisons, Figures 5-6 (a) and (b) plot the unsteady-state CO2 and 

brine relative permeability data at 20 °C and 1500 psi (reported in Chapter 3 [Chen and 

DiCarlo, 2016]) in both linear and log scales. At 20 °C and 1500 psi, 95% of the 

unsteady-state CO2 relative permeability data are within 40% of the CO2 fit, and 90% of 

the unsteady-state brine relative permeability data are within 80% of the brine fit. Figures 

5-6 (c) and (d) plot the unsteady-state CO2 and brine relative permeability data at all three 

HTHP conditions in both linear and log scales. At all three HTHP conditions, 85% of the 

unsteady-state CO2 relative permeability data are within 40% of the CO2 fit, and 83% of 

the unsteady-state brine relative permeability data are within 80% of the brine fit. 

Along with the similar scatter from the Corey fits, Table 5-3 show that the 

average deviations of the unsteady-state CO2 and brine relative permeability data 

compared to the Corey fits are not significantly different between 20 °C and 1500 psi and 

all three HTHP conditions (values in Table 5-3). Hence, it is suggested from the graphical 

comparisons that the unsteady-state CO2 and brine relative permeability data at 20 °C and 

1500 psi are consistent with those at all three HTHP conditions combined. 
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Figure 5-6. Unsteady-state CO2 and brine relative permeabilities during the primary 
drainages at 20 °C and 1500 psi in (a) linear scale and (b) log scale (reported in [Chen 
and DiCarlo, 2016]), and at HTHP conditions (40 °C and 1800 psi, 40 °C and 1200 psi, 
and 60 °C and 1800 psi) in (c) linear scale and (d) log scale. The black solid line and gray 
solid line are the Corey-type CO2 and brine fits (Swr=0.26, nw=5.2, ng=1.8). The black 
dashed lines are 40% beyond and 40% below the black solid line; and the gray dashed 
lines are 80% beyond and 80% below the gray solid line. 
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Figures 5-7 (a)-(d) compare the steady-state relative permeabilities with the 

unsteady-state data for each HTHP primary drainage experiment and all three together. 

Again, these two kinds of datasets are compared using the amount of scatter and 

deviation compared to the Corey fits. Figures 5-7 (a)-(d) show that, for every drainage at 

HTHP conditions and all three together, roughly over 80% of the steady-state and the 

unsteady-state CO2 and brine relative permeability data are within 40% of the CO2 fit and 

80% of the brine fit, respectively. An exception is that, at 40 °C and 1200 psi, only 40% 

of the unsteady-state brine relative permeability data are within 80% of the brine fit. 

Along with the similar scatter from the Corey fits, the average deviations 

compared to the Corey fits are not significantly different between the steady-state data 

and the unsteady-state data for 40 °C and 1800 psi, 60 °C and 1800 psi and all three 

HTHP conditions together (values are in Table 5-3). Thus, it is suggested from the 

graphical comparisons that the steady-state CO2 and brine relative permeability data are 

consistent with the unsteady-state data at 40 °C and 1800 psi, 60 °C and 1800 psi and all 

three HTHP conditions combined. However, at 40 °C and 1200 psi, the average 

deviations compared to the Corey fits are significantly different between the unsteady-

state and the steady-state data (values in Table 5-3). Thus, it is suggested from the 

graphical comparisons that the steady-state CO2 and brine relative permeability data are 

different from the unsteady-state data at 40 °C and 1200 psi. 
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Figure 5-7. Steady-state and unsteady-state CO2 and brine relative permeabilities during 
the primary drainages at (a) 40 °C and 1800 psi, (b) 40 °C and 1200 psi, (c) 60 °C and 
1800 psi, and (d) all three conditions. The black solid line and the gray solid line are the 
Corey-type CO2 and brine fits (Swr=0.26, nw=5.2, ng=1.8). The black dashed lines are 40% 
beyond and 40% below the black solid line; and the gray dashed lines are 80% beyond 
and 80% below the gray solid line. 
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5.3.4 Statistical Comparisons Between Datasets 

It is also good to determine whether the datasets that have been compared are 

statistically different or not; this is done using the F-test. The F-test tests the null 

hypothesis (H0) that two datasets are not significantly different from each other [Draper 

and Smith, 1998]. To compare the two datasets, they are first fit with the same function. 

Then the residual sum of square (RSS) is calculated for both datasets. 

 

RSS = (yi − f (xi )[ ]2
i=1

n

∑  

Equation 5-1 

 

In Equation 5-1, yi is the measured value, xi is the independent variable, and f is 

the function. Let the residual sum of square and the degree of freedom for the two 

datasets be RSS1, RSS2, df1 and df2. The degree of freedom of one dataset is the number of 

data points minus the number of fitting parameters (in this case is 2). We define: 

 
RSSseparate = RSS1 + RSS2  .  

Equation 5-2 

 
dfseparate = df1 + df2  

Equation 5-3 

 

Then the two data sets are combined and fit with the same function. The residual 

sum of square and the degree of freedom of the combined dataset are RSScombined and 

dfcombined. Then the test statistic F for the two datasets is: 
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F =
(RSScombined − RSSseparate ) / (dfcombined − dfseparate )

RSSseparate / dfseparate
 

Equation 5-4 

 

The test statistic F has an F-distribution. At the 95% confidence level, the null 

hypothesis is rejected if the following probability (p) is less than 0.05; otherwise, the two 

datasets are not significantly different. In the following equation, fcdf is the cumulative F 

distribution function. 

 
p =1− fcdf (F,dfcombined − dfseparate,dfseparate )  

Equation 5-5 

 

Using this F-test, six pairs of datasets are compared and their p values for both 

CO2 and brine relative permeability data are calculated in Table 5-7.  

 

Table 5-7. p value when comparing datasets A versus B using the F-Test 

A B p_krg p_krw 
20C1500psi_steady HTHP_steady 0.86 0.00 

20C1500psi_unsteady HTHP_unsteady 0.00 0.00 
40C1800psi_steady 40C1800psi_unsteady 0.30 0.09 
40C1200psi_steady 40C1200psi_unsteady 0.03 0.01 
60C1800psi_steady 60C1800psi_unsteady 0.17 0.09 

HTHP_steady HTHP_unsteady 0.01 0.04 

 

From the p values in Table 5-7, the F-test suggests that at the 95% confidence 

level: (1) the steady-state CO2 relative permeability data at 20 °C and 1500 psi are not 
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significantly different from the steady-state CO2 data at all three HTHP conditions 

combined (H0 not rejected); (2) neither the steady-state CO2 relative permeability data nor 

the steady-state brine relative permeability data are significant different from the 

unsteady-state data at the 40° C and 1800 psi, and the 60 °C and 1800 psi (H0 not 

rejected); (3) the steady-state brine relative permeability data at 20 °C and 1500 psi are 

significantly different from the steady-state brine data at all three HTHP conditions 

combined (H0 rejected); (4) the unsteady-state CO2 and brine relative permeability data at 

20 °C and 1500 psi are significantly different from the unsteady-state data at all three 

HTHP conditions combined (H0 rejected); (5) the steady-state CO2 and brine relative 

permeability data are significantly different from the unsteady-state data at 40 °C and 

1200 psi (H0 rejected), and (6) the steady-state CO2 and brine relative permeability data 

are significantly different from the unsteady-state data at all three HTHP conditions 

combined (H0 rejected). 

Results (1), (2), (3) and (5) are consistent with the graphical comparisons made 

before (using scatter and deviations compared to the Corey fits). Results (4) and (6) are 

different from the graphical comparisons made before. The reasoning and the 

implications are discussed next. 

 

5.4 DISCUSSION 

5.4.1 Relative Permeability at Different Temperatures and Pressures 

Both the graphical and the statistical comparisons have shown that the steady-

state CO2 relative permeability data during primary drainages at all three HTHP 

conditions combined are consistent with the steady-state CO2 data at 20 °C and 1500 psi. 

This is direct evidence that the two-phase CO2 relative permeability does not depend on 



 122 

temperature or pressure, which is consistent with the findings by Reynolds et al. 

[Reynolds and Krevor, 2015]. This makes sense because in two-phase displacements, 

CO2 is always the non-wetting phase compared with brine in water-wet rocks (herein 

Berea sandstone) regardless of temperature and pressure. As long as the saturation history 

is the same (e.g. primary drainage), the two-phase CO2 relative permeability only 

depends on its own saturation. 

As for steady-state brine relative permeability, both the graphical and the 

statistical comparisons suggest that the steady-state brine data at all three HTHP 

conditions combined are significantly different from those at 20 °C and 1500 psi. 

However, the lowest water saturation of the steady-state brine relative permeability data 

differs significantly between these two conditions, which is 77% at all three HTHP 

conditions and 55% at 20 °C and 1500 psi. Without steady-state brine relative 

permeability data in the water saturation range of 55%-77% at the HTHP conditions, the 

comparisons on steady-state brine data between these two conditions may not be 

representative. Hence, it cannot be inferred from the steady-state brine data whether the 

brine relative permeability depends on temperature and pressure. 

For the unsteady-state relative permeability data at 20 °C and 1500 psi and those 

at all three HTHP conditions combined, the graphical comparisons suggest that both CO2 

and brine relative permeability data are consistent at these two conditions; while the 

statistical comparisons suggest the contrary. The tendency herein is to believe the 

graphical comparisons that the unsteady-state relative permeability data are consistent at 

these two conditions for both CO2 and brine. This is because the F-test is stricter when 

there are more data points in two datasets. In Equation 5-4 that calculates the test statistic 

F, the factor dfseparate is approximately equal to the total number of data points in the two 

datasets. Thus the test statistic F increases with the number of data points. Basically, if F 
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is bigger than a critical value Fc, then the null hypothesis is rejected and the two datasets 

are proven to be significantly different. Furthermore, the critical Fc decreases with the 

number of data points in the two datasets according to F-distribution. In summary, if 

there are more data points in the two datasets, it becomes easier for the test statistic F to 

exceed the critical Fc and the null hypothesis to be rejected. At the two conditions 

altogether, there are around 800 data points for the unsteady-state CO2 relative 

permeability, and around 600 data points for the unsteady-state brine relative 

permeability. Hence, it is very easy for the F-test to be rejected if there is some scatter 

within the datasets and in this case there is scatter. 

Based on the above discussion, it is concluded that, within the data uncertainty, 

both CO2 and brine relative permeabilities show no dependence on temperature or 

pressure. 

 

5.4.2 Steady-State and Unsteady-State Relative Permeability 

Both the graphical and the statistical comparisons suggest that, (1) the unsteady-

state CO2 and brine relative permeability data are consistent with the steady-state data in 

the primary drainages at 40 °C and 1800 psi, and 60 °C and 1800 psi, and (2) the 

unsteady-state data are significantly different from the steady-state data in the primary 

drainage at 40 °C and 1200 psi. This is because the density and the viscosity of CO2 

change significantly along the core during two-phase floods, especially when it is near 

the critical point. 

During the three HTHP primary drainage experiments, the typical pressure drop 

ranged from 5 to 20 psi. When the inlet pressure is higher than the outlet pressure by 20 

psi, the density and the viscosity at the inlet are greater than the outlet by: 0.5% and 0.7% 
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at 40 °C and 1800 psi, 7.3% and 5.0% at 40 °C and 1200 psi, and 2.1% and 2.0 % at 60 

°C and 1800 psi [Vesovic et al., 1990; Span and Wagner, 1996; Fenghour et al., 1998]. 

The CO2 density change along the core affects both saturation and relative permeability 

calculation. First, saturations calculated with the CT numbers will have an extra error 

because CO2’s CT number changes along the core. Second, the CO2 flux changes along 

the core even at the steady state. The CO2 viscosity change along the core only directly 

affects the CO2 relative permeability calculation via Equation 2-3. From the comparison 

between the unsteady-state data and the steady-state data, it can be seen that, when it is 

close to the CO2 critical point, such as 40 °C and 1200 psi, the big changes in CO2 density 

and CO2 viscosity along the core make the two datasets deviate from each other; 

otherwise, when it is away from the CO2 critical point, such as 40 °C and 1800 psi and 60 

°C and 1800 psi, the two datasets are still consistent even with small changes in CO2 

density and CO2 viscosity along the core. 

 

5.4.3 Comparison With Literature Relative Permeability Data 

In this section, the CO2 relative permeability data obtained in this dissertation are 

compared with the literature. Figure 5-8 is reproduced from Chapter 2 (CO2 data at 20 °C 

and 1500 psi), on which the CO2 data at three HTHP conditions are added. Figure 5-8 

compares the CO2 relative permeability data obtained in three different labs: (1) this 

study with Berea sandstones (blue symbols, 20-60 °C and 8.3-12 MPa), (2) Pini et al. 

measurements in Berea sandstone [Pini and Benson, 2013] (gray symbols, 50 °C and 2.4-

9 MPa), and (3) Reynolds et al. measurements in Bentheimer sandstone [Reynolds and 

Krevor, 2015] (black symbols, 38-42 °C and 11-21 MPa). Within each of the three 
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datasets, experiments conducted at different temperature and pressure conditions are 

labeled differently. 

 

Figure 5-8. Comparison of CO2 relative permeability data in Berea sandstones in this 
study (20 °C and 10.3 MPa, 40 °C and 12.4 MPa, 40 °C and 8.3 MPa, and 60 °C and 12.4 
MPa), Pini et al. (50 °C, 2.4 MPa and 50 °C, 9 MPa), and those in Bentheimer sandstone 
by Reynolds et al. (38-42 °C and 11-21 MPa). The back dashed line, the gray dotted line 
and the gray dash-dotted line are Corey-type fits (Equation 2-5) that fit to these three 
datasets. The experiments at different temperature and pressure conditions of each dataset 
are labeled differently. 

It can be seen from Figure 5-8, each of the three dataset follows its own trend and 

these trends are different from each other. Yet, within each dataset, the CO2 relative 

permeability data do not show any dependence on temperature or pressure. In general, the 

difference between the CO2 relative permeability of these three labs is because they used 

either different rocks or different flow set-ups. 

The CO2 data by Reynolds et al. and those by this study and Pini et al. have 

residual water saturation difference by 12% (absolute saturation). This is because 

Reynolds et al. used Bentheimer sandstone while this study and Pini et al. used Berea 
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sandstone. Different rocks have different pore size distributions, which can lead to 

different residual water saturations. 

The CO2 data by this study and those by Pini et al. have different initial water 

saturations (100% for this study and 65% for Pini et al.) and different curvatures. This is 

because they used different methods: (1) this study used a steady-state primary drainage 

method, and (2) Pini et al. used an unsteady-state method of obtaining CO2 relative 

permeability at the core inlet during drainage. Due to the low viscosity of CO2, saturation 

was not uniform along the core, which explains this study’s CO2 data started from 100% 

water saturation while Pini et al.’s did not. The different curvatures of the CO2 data 

between these two studies are because this study used the pressure drops of a core’s 

upstream sections that are free of capillary end effect, while Pini et al. used the overall 

pressure drop that are affected capillary pressure. In particular, Pini et al. assumed a 

constant entry capillary pressure at the core outlet, which may not be true as different 

injection rates created different saturations, which contributes to the different curvatures. 

Similar to the CO2 relative permeability data in this study, those by both Reynolds 

et al. and Pini et al. also show no dependence on temperature or pressure. This conclusion 

is also given in [Reynolds and Krevor, 2015]. Again, the reason is that since sandstone is 

mostly water-wet, so CO2 relative permeability should only depend on its own saturation 

during the same saturation path. 

 

5.5 SUMMARY 

This chapter obtains both steady-state and unsteady-state CO2 and brine relative 

permeability data from three primary drainages conducted at high-temperature and high-

pressure conditions. From the graphical comparisons and the statistical comparisons 
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between the data at 20 °C and 1500 psi and those at all three HTHP conditions, it is 

deduced that both CO2 and brine relative permeability data do not depend on temperature 

or pressure. Furthermore, the graphical comparisons and the statistical comparisons 

between the steady-state data and the unsteady-state data suggest that, (1) when it is away 

from the critical point, the calculated steady-state and unsteady-state relative permeability 

data are consistent, and (2) when it is close to the critical point, the calculated steady-

state and unsteady-state relative permeability data are significantly different. 
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Chapter 6. Three-Phase Decane-CO2-Brine Relative Permeability 

 

6.1 OVERVIEW 

Most measurements of three-phase water-oil-gas relative permeability choose 

either N2 [Schneider and Owens, 1970; Oak et al., 1990] or air [DiCarlo et al., 2000a, 

2000b; Kianinejad et al., 2014, 2015a, 2015b, 2016a, 2016b] as the gas/supercritical 

phase. In brine-oil-N2 system, N2 is the non-wetting phase, oil is the intermediate wetting 

phase and water is the wetting phase. The difference in wettability is reflected in three-

phase relative permeability. Oak shows that [Oak, 1990; Oak et al., 1990]: (1) two-phase 

and three-phase N2 relative permeability data are consistent and only depend on N2 

saturation, and (2) the three-phase oil relative permeability data are orders of magnitude 

lower than both the two-phase oil data and the two/three-phase N2 data. 

The only three-phase relative permeability measurement using CO2 as the gas 

phase is done by [Dria et al., 1993]. Dria et al. show that, at 71 °C and 9.65 MPa, (1) 

two-phase and three-phase CO2 relative permeability data are consistent and only depend 

on CO2 saturation, which is similar to N2 in brine-oil-N2 system, and (2) the three-phase 

decane data are consistent with both the two-phase decane data and the two/three-phase 

CO2 data, which is different from the oil phase in brine-oil-N2 system. These two points 

suggest the wettability of CO2 and decane is similar at this condition. 

Both the difference between brine-oil-N2 system and brine-decane-CO2 system, 

and the need of three-phase data for validating relative permeability modeling [Corey et 

al., 1956; Naar and Wygal, 1961; Land, 1968; Stone, 1970, 1973; Lenhard and Parker, 

1987; Parker et al., 1987; Alemán and Slattery, 1988; Baker, 1988; Delshad and Pope, 

1989; Fayers, 1989; Jerauld, 1997; Fenwick and Blunt, 1998a, 1998b; Mani and 
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Mohanty, 1998; Blunt, 2000], motive the author to conduct three-phase CO2 relative 

permeability measurements. In this chapter, the author conducts the three-phase 

experiment at reservoir condition with residual water, and compares this new dataset with 

the three-phase data of brine-oil-N2 system and the Dria et al.’s data of brine-decane-CO2 

system. 

 

6.2 EXPERIMENTAL METHODS 

This chapter conducts core floods at 70 °C and 8 MPa. The methods used here are 

almost the same as Chapter 5. The common details are described in Chapter 5 and not 

repeated herein. This section introduces the methods by only highlighting the differences 

and new steps. 

  

6.2.1 Rock and Fluid 

Similar to Chapter 2 and Chapter 5, this chapter chooses another Berea sandstone 

core (60.5-cm long and 7.15-cm diameter). The experiments were conducted at 70 °C and 

8 MPa (1160 psi). The three phases were brine (10 wt% NaBr), CO2 and n-decane. 10 

wt% NaBr was used to increase the X-ray attenuation of the water phase. To avoid mass 

transfer during co-injection, decane and brine were pre-equilibrated in two vertical 

accumulators for at least 12 hours. Since brine solubility in CO2 is negligible 

(ybrine=0.004) at 70 °C and 8 MPa [King et al., 1992; Seo et al., 2011], we did not put 

brine into CO2 before experiments. 

The necessary amounts of CO2 for saturating decane and brine are calculated from 

the solubility of CO2 in decane [Reamer and Sage, 1963; Sebastian et al., 1980; Cullick 

and Mathis, 1984; Nagarajan and Robinson, 1986; Chou et al., 1990; Jennings and 
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Schucker, 1996; Eustaquio-Rincón and Trejo, 2001; Shaver et al., 2001; Jiménez-

Gallegos et al., 2006], and the solubility of CO2 in brine [Duan et al., 1992; Duan and 

Sun, 2003]. Details on phase equilibrations are described in Appendix A. At 70 °C and 8 

MPa, the viscosities (unit cp or mPa*s) of non-equilibrated brine [IAPWS, 1997; Mao 

and Duan, 2009], equilibrated brine [Duan et al., 1992; Teng and Yamasaki, 1998; Duan 

and Sun, 2003; Wang and Clarens, 2012], non-equilibrated CO2 [Vesovic et al., 1990; 

Fenghour et al., 1998], non-equilibrated decane [Knapstad et al., 1989; Huber et al., 

2004] and equilibrated decane [Cullick and Mathis, 1984] are 0.456, 0.456, 0.020, 0.535 

and 0.256, respectively. 

 

6.2.2 Methods 

Most of the methods details are well documented in Chapter 5, section 5.2.2, 

including fluids movement direction in the apparatus, heater applications on the pressure 

vessels, pressure drop measurements with transducers and the porosity/saturation 

measurements with the medical X-ray CT scanner. Here we highlight the difference and 

new steps by laying out the experimental procedures. 

6.2.2.1 Calibrations of Dual Energy Scanning 

Since eventually there should be three phases coexistent in the core, the core at 

steady state was always scanned at two energy levels, 140 KV and 100 KV. Initially, the 

dry core was scanned at both energies. Second, the core was saturated with CO2 and 

scanned at both energies. Third, the core was released to ambient pressure and saturated 

with non-equilibrated brine, and then scanned at both energies. Last, the core became 

saturated with equilibrated brine after 2 PV of equilibrated brine injected to displace the 

non-equilibrated brine; and the core was scanned at both energies. The only absent 
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calibration is decane-saturated core, which is calculated from other calibrations. To 

obtain the CT number of non-equilibrated decane-saturated core, we add the product of 

porosity and the CT number difference between non-equilibrated decane and non-

equilibrated brine to the CT number of non-equilibrated brine-saturated core, during 

which mass balance is used as a constraint. Similarly, the CT number of equilibrated 

decane-saturated core can be obtained too. The details are given as follows. 

To calibrate for the non-equilibrated decane saturated core, we use the core after 

the two-phase non-equilibrated decane-brine drainage experiment. The core after this 

drainage was saturated with non-equilibrated decane and residual non-equilibrated brine, 

which had residual water saturation of 25.6% measured with mass balance and CT 

number of CTrw1. 

The slice-wise CT number of non-equilibrated decane saturated core (CTdecane) was 

obtained by adding the product of slice-wise porosity and a constant CT number 

difference (CTdiff1) between non-equilibrated decane and non-equilibrated brine to the 

slice-wise CT number of non-equilibrated brine saturated core (CTbrine). Then substituting 

CTbrine, CTdecane, and CTrw1 to Equation 2-2 (replace CTCO2sat with CTdecane, CTx with CTrw1 

and CTbrinesat with CTbrine), the slice-wise Sw was calculated at both 140 KV and 100 KV. 

By doing so, the core-average Sw was obtained from the CT measurement. In practice, an 

inversion was performed to calculate the unknown constant of CTdiff1. This inversion 

satisfied that the core average residual water saturation measured by CT is different from 

mass balance measurement by less than 0.01% (absolute saturation). Figure 6-1 plots the 

profiles of CTbrine, CTrw1 and the calculated CTdecane at both energies. In general, these CT 

numbers are uniform along the core; and near each of the four pressure taps, two data 

points are not reported since X-rays were blocked by the stainless steel fitting. 
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Figure 6-1. (a) Measured CT number profiles of non-equilibrated brine saturated core and 
core with non-equilibrated decane and residual non-equilibrated brine at 140 KV and 100 
KV, (b) calculated CT number profiles of non-equilibrated decane saturated core at 140 
KV and 100 KV. 

 

To calibrate for equilibrated decane saturated core, we use the core saturated with 

equilibrated decane and residual brine. To achieve this, 2 PV of equilibrated decane was 

injected into the core that had gone through the two-phase non-equilibrated decane-brine 

drainage experiment (the core used in the previous calibration). Although brine was not 

equilibrated at this state, this will have negligible effect on saturation calculation. This is 

because the average CT number difference between non-equilibrated brine saturated core 

and equilibrated brine saturated core was less than 1 Hounsfield unit (see Figures 6-1 and 

6-2), 

Similarly, with the measured residual water saturation by mass balance 

(Swr=25.6%), the CT numbers when the core was saturated with equilibrated brine (CTw), 

and equilibrated decane with residual brine (CTrw2), and a mathematical inversion, the CT 
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numbers of equilibrated decane saturated core (CTo) were calculated. Again, the inversion 

satisfied that the CT measured core-average saturation was different from mass balance 

measurement by less than 0.01%. Figure 6-2 shows the profiles of CTw, CTrw2 and the 

calculated CTo at both energies. In general, these CT numbers are uniform along the core; 

and near each of the four pressure taps, two data points are not reported since X-rays 

were blocked by the stainless steel fitting. 

 

 

Figure 6-2. (a) Measured CT number profiles of equilibrated brine saturated core and 
core with equilibrated decane and residual equilibrated brine at 140 KV and 100 KV, (b) 
calculated CT number profiles of equilibrated decane saturated core at 140 KV and 100 
KV. 

 

To check the accuracy of the calculated CTdecane and CTo, we calculated (1) the 

difference between water saturations calculated at two energies, (2) the difference 

between the water saturation calculated at 140 KV and that by dual energy calculation, 

and (3) the gas saturation (which should be 0). Equation 6-1 are used to obtain three-
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phase saturation under the dual energy scan condition, in which, the subscripts a, b, and c 

mean that the core is fully saturated with phase a, phase b, and phase c, resepctively; and 

the superscripts (1) and (2) represent two different energy levels. 

 

 

Equation 6-1 

 

Figure 6-3 shows that, for both the core saturated with non-equilibrated decane 

and residual non-equilibrated brine, and the core saturated with equilibrated decane and 

residual equilibrated decane, (1) the difference between Sw calculated at 140 KV and 100 

KV was within 0.03% along the core, (2) the difference between water saturation 

calculated at 140 KV and that by dual energy calculation (Equation 6-1) was within 

0.1%, and (3) the gas saturation was within 0.08%. Because water saturations calculated 

at both single energies and dual energy were consistent and the gas saturation was close 

to 0, we are confident to use the calculated CTdecane and CTo at 140 KV and 100 KV in 

further calculation of two-phase and three-phase saturations. 
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(CTx

(1) −CTc
(1) ) ⋅ (CTa

(2) −CTc
(2) )− (CTx

(2) −CTc
(2) ) ⋅ (CTa

(1) −CTc
(1) )

(CTb
(1) −CTc

(1) ) ⋅ (CTa
(2) −CTc

(2) )− (CTb
(2) −CTc

(2) ) ⋅ (CTa
(1) −CTc

(1) )



 135 

 

Figure 6-3. (a) Along the core saturated with non-equilibrated decane and residual non-
equilibrated brine, and (b) along the core saturated with equilibrated decane and residual 
equilibrated brine, the difference between water saturations calculated at 140 KV and 100 
KV, the difference between water saturations calculated at 140 KV and with dual energy 
calculation (Equation 6-1), and the gas saturation calculated with Equation 6-1. 

 

6.2.2.2 Experimental Procedures 

After the CT calibration for equilibrated brine saturated core, the core was 

released to ambient pressure and re-saturated with non-equilibrated brine, during which 

single-phase permeability to non-equilibrated brine was measured. Then non-equilibrated 

decane was injected into the core at 8 cc/min until steady state was reached. During the 

decane-brine primary drainage, pressure drops of five individual sections of the core were 

monitored with differential pressure transducers, and in situ saturation profile along the 

core was recorded with X-ray CT. During the unsteady flow portion, 30 1-cm-thick slices 

were scanned along the core, starting at 2 cm from the inlet. The scans during unsteady 

flow portion were only done at 140 KV. When steady state was reached and flow was 

stopped, in order to obtain a more thorough steady-state saturation profile, 60 1-cm-thick 
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slices were scanned along the core starting from the inlet. And the core was scanned at 

both energy levels, 140 KV and 100 KV. This same scanning strategy was used in all the 

core floods of this chapter. 

Before moving to the three-phase experiment, the core saturated with non-

equilibrated decane and residual brine was flooded by 2 PV of equilibrated decane to 

make the core saturated with equilibrated decane and residual brine. This is necessary to 

avoid mass transfer when CO2 was injected during the three-phase experiment, since CO2 

solubility in decane at 70 °C and 8 MPa is significant (xCO2=0.56) [Reamer and Sage, 

1963; Nagarajan and Robinson, 1986; Chou et al., 1990; Jennings and Schucker, 1996; 

Eustaquio-Rincón and Trejo, 2001; Shaver et al., 2001; Jiménez-Gallegos et al., 2006]. 

Next, equilibrated decane (hereafter decane) and CO2 were co-injected to drain 

the decane inside the core until steady state. The co-injection consisted of three steps, of 

which the total flow rates were the same, 8.000 cc/min. During the three-step flood, CO2 

fractional flow (fg) gradually increased to 1. The flow rates of decane and CO2 at these 

three steps are: 4.000 cc/min and 4.000 cc/min at fg=0.5, 0.800 cc/min and 7.200 cc/min 

at fg=0.9, and 0 cc/min and 8.000 cc/min at fg=1. 

During the three-phase flood, we make an assumption that water was at residual 

saturation and remained immobile during the co-injection. Then the saturations of decane 

and CO2 can be obtained at the single energy level of 140 KV by assuming a constant 

(not necessarily uniform) water saturation profile, and the results at 100 KV should be 

consistent with those at 140 KV. If there was small water saturation decrease during the 

co-injection, the saturations of decane and CO2 can still be obtained at the single energy 

of 140 KV by assuming water saturation decreasing uniformly along the core. The 

uncertainty due to this assumption will be quantified in the results section. 
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6.3 RESULTS 

6.3.1 Porosity and Single-Phase Permeability 

The porosity measured by CT at both 140 KV and 100 KV is uniform along the 

core and the core average porosity is 13.8± 0.6 % (error is 2 times standard deviation of 

the 60 1-cm-thick CT images), and the pore volume is 335.2 ml. Before the two-phase 

displacement of non-equilibrated decane draining non-equilibrated brine, the single-phase 

permeability to non-equilibrated brine was measured for each of the core’s five sections 

and the overall core and the data are tabulated in Table 6-1. 

 

Table 6-1. Single-phase non-equilibrated brine permeability 

  whole sec1 sec2 sec3 sec4 sec5 sec234 
L(cm) 60.50 15.24 10.16 10.16 10.16 14.78 30.48 
K(mD) 102.38 79.68 113.40 113.86 126.09 105.39 117.50 

 

6.3.2 Saturation and Pressure Drop Data During the Two-Phase Decane-Brine 
Drainage Experiment 

During the decane-brine drainage, a sum of 11.28 PV of decane was injected in 

three steps to reach the final steady state. In the three steps, 3.83 PV, 3.73 PV and 3.72 

PV of decane were injected successively.  

During the first 3.83 PV injection, the core was scanned every 0.1-0.3 PV at 140 

KV and there were 20 scan series in total. During the second and the third injections, the 

core was scanned every 0.6 PV at 140 KV and there were 13 scans in total. Using 

Equation 2-2, and CTbrine and CTdecane at 140 KV, water saturation profiles were obtained. 

For ease of view, only 7 water saturation profiles in the first injection, and one near the 

end of the second injection are shown in Figure 6-4 (a), included for comparison is the 
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steady-state water saturation profile (11.28 PV). Before the breakthrough (steps of 0.08 

PV, 0.22 PV & 0.36 PV), the decane front moved from the inlet (left) towards the outlet. 

Meanwhile, water was displaced by the same amount of injected decane, which means 

volume balance was satisfied with our calculated CTdecane. Decane broke through around 

0.51 PV, after which water saturation continued to decrease and reached an average of 

25.6% at 11.28 PV. Between 7.25 and 11.28 PV, another 4 pore volumes of non-

equilibrated decane was injected, yet the core-average water saturation only decreased by 

1% (absolute water saturation). Hence, we can roughly treat that steady state was reached 

at 11.28 PV. This treatment will bring an error into the steady-state relative permeability 

data, which will be returned to in section 6.3.3. 

 

 

Figure 6-4. (a) Water saturation profiles at selected times, and (b) pressure drop of 
section 1 and sections 234 versus injected pore volume of non-equilibrated decane. 
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Figure 6-4 (b) shows the pressure drop of section 1 (entrance section) and sections 

234 (center sections) versus the injected pore volume. Only showing the pressure drop of 

sections 234 is because the second and the third pressure taps were blocked during the 

two-phase drainage experiment. At 3.83 PV and 7.56 PV, pressure drops had sudden 

spikes, which were due to resuming the flood after charging the accumulator. Looking 

from the start of flood, the pressure drop started from a constant value, then had a sudden 

increase and gradually decreased to a steady state value. This phenomenon was observed 

in previous chapters of CO2-brine drainage. And the reasoning is similar. 

First, before decane reaching the upstream tap of one section, single-phase brine 

flow was measured between taps and the pressure drop was constant, which was seen in 

sections 234 but not in section 1 since decane immediately reached section 1. Second, 

after decane occupying the upstream tap, the measured pressure drop of one section was 

the viscous pressure drop of brine flow plus the capillary pressure at the upstream tap. As 

decane saturation increased, the capillary pressure at the upstream tap increased as well. 

This explains the sudden increases of pressure drop observed in both section 1 and 

sections 234. Finally, after decane displacing brine at the downstream tap, the measured 

pressure drop of one section was the decane viscous pressure drop. As a result of 

increasing decane saturation, the pressure drop decreased gradually. This explains the 

gradually decreasing pressure drops observed in section 1 and sections 234.  

After decane breakthrough, all taps were measuring decane pressure; the relative 

permeability data is only obtained after breakthrough. 
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6.3.3 Steady-State Two-Phase Decane-Brine Relative Permeability 

Using the improved steady-state method (Chapter 2), steady-state decane relative 

permeability data were obtained in the entrance section (section 1) and the center three 

sections combined (sections 2, 3 and 4) during the third injection of 3.72 PV. Brine 

relative permeability was not obtained at steady state, since it was not moving any longer. 

Using the measured pressure drops of section 1 and sections 234, two data points of 

steady-state decane relative permeability were calculated with Equation 2-3 (replacing 

QCO2, μCO2, ΔPg and krg with Qdecane, μdecane, ΔPo and kro). In this equation, the phase fluxes 

and the decane viscosity are given in Experimental Methods section, kw and L are given in 

Table 6-1, and the cross section area A is 40.26 cm2. The data are tabulated in Table 6-2 

together with the unsteady-state data. Next, we estimate the error due to the slowly 

decreasing saturation and pressure drop during the last 3.72 PV injection. 

Figure 6-4 (a) shows that, during the last 3.72 PV injection, the average water 

saturation of section 1 and section 234 decreased by 0.2% and 1.4% (absolute saturation). 

This adds a 0.1% and 0.7% (absolute saturation) error to the saturation measurement 

error of 0.4%, which together give water saturations with respective to the steady-state 

relative permeability of section 1 and sections 234 an error of 0.5% an 1.1% (absolute 

saturation). Furthermore, the water saturation decrease indicates that brine flowed at 0.03 

and 0.004 cc/min in section 1 and section 234, which are 0.4% and 0.05% of the decane 

flow rate of 8 cc/min. Hence, this small amount of brine flow has no effect on decane 

relative permeability calculation. 

On the other hand, Figure 6-4 (b) shows that, during the last 3.72 PV injection, 

the pressure drop of section 1 was a constant of 5.4 psi and that of sections 234 decreased 

from 9.8 psi to 9.2 psi. This adds a relative error of 0 and 3% to the pressure drop 
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measurement error of 3%, which together give the decane relative permeability in section 

1 and sections 234 a relative error of 3% an 6%.   

 

6.3.4 Unsteady-State Two-Phase Decane-Brine Relative Permeability 

Using the fractional flow method (Chapter 3), water fractional flow profiles 

during the first 3.83 PV injection were calculated based on the saturation profiles 

measured at the same time. For ease of view, Figure 6-5 shows the water fractional flow 

profiles at 7 injection times. It can be seen that, before the breakthrough, the water 

fractional flow increased from 0 at inlet and quickly rose up to 1 after the front. After the 

breakthrough, the water fractional flow still increased from the inlet towards the outlet, 

but the overall water fractional flow gradually decreased with time. At 3.71 PV, the 

average water fractional flow was on the order of 0.01. 

 

 

Figure 6-5. In situ water fractional flow profiles at a few selected times during the first 
3.83 PV of injection. 
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With the local values of fractional flow, pressure drop and saturation, the 

unsteady-state decane relative permeability data were calculated from section 1 and 

sections 234 after breakthrough. Due to the saturation uniformity in the center three 

sections, the measured pressure drop was also equal to brine phase pressure drop, and 

hence unsteady-state brine relative permeability data were calculated from sections 234. 

All data are tabulated in Table 6-2 with the steady-state data. 

 

Table 6-2. Steady-state and unsteady-state two-phase decane-brine relative permeability 

  steady state   
  Sw kro So   

 0.167 0.931 0.833  
 0.263 0.719 0.737  

unsteady state 
sec1 sec123 

Sw kro Sw kro krw 
0.309 0.692 0.448 0.359 0.018 
0.298 0.721 0.434 0.378 0.016 
0.288 0.745 0.421 0.396 0.013 
0.283 0.768 0.412 0.404 0.011 
0.276 0.776 0.403 0.410 0.010 
0.272 0.794 0.397 0.417 0.009 
0.266 0.816 0.391 0.423 0.008 
0.263 0.824 0.384 0.435 0.008 
0.259 0.841 0.379 0.442 0.007 
0.256 0.848 0.374 0.448 0.006 
0.245 0.860 0.363 0.525 0.007 
0.235 0.862 0.352 0.562 0.006 
0.228 0.874 0.344 0.581 0.006 
0.222 0.896 0.335 0.588 0.005 
0.219 0.916 0.330 0.604 0.005 
0.212 0.926 0.323 0.611 0.004 
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Figure 6-6 shows the steady-state and unsteady-state decane and brine relative 

permeability data at 70°C and 8 MPa. The black dashed line and the black solid line are 

the Corey models (Equation 2-5) that fit to the decane relative permeability (Swr=0.19, 

ng=2.68) and the CO2 relative permeability at 20°C and 1500 psi (Swr=0.26, ng=1.8), 

respectively. Clearly, the decane fit is different from the CO2 fit; in particular, the decane 

fit has lower residual water saturation and a higher exponent than the CO2 fit. The gray 

dashed line and the gray solid line are the Corey models (Equation 2-6) that fit to the 

unsteady-state brine relative permeability (decane-brine drainage at 70°C and 8 MPa, 

Swr=0, nw=5.11) and the steady-state brine relative permeability (CO2-brine drainage at 

20°C and 1500 psi, Swr=0.26, nw=5.2). These two brine fits have similar exponents, but 

the brine fit for the decane-brine drainage has 0 residual water saturation, which is lower 

than the other one. Comparing the relative permeability curves for the decane-brine 

drainage and those for the CO2-brine drainage, it can be seen that, the residual water 

saturations of the fits are lower in the decane-brine drainage experiment. 
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Figure 6-6. Steady-state and unsteady-state two-phase decane and brine relative 
permeability at 70°C and 8 MPa. Black solid line, Corey model (Equation 2-5) fit to the 
steady-state CO2 relative permeability at 20°C and 1500 psi (Swr=0.26, ng=1.8); gray solid 
line, Corey model (Equation 2-6) fit to the steady-state brine relative permeability at 
20°C and 1500 psi (Swr=0.26, nw=5.2); black dashed line, Corey model (Equation 2-5) fit 
the steady-state and unsteady-state decane relative permeability at 70°C and 8 MPa 
(Swr=0.19, ng=2.68); and gray dashed line, Corey model (Equation 2-6) that fit to the 
unsteady-state brine relative permeability at 70°C and 8 MPa (Swr=0, nw=5.11). 

 

6.3.5 Saturation Data During Three-Phase Decane-CO2-Brine Flow 

Before the three-phase experiment, the core was saturated with equilibrated 

decane and residual brine, during which the water saturation was the same as the steady-

state water saturation shown in Figure 6-4 (a). 

Using the volume balance, it is found that the core-average Sw decreased by 1.0 % 

after fg=0.5 step, decreased by 0.17 % after fg=0.9 step, and decreased by 1.3 % after fg=1 

step (all in absolute saturation). Equation 6-1 is not used to calculate the steady-state 
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along the core, by the amount measured with volume balance. In Equations 6-2, ΔSw  is 

the core average water saturation decrease measured by volume balance after a flow step. 

 

Sw (new step) = Sw (last step)−ΔSw  

Equation 6-2 

 

With the slice-wise water saturation, the decane saturation can be calculated with 

CT measurement at a single energy level with Equation 6-3. In Equation 6-3, So is decane 

saturation and Sg is CO2 saturation, CTw, CTo and CTg are the CT numbers at a single 

energy level when the core was fully saturated with equilibrated brine, equilibrated 

decane and CO2. Again, the decane saturations calculated with Equation 6-3 at 140 KV 

and 100 KV should be equal. 

 

So =
CTx −[SwCTw + (1− Sw )CTg ]

CTo −CTg
 

Equation 6-3 

 

With both the slice-wise water saturation and decane saturation, CO2 saturation 

(Sg) is calculated with Equation 6-4. 

 
Sg =1− Sw − So  

Equation 6-4 

 

Since the actual water saturation decrease might not be uniform along the core, 

our assumption of uniform water saturation brings an additional error to water saturation 
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measurement. To estimate this, we plot Figure 6-7 that shows the steady-state decane 

saturation profiles at each of the three drainage steps calculated at both 140 KV and 100 

KV.  

 

 

Figure 6-7. Comparison between the steady-state decane saturation profiles at each 
drainage step calculated at 140 KV with those at 100 KV 

 

Figure 6-7 shows that, for all three steps, the differences between the slice-wise 

decane saturations calculated at 140 KV and 100 KV are within 7% (absolute saturation), 

and the core average decane saturations calculated at 140 KV and 100 KV are different 

by less than 2% (absolute saturation). Hence, by adding this 2% (absolute saturation) 

difference to the saturation measurement error of 0.4%, we estimate the steady-state 

three-phase saturations of brine decane and CO2 calculated with Equations 6-2, 6-3 and 

6-4 have an error of 2.4% (absolute saturation). In the following, we only show the 

saturations calculated at 140 KV for ease of view. 
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Figure 6-8. Steady-state water saturation profiles before the three-phase flow and during 
each step of the three-phase flow. 

 

Figure 6-8 shows the steady-state water saturation profiles before the three-phase 

flow and during each step of the flow. Throughout the three-phase flow, the core-average 

water saturation change was only 2.5% (absolute saturation, same hereafter). This is 
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Figure 6-9. Steady-state decane saturation profiles before the three-phase flow and during 
each step of the three-phase flow. 

 

 

 

Figure 6-10. Steady-state CO2 saturation profiles during each step of the three-phase 
flow. 
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Figure 6-9 shows the steady-state decane saturation profiles before the three-

phase flow and during each step of the flow. Before the three-phase flow, the core 

average decane saturation was 74.5%. During the first step (fg=0.5), the overall decane 

saturation decreased by roughly 20%. And in each of the following steps (fg=0.9, 1), the 

overall decane saturation decreased by about 5 %. Figure 6-10 shows the steady-state 

CO2 saturation profiles during each fractional flow step. During the first step (fg=0.5), the 

overall CO2 saturation increased from 0 to 21%. And in each of the following steps 

(fg=0.9, 1), the overall CO2 saturation increased by roughly 5%. Both the decane 

saturations and the CO2 saturations were uniform in the center three sections and were 

not uniform in the entrance section and the exit section. 

 

6.3.6 Pressure Drop Data During Three-Phase Decane-CO2-Brine Flow 

 

 

Figure 6-11. (a) During the three-phase decane-CO2 flow at fg=0.5 (Qo=4 cc/min, Qg=4 cc 
/min), pressure drops of four upstream sections versus injected pore volume, (b) during 
the two-phase decane flow at 8 cc/min, pressure drops versus injected volume. 
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Figure 6-11 (a) shows that, at the step of fg=0.5, the pressure drops of the core’s 

four upstream sections gradually increased and finally reached stable values around 3 PV. 

There were five times when the pressure drops had sudden changes, which were due to 

the resuming of flood after recharging the accumulator. 

Figures 6-11 (a) and (b) show the pressure drops during the three-phase decane 

flow and the two-phase decane-flow, respectively. The pressure drop in (a) was three 

times of that in (b). By knowing that the viscosity of decane in (a) was one half of that in 

(b), and the decane rate in (a) was one half of that in (b), we would expect the three-phase 

decane relative permeability obtained from Figure 6-11 (a) is one order of magnitude less 

than the two-phase decane relative permeability obtained from Figure 6-11 (b). 

 

 

Figure 6-12. (a) During the three-phase decane-CO2 flow at fg=0.9 (Qo=0.8 cc/min, 
Qg=7.2 cc /min), pressure drops of four upstream sections versus injected pore volume, 
(b) during the two-phase decane flow at 8 cc/min, pressure drops versus injected volume. 
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Figure 6-13. During the step with fg=1, pressure drop of section 1 and sections 234 versus 
injected pore volume. 

Both Figures 6-12 and 6-13 show that, at the steps of fg=0.9 and 1, the pressure 

drops of upstream sections started with high values and gradually decreased until 

reaching stable values around 0.5 PV for fg=0.9 and 4 PV for fg=1. Similarly, the sudden 

changes in pressure drop measurements at the fg=1 step were due to resuming the flood. 

At the fg=1 step, only the pressure drop of sections 234 were recorded, which is because 
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CO2-decane co-injection, the stable pressure drops are later on used to calculate relative 

permeability. 
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order of magnitude less than the two-phase decane relative permeability obtained from 

Figure 6-12 (b). 

 

6.3.7 Steady-State Three Phase Decane-CO2 Relative Permeability 

For the three-phase experiments, the steady-state decane and CO2 relative 

permeabilities are calculated. Again, the relative permeabilities to both decane and CO2 at 

steady state are calculated with Equation 2-3, with QCO2, μCO2, ΔPg and krg being replaced 

by Qdecane, μdecane, ΔPo and kro for decane. In Equation 2-3, the phase fluxes Q and phase 

viscosities μ are given in the Experimental Methods section, L and kw are given in Table 

6-1, the cross section area A is 40.26 cm2. ΔPo and ΔPg are both equal to the measured 

pressure drop in the center three sections, and only ΔPg is equal to the measured pressure 

drop in the entrance section. The reasoning is the same as in the CO2-brine primary 

drainages. Shortly after CO2 breakthrough, the taps (initially saturated with decane) were 

occupied by CO2. Thus, ΔPg is equal to the measured pressure drops in both the entrance 

section and the center three sections. Due to the uniform saturation, the decane pressure 

drop ΔPo is equal to ΔPg only in the center three sections. Due to the pressure drop 

measurement’s 3% relative error, the three-phase relative permeability data calculated 

with the pressure drops also have a 3% relative error. 
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Figure 6-14. Three-phase steady-state decane (squares) and CO2 (circles) relative 
permeability data at 70°C and 8 MPa. Black solid line: Corey model (Equation 2-5) that 
fit to the two-phase steady-state CO2 relative permeability data at 20°C and 1500 psi 
(Swr=0.26 and ng=1.8). 

 

Figure 6-14 shows the three-phase steady-state CO2 and decane relative 

permeability data versus its phase saturation, included for comparison is the Corey-fit 

(Equation 2-5) that fit to the two-phase steady-state CO2 relative permeability data at 

20°C and 1500 psi (Swr=0.26 and ng=1.8). The three-phase CO2 relative permeability data 

are one order of magnitude lower than the two-phase CO2 fit. This implies that the three-

phase and the two-phase CO2 relative permeabilities are different. Also the three-phase 

decane relative permeability data are roughly one order of magnitude lower than the 

three-phase CO2 relative permeability data. This makes sense since these two-phases 

have different wettability. More implications on the data are discussed soon. 
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6.4 DISCUSSION 

6.4.1 Comparison Between Two-Phase CO2 Relative Permeability and Two-Phase 
Decane Relative Permeability 

 

 

Figure 6-15. Two-phase CO2 relative permeability at different temperature and pressure 
conditions, g means CO2; and two-phase decane relative permeability at 70°C and 8 MPa, 
o means decane. The solid line and the dashed line are Corey model (Equation 2-5) that 
fit to the CO2 relative permeability data (Swr=0.26 and ng=1.8) and the decane relative 
permeability data (Swr=0.19 and no=2.68). The two gray dotted lines are 40% within the 
CO2 fit. 

 

Figure 6-15 shows the two-phase CO2 relative permeability at different conditions 

(20 °C and 10 MPa, 40 °C and 12 MPa, 40 °C and 8.3 MPa, and 60 °C and 12 MPa) and 

the two-phase decane relative permeability at 70 °C and 8 MPa. The CO2 data are fit with 

the black solid line and the decane data are fit with the black dashed line. Both lines use 

Equation 2-5; and the parameters of the CO2 fit and the decane fit are Swr=0.26 and 

ng=1.8, and Swr=0.19 and no=2.68, respectively. The residual water saturation of the 

decane fit is lower than that of the CO2 fit by 7% (absolute saturation). 
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However, before saying the decane relative permeability is different from the CO2 

relative permeability, it should be noticed that, the CO2 data points are scattered within 

40% of the fit (the two gray dotted lines). And the decane data also fall within the gray 

dotted lines. Hence, more decane relative permeability measurements are needed to show 

whether this difference between the decane and CO2 fits is because of the difference 

between decane and CO2 relative permeability, or a matter of data scatter. 

 

6.4.2 Comparison Between Two-Phase and Three-Phase CO2 Relative Permeability 
Data 

 

 

Figure 6-16. Comparisons among the two-phase CO2 relative permeability of this study 
(Chen, 20°C&1500psi, 40°C&1800psi, 40°C&1200psi, and 60°C&1800psi), three-phase 
CO2 relative permeability of this study (Chen, 70°C&8 MPa), two-phase CO2 relative 
permeability by [Jordan, 2016] (40°C&1900psi and 40°C&1200psi), and three-phase 
CO2 relative permeability by [Dria et al., 1993] (71°C&10 MPa). The black line is the 
Corey-type fit (Equation 2-5) that fit to the two-phase CO2 relative permeability data at 
20 °C and 1500 psi of this study (Swr=0.26 and ng=1.8). 
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Figure 6-16 compares the two-phase and three-phase CO2 relative permeabilities 

measured in this study with the two-phase CO2 relative permeabilities by [Jordan, 2016] 

and the three-phase CO2 relative permeabilities by [Dria et al., 1993]. It can be seen that, 

(1) the two-phase CO2 relative permeability data measured by this study and [Jordan, 

2016] are consistent; (2) the three-phase CO2 relative permeability data measured by this 

study and [Dria et al., 1993] are consistent too; (3) the two-phase CO2 relative 

permeability data (this study and Jordan) are higher than the three-phase CO2 relative 

permeability data (this study and Dria et al.) by one order of magnitude. Although [Dria 

et al., 1993] claimed their two-phase and three-phase CO2 relative permeability data are 

consistent, their claimed two-phase CO2 relative permeability data (magenta diamonds) 

are actually three-phase data because both oil and brine phases were present and the 

saturations were varying between steps. 

Here I give one possible reason of why two-phase and three-phase CO2 relative 

permeability data are different. In the three-phase CO2-decane-brine experiments by this 

study and [Dria et al., 1993], there is over 0.55 mole fraction of CO2 dissolved in the 

decane phase, hence CO2 phase may be only slightly non-wetting compared with the 

decane phase. This is different in the two-phase CO2-brine experiments in this study and 

[Jordan, 2016], where CO2 is clearly the non-wetting phase compared with brine. The 

shifts of CO2 wettability in the three-phase scenarios can change the flow paths of CO2 

and makes the three-phase CO2 flow pattern different from the two-phase CO2 flow 

pattern. 

 

6.4.3 Comparison Among Three-Phase Relative Permeability Data 

 



 157 

 

Figure 6-17. Comparisons among the three-phase CO2 and decane relative permeability 
(triangles) by the author at 70 °C and 8 MPa when water was immobile, the three-phase 
CO2 and decane relative permeability (plus signs and stars) by [Dria et al., 1993] at 71 °C 
and 10 MPa when water was mobile, and the three-phase N2 gas and oil relative 
permeability (pentagrams and hexagrams) by [Oak et al., 1990] at 21 °C and 5.5 MPa 
when water was immobile. The black solid line is the Corey-type fit (Equation 2-5) that 
fit to the two-phase steady-state CO2 relative permeability data at 20 °C and 1500 psi 
(Swr=0.26 and ng=1.8). 

 

Figure 6-17 shows the three-phase gas-oil relative permeability by the author, 

Dria [Dria et al., 1993] and Oak [Oak et al., 1990], which were at different temperature 

and pressure conditions and used different gas phases and rocks. In the following 

comparisons, three statements will be made: (1) without significant amount of water 

flowing, three-phase CO2 relative permeability is still different from three-phase oil 

relative permeability even though their wettability difference becomes small at HTHP 

conditions, (2) three-phase CO2 relative permeability is different from three-phase N2 

relative permeability at HTHP conditions because of different wettability, and (3) with 

three phases being present and the wetting phase being immobile, the most non-wetting 
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phase relative permeability converges to the two-phase non-wetting phase relative 

permeability curve. 

The three-phase CO2 (plus signs) and decane (stars) relative permeability data at 

71 °C and 10 MPa by Dria [Dria et al., 1993] are consistent with each other. They argued 

that, because the solubility of CO2 in decane is 0.67 in more fraction [Reamer and Sage, 

1963; Nagarajan and Robinson, 1986; Chou et al., 1990; Jennings and Schucker, 1996; 

Eustaquio-Rincón and Trejo, 2001; Shaver et al., 2001; Jiménez-Gallegos et al., 2006], 

CO2 and decane have similar wettability and thus similar relative permeability at 71 °C 

and 10 MPa. In Dria et al. experiments, the water phase was flowing, which could make 

the wettability contrast between CO2 and decane smaller, which could explain that CO2 

and decane flowed very similarly and have similar relative permeability functions. 

The three-phase CO2 and decane (triangles) relative permeability data by the 

author were conducted at 70 °C and 8 MPa, which is close to Dria’s condition [Dria et 

al., 1993]. However, the author’s three-phase CO2 relative permeability data are 

significantly different from the three-phase decane relative permeability data. Because of 

similar conditions as Dria, the wettability of CO2 and decane in the author’s experiment is 

also similar to each other. The difference is that the water phase was almost immobile in 

the author’s experiment. During the 13 PV of CO2-decane co-injection at 8 cc/min, water 

saturation decreased by 2.5%, which means water flowed at an average rate of 0.02 

cc/min. Since the water rate is two orders of magnitude less than the non-wetting phase 

rate (8 cc/min), the small difference of wettability between CO2 and decane still plays an 

important role when they flowed simultaneously. This can explain why the three-phase 

CO2 relative permeability by the author was higher than the there-phase decane relative 

permeability, and CO2 looks more non-wetting compared with decane in the relative 

permeability curve. 
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The three-phase N2 relative permeability data by Oak [Oak et al., 1990] are higher 

than three-phase oil relative permeability by one order of magnitude at residual water 

saturation and at 21 °C and 5.5 MPa. Again, the reasoning is that N2 was more non-

wetting compared with oil, and hence N2 relative permeability is higher than oil. The 

difference between the Oak data and the author’s is that Oak’s three-phase gas (N2) 

relative permeability is higher than the author’s three-phase gas (CO2) relative 

permeability by one order of magnitude. This is because N2 is less wetted to rocks than 

CO2, so N2 has higher three-phase relative permeability. Last, the three-phase N2 relative 

permeability by Oak is consistent with the two-phase CO2 fit here. This indicates that, 

with three phases being present but the wetting phase being immobile, if one phase is 

much more non-wetting than another one, the most non-wetting phase relative 

permeability converges to (or is consistent with) the two-phase non-wetting phase 

relative permeability. 

 

6.5 SUMMARY 

This chapter obtains two-phase decane and brine relative permeability and three-

phase decane and CO2 relative permeability in Berea sandstone at 70 °C an 8 MPa. The 

comparison between the two-phase decane relative permeability data at 70 °C an 8 MPa 

and the two-phase CO2 relative permeability data at different HTHP conditions suggests 

that more decane relative permeability measurements are needed before judging whether 

decane and CO2 relative permeabilities are the same or different. Comparisons are also 

made between the three-phase gas and oil relative permeability data by the author and 

those by Dria [Dria et al., 1993] and Oak [Oak et al., 1990], which used different rocks, 

gas phases, and temperature and pressure conditions. Three conclusions are made from 
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these comparisons: (1) without significant amount of water flowing, three-phase CO2 

relative permeability is still different from three-phase oil relative permeability even 

though their wettability difference becomes small at HTHP conditions, (2) three-phase 

CO2 relative permeability is different from three-phase N2 relative permeability at HTHP 

conditions because of different wettability, and (3) with three phases being present and 

the wetting phase being immobile, the most non-wetting phase relative permeability 

converges to the two-phase non-wetting phase relative permeability curve. 
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Chapter 7. Conclusions and Future Work 

7.1 CONCLUSIONS 

The goal of this PhD work is to determine accurate CO2 relative permeability data 

in geological porous media across different temperature and pressure conditions, in order 

to provide the key input for modeling CO2 storage and CO2 EOR. To achieve this, one 

improved steady-state method and two new unsteady-state methods have been developed 

and used in two-phase CO2-brine primary drainage experiments in Berea sandstone at 

different temperature and pressure conditions. For all temperature and pressure 

conditions, a universal two-phase CO2 relative permeability model is obtained that shows 

CO2 is always the non-wetting phase. Furthermore, the three-phase CO2 relative 

permeability is measured and its value is one order of magnitude lower than the two-

phase CO2 relative permeability.  

The new methods developed here aim to measure local values of water saturation, 

phase flux and pressure drop in either steady state or unsteady state. As shown from the 

two-phase CO2 relative permeability data, the advantage of these new methods is that 

they experimentally avoid the capillary end effect. Consequently, the new methods obtain 

more accurate relative permeability data that are up to 50% higher than conventional 

steady-state and unsteady-state methods. This advantage is also significant for other gas 

and supercritical fluids with low viscosities. 

The two-phase CO2 relative permeability data obtained at different temperatures 

and pressures in this study are all within 40% above and 40% below of the Corey fit 

(Equation 2-5, Swr =26% and ng=1.8). Hence, within the scatter of relative permeability 

data obtained here, it cannot be judged that whether two-phase CO2 relative permeability 

depends on temperature or pressure. Similarly, both the two-phase CO2 relative 

permeability data obtained here and two-phase oil relative permeability and two-phase N2 
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relative permeability data by [Oak et al., 1990] in Berea are all within 40% of the same 

Corey fit (Equation 2-5, Swr =26% and ng=1.8). Likewise, within the relative permeability 

data scatter of this study and [Oak et al., 1990], it cannot be resolved whether two-phase 

non-wetting phase relative permeability depends on the choice of fluids. Data with less 

scatter will be necessary to clarify these two questions. 

The three-phase CO2 relative permeability being one order of magnitude less than 

the two-phase CO2 relative permeability is because CO2 can dissolve into decane to a 

large extent at high pressures, which can consequently change the wettability and 

interfacial tension of CO2-decane system. The shifts of CO2 wettability and CO2-decane 

interfacial tension in the three-phase scenarios can change the flow paths of CO2 and 

makes the three-phase CO2 flow pattern different from the two-phase CO2 flow pattern. 

More experiments are needed to unveil the mechanism. 

 

7.2 FUTURE WORK 

Since the dependency of the three-phase CO2 relative permeability on 

temperature, pressure and the amount of initial water is still poorly known, measuring 

three-phase CO2 relative permeability remains an outstanding research problem. Second, 

it will be interesting to conduct more secondary imbibition experiments to investigate the 

relative permeability hysteresis and residual trapping efficiency of CO2. Third, it is 

uncertain whether two-phase CO2 relative permeability is different from two-phase 

decane relative permeability, so it is necessary to conduct more decane-brine drainage 

experiments at different conditions to clarify this issue. Fourth, it will be interesting to 

investigate how nanoparticles, CO2 hydrate or rock heterogeneity will change the two-

phase CO2 relative permeability. 
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First, in order to measure three-phase CO2-decane relative permeability at 

different HTHP conditions and at different initial water saturations, the same 

experimental methods shown in section 6.2 can be used. The different temperature and 

pressure conditions can be easily achieved by manipulating the temperature control and 

adjusting the back pressure regulator. The different initial saturations of water and oil can 

be achieved by co-injecting water and oil at different ratios. These new experiments are 

used to ask two pivotal questions. (1) When water is mobile, what is the critical CO2 

solubility in decane (corresponding to a temperature and pressure condition), at which the 

three-phase CO2 relative permeability starts to become similar to the three-phase decane 

relative permeability. (2) When water is immobile, how the CO2 solubility in decane 

(corresponding to a temperature and pressure condition) changes the difference between 

two-phase CO2 relative permeability and three-phase CO2 relative permeability. 

Second, Appendix E shows the results of one secondary imbibition experiment. 

As expected, CO2 has the relative permeability hysteresis but brine does not, since CO2 is 

the non-wetting phase. The measured CO2 residual trapping efficiency of 70% is 

consistent with literature. Using the experimental methods in section 2.2 and Appendix E, 

more imbibition experiments can be done to fully understand CO2 relative permeability 

hysteresis and residual trapping efficiency at different temperature and pressure 

conditions. 

Third, in order to measure two-phase decane relative permeability at different 

temperature and pressure conditions, the same experimental methods as section 6.2 can 

be used. Both section 2.4 of this dissertation and a few research groups have shown that, 

non-wetting phase relative permeability does not depend on fluids. The purpose is to 

check if the new experiments agree with the claim in these studies, it will further enhance 

the understanding of two-phase immiscible flow physics. 
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Fourth, by adding nanoparticles into brine, maintaining a low temperature and 

high pressure, and using a heterogeneous rock core, we can determine two-phase CO2 

relative permeability in the presence of nanoparticle, CO2 hydrate, and heterogeneity. The 

experimental methods can be either the improved steady-state method (section 2.2) or the 

two new unsteady-state methods (sections 3.2, 3.3 and 4.2). The additional requirement is 

loading nanoparticles into brine for the first scenario, building a cold fluid circulation 

bath for the second scenario, and using a heterogeneous core in the third scenario. The 

purposes of doing those experiments are: (1) how the nanoparticles, and in particular, 

how the concentration of nanoparticles, changes the injectivity of CO2, (2) how the 

kinetic formation of hydrate and the concentration of hydrate changes the injectivity of 

CO2, and (3) how the rock heterogeneity changes the CO2 transport and trapping 

distribution in porous media. 
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Appendix A. Phase Equilibration of CO2 and Brine 

This appendix takes the experimental conditions of T = 20 °C and P = 1500 psi, as 

an example to show how phase equilibrations were reached. At this condition, based on 

Teng and Yamasaki’s [Teng and Yamasaki, 1998] measurement and Duan and Sun’s 

modeling [Duan and Sun, 2003] of CO2 solubility in brine, Seo et al.’s [Seo et al., 2011] 

measurement of water solubility in CO2, and linear interpolation and extrapolation, it is 

estimated the mole fraction of CO2 in equilibrated-brine is 0.022, and the mole fraction of 

brine in equilibrated-CO2 is 0.0034. Thus it is estimated (1) there should be 1407 ml brine 

and 93 ml CO2 in a 1.5-L vertical piston accumulator (hereafter Acc_A, see Figure 2-1) 

to saturate brine with CO2; and (2) there should be 1498 ml CO2 and 2 ml brine in a 

second 1.5-L vertical piston accumulator (hereafter Acc_B, see Figure 2-1) to saturate 

CO2 with brine. In the experiments, 120 ml CO2 and 1380 ml brine were injected to the 

bottom of Acc_A so that the non-dissolved CO2 would remain on the top of the 

equilibrated brine and would not enter the core until the equilibrated brine was used up. 

20 ml brine and 1480 ml CO2 were injected to the top of Acc_B, such that the non-

dissolved brine would remain on the bottom of the equilibrated CO2 and would not enter 

the core until the equilibrated CO2 was used up. After filling with liquids, both Acc_A 

and Acc_B were shaken on a rocker for 10 minutes to accelerate the phase equilibrations. 

Previous experiments have shown CO2-brine reached equilibrium after being stirred (not 

shaken) in a pressure reactor for 20 minutes [Blyton and Bryant, 2013]. Additionally, at 

least 12 hours was given to let equilibrium be reached before the start of the experiments. 

Every time the leftover equilibrated fluids were emptied in Acc_A and Acc_B after a 

two-phase flood, it was observed that (1) CO2 came out after the equilibrated brine was 

completely pushed out from the bottom of Acc_A, and (2) brine came out after the 
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equilibrated CO2 was utterly pushed out from the top of Acc_B. This is direct evidence 

that the phase equilibrations were reached for both fluids. 
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Appendix B. Error Estimate of Steady-State CO2 Relative Permeability 
Obtained From the Entrance Section 

Since the entrance section (section 1) had non-uniform saturation and saturation is 

not linear with relative permeability, the error of the CO2 relative permeability obtained 

in section 1 should be higher than 3% of its own value. To estimate this error, a least 

square method [McIntyre et al., 1966; York, 1966, 1968] was used to fit the CO2 relative 

permeability obtained in section 1 and the center three sections in primary drainage Exp5, 

Exp6 and Exp7d. By first assuming that section 1 also had a 3 % relative error, the 

resulting parameters in the Corey type model (Equation 2-5) were Swr=28 %, ng=1.7 

(Exp5); Swr=23 %, ng=1.5 (Exp6); Swr=26 %, ng=2.0 (Exp7). Then a comparison was 

made between the measured pressure drop and the calculated CO2 phase pressure drop 

based on these Corey-type fits for section 1 and the center three sections. 

In particular, for every 1-cm portion of one section, the CO2 relative permeability 

was estimated by plugging its saturation into Equation 2-5 with the respective 

parameters. Using the two-phase Darcy’s law, the CO2 phase pressure drop was 

calculated for each 1-cm portion of this section. By integrating them altogether, a 

calculated CO2 phase pressure drop in this section was obtained. This was repeated for 

every drainage step in Exp5, Exp6 and Exp7d. 

Figure B-1 shows the histograms of the relative difference between the calculated 

CO2 phase pressure drop and the measured pressure drop for section 1 and the center 

three sections. The median relative difference for section 1 is 14 %, while the median 

relative difference for the center three sections is 11 %. Hence, it is estimated that the 

relative error of the CO2 relative permeability determined in section 1 of the core is 6 % 

relative error, which is the 3% relative error plus a (14-11) % relative error. 
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Figure B-1. Histograms of the relative difference between the calculated CO2 phase 
pressure drop and the measured pressure drop for section 1 (blue) and the center three 
sections (red) for all the steps in primary drainage Exp5, Exp6 and Exp7d. 
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Appendix C. The Uncertainty of Water Fractional Flow and Relative 
Permeability Calculated With the New Unsteady-State Method and the 

Previous Unsteady-State Method 

To estimate the uncertainty in water fractional flow due to neglecting saturation 

measurement time, we take Exp5 as an example and correct the time offsets of the 

saturation profiles at the water fractional steps of fw=0.5, 0.1 and 0.01. When the total 

flow rate was 2 ml/min, 60 X-ray CT scans were taken along the core axial direction to 

measure slice-wise saturations, which took 6 minute and 9 seconds. Except for the 

saturations at x=30 cm, saturation scanned at any other place of the core had a time offset 

with the planned time. The scanning frequency at total flow rate of 2 ml/min was every 

0.05 PV. The first order correction of saturation profile is to assume that saturations at 

each position of the core were changing linearly with time between consecutive scanning 

times. Based on this assumption, all saturation profiles were corrected to be exactly at the 

planned times. Using the corrected saturation profiles, the local water fractional flows (fw) 

were calculated again using both the new method and the previous method. 

We find the average relative difference in fw between using the actual saturation 

profiles and using the corrected saturation profiles is 3% for the new unsteady-state 

method and 7% for the previous unsteady-state method based on 160 fw data points. 

Hence, due to neglecting the saturation measurement time, the water fractional flow has a 

3% relative error of its own value for the new unsteady-state method, and a 7% relative 

error of its own value for the previous unsteady-state method.  

In Chapter 2 and Appendix B, it has been shown that due to the measured 

pressure drop fluctuations and the non-uniform saturation in the entrance section of the 

core, steady-state CO2 and brine relative permeability determined in the center three 

sections of the core had a 3% relative error of its own value and steady-state CO2 relative 
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permeability determined in the entrance section of the core had a 6% relative error of its 

own value. For the unsteady-state relative permeability determined herein, the extra error 

source is from the local fractional flows of water and CO2. As for the uncertainty in the 

local fractional flow of CO2 (fg), since fg was close to 1 in the primary drainages, its 

uncertainty is negligible compared with the uncertainty due to pressure fluctuations. 

Apply the uncertainty propagation to the two-phase Darcy’s law, the uncertainties 

in unsteady-state relative permeability data were estimated using Equation C-1. First, for 

both the new unsteady-state method and the previous unsteady-state method, the 

uncertainties of unsteady-state CO2 permeability data are the same as the steady-state 

data: 3% of its own value in the core’s center sections and 6% of its own value in the 

core’s entrance section. Second, the uncertainty of brine relative permeability data 

determined in the core’s center sections is 4% of its own value for the new unsteady-state 

method, and 8% of its own value for the previous unsteady-state method.  
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Appendix D. Correction for Relative Permeability Data Obtained in the 
Center Sections of the Core at Some Fractional Flow Steps 

Table D-1 shows, for the center three sections at fractional flow steps of fw=0.5 

and 0.1 in Exp6, and the fractional flow step of fw=0.5 in Exp7d, the standard deviation of 

relative permeabilities is more than 20% of the average; however, the standard deviation 

of saturations is within 1% of the average. 

 

Table D-1. Relative permeability with large scatter in center sections (data from Tables 2-
5 and 2-6) 

Exp # fw section Sw krw krg std_Sw/avg_Sw std_kr/avg_kr 

Exp6 

 sec2 0.915 0.5182 0.0417   0.5 sec3 0.928 0.3548 0.0286 0.01 0.20 

 sec4 0.935 0.5002 0.0403   
  sec2 0.780 0.2091 0.1514     

0.1 sec3 0.788 0.1376 0.0997 0.01 0.25 

 sec4 0.801 0.2274 0.1647     
    sec2 0.890 0.5691 0.0458     

Exp7d 0.5 sec3 0.896 0.2411 0.0194 0.00 0.39 
    sec4 0.894 0.4620 0.0372     

 

To explain the large scatter in relative permeabilities at these steps, one possible 

reason is some pressure taps might measure brine pressure instead of CO2. In that case, 

the measured pressure drop is different from the viscous pressure drop by a capillary 

pressure, which can cause the relative permeability measurements scatter from actual 

values. To estimate the capillary pressure, sudden pulses in the pressure drop traces can 

be used, since they indicate pressure measured at tap switched between phases. 

For all the three steps, relative permeability in section 3 is lower than that in 

sections 2 and 4. If a pulse is observed in the pressure drop trace of the center three 

sections, this amount of pressure can be subtracted from section 3 and added to either 
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section 2 or section 4 to decrease the relative permeability difference in center sections. 

This is how relative permeabilities in center sections will be corrected for these steps. 

 

 

Figure D-1. Pressure drop versus time of center sections during three fractional flow 
steps: (a) fw=0.5 in Exp6, (b) fw=0.1 in Exp6, and (c) fw=0.5 in Exp7d. 
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Figure D-1 shows the pressure drop versus time for the center sections in these 

three steps. In Figures D-1 (a) and (c), the sudden changes in pressure drop around 0.42 

PV and 0.84 PV are due to flow stoppage and re-initialization, instead of capillary 

pressure.  

Only Figure D-1 (b) shows that, at the step of fw=0.1 in Exp6, there are pressure 

drop pulses that might be due to capillary pressure. In particular, between 1.5-2.0 PV, 

both section 3 and section 4 have pressure pulses of 0.1 psi. Assuming this 0.1-psi 

pressure is the capillary pressure at this saturation (Sw=89%), I can subtract 0.1 psi from 

section 3 and add 0.1 psi to section 4. As a result, the corrected brine relative 

permeability in sections 3 and 4 is 0.1471 and 0.2054. This correction changes the 

standard deviation of relative permeabilities in center three sections to 19% of the 

average. The improvement of this correction is marginal compared with the original 25% 

standard deviation. 

From what I have shown above, this capillary pressure correction is only feasible 

for one of the three steps with large scatter in center sections’ relative permeabilities; and 

the correction only decreases the data scatter by a small amount. Therefore, I do not 

recommend using this method to correct relative permeabilities with large scatter in 

center sections of a core. 
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Appendix E. Two-Phase CO2-Brine Relative Permeability During 
Secondary Imbibition in Berea Sandstone 

After the primary drainage experiment Exp9d, I conducted a secondary imbibition 

experiment Exp9i by co-injecting CO2 and brine at three fractional flow steps. The flow 

rates are listed in Table E-1. 

 

Table E-1. Flow rates of CO2 and brine in a secondary imbibition experiment (Exp9i) 

fw Qbrine(cc/min) QCO2(cc/min) 
0.100 0.8 7.200 

0.5 2 2.000 
1.0 2 0.000 

 

During the imbibition experiment, brine displaced CO2 at tap locations and hence 

every tap was measuring brine pressure instead of CO2 pressure. Therefore, both CO2 and 

brine relative permeability data are obtained from the center sections where saturation 

was uniform, and only brine relative permeability data are obtained from the entrance 

section. During the experiment, tap 4 was blocked and no data are obtained from section 

4 of the core. Table E-2 lists the steady-state CO2 and brine relative permeability data of 

the secondary imbibition experiment Exp9i. 
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Table E-2. Steady-state CO2 and brine relative permeability data during the secondary 
imbibition experiment Exp9i 

fw section Sw krw krg 
0.100 sec2 0.677 0.0445 0.0322 

0.1 sec3 0.688 0.0977 0.0707 
0.5 sec2 0.685 0.0574 0.0046 
0.5 sec3 0.698 0.0786 0.0063 
1.0 sec2 0.699 0.0605   
1.0 sec3 0.706 0.0791  
0.1 sec1 0.642 0.0524   
0.5 sec1 0.649 0.0602  1 sec1 0.668 0.0693   

 

 

Figure E-1. Steady-state and unsteady-state CO2-brine relative permeability data in the 
primary drainage experiment Exp9d and steady-state CO2-brine relative permeability data 
in the secondary imbibition experiment Exp9i. The black solid and dashed lines are the 
Corey fits for brine (Equations 2-6, Swr=0.26 & nw=5.2) and CO2 (Equation 2-5, Swr=0.26 
& ng=1.8) relative permeability data in Exp9d, respectively. The magenta dashed line is 
the Corey fit (Equation E-1) for CO2 relative permeability data in Exp9i (Swr=0.16, 
Sgr=0.29 & ng=0.94). 
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Equation E-1 

 

Figure E-1 shows that brine relative permeability has no hysteresis, while CO2 

relative permeability depends on saturation path. This is consistent with that CO2 is the 

non-wetting phase and brine is the wetting phase [Owens and Archer, 1971; Chilingar 

and Yen, 1983; Honarpour et al., 1986; Anderson, 1987]. 

At the end of the primary drainage experiment Exp9d, core-average CO2 

saturation was 41.7%, and at the end of the secondary imbibition experiment Exp9i, core-

average CO2 saturation decreased to 29.2%. This means 70% of the maximum amount of 

CO2 was trapped after imbibition, which is consistent with the CO2 trapping experiments 

in Berea sandstone by [Krevor et al., 2012]. 
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