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Abstract 

 
A pore-scale understanding of fluid flow underpins the constitutive laws of continuum-

scale porous media flow. Porous media flow laws are founded on simplified pore 

structure such as the classical capillary tube model or the pore-network model, both of 

which do not include diverging-converging pore geometry in the direction of flow. 

Therefore, modifications in the fluid flow field due to different pore geometries are not 

well understood. Thus this may translate to uncertainties on how flow in porous media is 

predicted in practical applications such as geological sequestration of carbon dioxide, 

petroleum recovery, and contaminant’s fate in aquifers. To fill this gap, we have 

investigated the role of a spectrum of diverging-converging pore geometries likely 

formed due to different grain shapes which may be due to a variety of processes such as 

weathering, sediment transport, and diagenesis. Our findings describe the physical 

mechanisms for the failure of Darcy’s Law and the characteristics of Forchheimer Law at 
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increasing Reynolds Number flows. Through fundamental fluid physics, we determined 

the forces which are most responsible for the continuum-scale porous media hydraulic 

conductivity (K) or permeability. We show that the pore geometry and the eddies 

associated therein significantly modify the flow field and the boundary stresses. This has 

important implications on mineral precipitation-dissolution and microbial growth. We 

present a new non-dimensional geometric factor β, a metric for diverging-converging 

pore geometry, which can be used to predict K. This model for K based on β generalizes 

the original and now widely-used Kozeny (1927) model which was based on straight 

capillary tubes. Further, in order to better quantify the feasibility of geological CO2 

sequestration, we have conducted laboratory fluid flow experiments at reservoir 

conditions to investigate the controls of media wettability and grain shapes on pore-scale 

capillary trapping. We present experimental evidence for the snap-off or formation of 

trapped CO2 ganglion. The total trapping potential is found to be 15% of porosity for a 

water-wet media. We show that at the pore-scale media wettability and viscous-fingering 

play a critical role in transport and trapping of CO2. Our investigations clearly show that 

that in single-phase flow pore geometry significantly modifies pore-scale stresses and 

impacts continuum-scale flow laws. In two-phase flows, while the media wettability 

plays a vital role, the mobility ratio of CO2 - brine system significantly controls the CO2 

capillary trapping potential- a result which should be taken into consideration while 

managing CO2 sequestration projects. 
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Chapter 1:  Introduction 

1.1 MOTIVATION AND PROBLEM STATEMENT 

To understand how the porous media responds to profound perturbations, such as 

the subsurface injection of supercritical carbon dioxide (s-CO2), hazardous  waste 

disposal, or purging of contaminants, we must first understand fundamental processes at 

the pore-scale (10 µm to 200 µm) (Figure 1.1).  

Grain shapes define the pore and pore-throat geometries, which controls the pore-

scale fluid flow characteristics, and thus, bears implications for the continuum scale fluid 

flow phenomena. The geometry of pores and its associated modification of the flow field 

has consequences on the dynamic behavior of fluid-fluid and fluid-solid physical 

equilibriums and the geochemical equilibrium between fluids and host rock, especially in 

relation to precipitation - dissolution of minerals mediated by microbial and 

biogeochemical processes [Bennett et al., 2000]. The investigations conducted at pore 

scale thus enable us with better information which is integrated to represent the 

continuum scale pore media flow and reaction transport problems (Figure 1.1).  

The porous media fluid flow laws are theoretically derived by assuming a 

simplified pore-scale geometry such as the classical the capillary tube model (Figure 

1.2a), and the pore-scale flow problems are now largely studied by using the pore-

network model [Blunt et al., 2002; Bryant and Blunt, 1992] (Figure 1.2b). These models 

assume cylindrical shapes for channels (capillary tubes), spherical pores, and ignore 

stagnant zones and ignore the effects of angularity in grain shapes or the diverging-

converging aspects of pore geometry (Figures 1c and 1d). The aspects of complex pore  
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Figure 1.1: Subsurface phenomenon across the scales  
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Figure 1.2: The capillary tube model (a), a pore-network model (b), a 3D X-ray CT image 
of pores formed due angular quartz grains (c), and a photomicrograph of a 
sandstone (d) (Source; CO2CRC).  
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geometry are represented by assuming capillary tubes of different cross-sectional 

geometries such as a circle, a square, or a triangle [Bear, 1988; Kozeny, 1927]. Therefore, 

both of these capillary tube and the pore-network models still assume no variation, such 

as a realistic diverging-converging pore geometry in the direction of flow, and the 

complete effects of pore geometries in modifying the flow field are neither examined nor 

understood. Previous work on idealized converging-diverging pore geometries include 

[Balhoff and Thompson, 2004, 2006;  Balhoff and Wheeler, 2010] 

For the scenarios of CO₂ sequestration or pump-treat of aquifer contaminants, the 

fluid injection pressures (i.e., the pressure potential) are quite high and results in 

Reynolds number flows of Re >>1. At these flow conditions the conventional Darcy’s 

law is not applicable (a.k.a Darcy’s Law fails) and instead a non-linear Forchheimer 

relationship is used 

a	 	 ²    (1.1) 

Where, q [m/s] is Darcy velocity, hydraulic gradient, i = dh/dz; here head, h = P/g [m] 

and z [m] is a one dimensional coordinate. This non-linear Forchheimer equation (1.1) is 

non-unique and its variant forms have been proposed [Balhoff and Wheeler, 2009; Chen 

et al., 2001; N S Cheng et al., 2008; Panfilov and Fourar, 2006; Skjetne and Auriault, 

1999]. Since not one equation can accurately describe the non-linear flow at high Re, the 

pursuit of a single constitutive relationship for non-Darcy flow has continued to date. 

While much theoretical development and their validation by numerical models has been 

done to derive different Forchheimer relationships [Chen et al., 2001; Fourar et al., 

2004; Hassanizadeh and Gray, 1987; Ma and Ruth, 1993; Meleshko, 1996; Panfilov and 
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Fourar, 2006; Skjetne and Auriault, 1999], no study has explored the pore geometry 

controls, however critical to the failure of Darcy’s Law and the Forchheimer flow 

characteristics.  

The porous media fluid flow laws are used to predict the continuum scale 

transport of CO₂ for example, however, in the subsurface CO₂ co-exists with native 

brines, and the two-phase transport is governed by the Young’s-Laplace Law,  

	 		 	 	 	 	 1.2 	

where Pc is capillary pressure, σ is surface tension, r  is the radius of pore and pore-

throats, and 	is the contact angle or the measure of wettability of media. The controls of 

media wettability on the two-phase transport are well known from enhanced oil recovery 

operations; however, there exist no evidence of media wettability controls on CO₂ flow 

or its residual trapping. Residual trapping, also known as capillary trapping (discussed 

further in Chapter 4), is projected to contribute to up to 90% [Qi et al., 2009] of 

permanently stored CO₂. A few initial studies on water-wet media have shown that CO₂ 

capillary trapping is a viable mechanism which ensures a long-term security for  CO₂ 

sequestration, but we are beginning to find out that many targeted reservoirs for  CO₂ 

sequestration are likely  going to be mixed- CO₂ wet or CO₂-wet [Broseta et al., 2012; 

Chiquet et al., 2007; Krevor et al., 2012; Iglauer et al., 2012]. Furthurmore, no study to 

date has examined the effects of   CO₂-wet media on its flow and capillary trapping. 

Similarly, pore geometry or pore structure is known to influence two-phase transport and 

trapping characteristics. In natural rocks, differences in pore geometry exist due to grain 
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sorting and diagenesis. Differences in pore geometry contribute to capillary 

heterogeneity,  [Saadatpoor et al., 2009], pore-throat geometry control snap-off 

[Beresnev and Deng, 2010; Deng et al., 2013; Roof, 1970], and  heterogeneity in pore 

coordination number and pore body-throat aspect ratios [Tanino and Blunt, 2012]. These 

mentioned studies are either an analogue for CO₂ trapping or involve numerical modeling 

only; no study clearly presents an experimental investigation of the pore-geometry 

controls on the transport and trapping of CO₂. 

1.2 NOVEL QUESTIONS 

In this dissertation, I aim to investigate for the answers to the following questions: 

1) How does the geometry of diverging-converging pores control the Darcy’s 

Law and determine the Forchheimer flow characteristics? 

2) How can we explain for the failure of the Darcy’s Law and the emergence of 

Forchheimer relationship? 

3) How can we contain the aspects of pore geometry which can be used for the 

upscale models, such as the pore-network model? 

4) How can we define resistive forces as a function of pore geometry which gets 

manifested as the continuum scale hydraulic parameters? 

5) How does the media wettability, i.e., water-wet vs. CO₂-wet control the 

transport and capillary trapping of CO₂? 

6)  How does the pore geometry, i.e., porous media formed of round grains vs. 

angular grains influence the transport and capillary trapping of CO₂? 
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1.3 DISSERTATION ORGANIZATION  

To address the above listed question three different chapters are dedicated in this 

dissertation. Two of these main chapters are already published as two different 

publications in peer reviewed journals [Chaudhary et al., 2011 and 2013] and a third one 

is submitted in a journal for the peer review process. Following the peer review journal 

publication format, each chapter has its own abstract, introduction, methods, results and 

discussions sections, and references are collated at the end of this dissertation. Here I 

present a general description of these dissertation chapters while highlighting their 

significance exclusively. 

Chapter 2 examines the roles of a straight and a tortuous diverging-converging 

pore channels in modifying the flow fields spanning from viscous to inertial flow 

conditions. Once we begin to consider diverging-converging pore geometries, eddies or 

recirculation zones are observed in the far end/dead-end pore region during viscous flows 

conditions, i.e., Re <<1. This chapter explores the role of these eddies often referred to as 

viscous eddies in controlling the Darcy’s Law, its failure, and the emergence of 

Forchheimer relationship as flow conditions increasing become inertia dominated. In this 

chapter, we present for the first time the explanation of physical mechanism for the 

failure of Darcy’s Law, and the physical mechanism for the characteristic non-linear 

behavior represented by Forchheimer relationship. We emphasize that the eddies can 

occur during viscous laminar flow conditions and that their presence should not be 

confused with turbulent flow conditions.   

Chapter 3 examines the role of different diverging-converging pore geometries 

likely formed due to different grain shapes (round to angular) in modifying the flow 

fields spanning from viscous to inertial flow conditions, and a comparison to the flow 

field of a straight capillary tube is presented which is the building block of pore-network 
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models. This chapter explores the controls of pore geometries on the effective hydraulic 

parameter, i.e., hydraulic conductivity K during viscous flow conditions. A new 

dimensionless hydraulic shape factor β quantifies the aspects of pore geometries and a 

new equation is presented, which is the modification of Kozeny [1927] equation and 

provides information about variation in K as a function of diverging-converging pore 

geometry, i.e., the shape factor β. This chapter further explores different resistive forces, 

i.e., the friction drag, form drag, and the total drag which likely control the K, and 

presents aspects of pore geometry which determine K. In this chapter, we present for the 

first time the modifications in the velocity field and boundary stress conditions as a 

function of different diverging-converging pore geometries, and how stress fields evolve 

as the flows increasing gain inertia or the eddies begin to grow in their size. Later we 

present the controls of diverging-converging pore geometry, i.e., shape factor β on the 

non-linear or the Forchheimer flow characteristics. 

In Chapter 4 chapter, we present our findings of experimental work about two-

phase flow conducted at reservoir temperature and pressure conditions. A novel flow cell 

design is presented which allowed carrying out of the two-phase flow experiments at 

reservoir conditions. This chapter examines the controls of media wettability and pore 

geometry on s-CO₂ and brine flow and the capillary trapping of CO₂.  The results of this 

chapter provide for the first time an experimental evidence for the pore scale capillary 

trapping of supercritical CO₂, and validate that the capillary trapping of CO₂ in a water-

wet media will be effective in permanently storing CO₂ in the subsurface. This chapter 

also provides an experimental evidence for the first time that a CO₂-wet media will limit 

the capillary trapping potential of CO₂. 

Chapter 5 provides a summary of the PhD investigations. The emphasis is on 

highlighting the key or unique components investigated, the success or the failure of 
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investigations, and later the novel outcomes are listed. Also, a discussion about the 

application of the outcomes and scope of future work is presented in the end.      
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Chapter 2:  The role of eddies inside pores in the transition from Darcy 

to Forchheimer flows 

 

2.1 ABSTRACT 

We studied the role of intra-pore eddies, from viscous to inertial flows, in 

modifying continuum-scale flow inside pores. Flow regimes spanning Reynolds Number 

Re ~ 0 to 250 are distinguished into three zones – one zone follows Darcy flow, and the 

other two zones describe non-Darcy or Forchheimer flow. During viscous flows, i.e., Re 

<<1, stationary eddies occupy about 1/3 of the pore volume. Eddies grow as Re→1, and 

their growth leads to the deviation from Darcy’s law and the emergence of Forchheimer 

flow manifested as a characteristic reduction in the apparent hydraulic conductivity Ka. 

The reduction in Ka is due to the narrowing of flow channel, which is a consequence of 

the growth in eddies. The two zones of Forchheimer flow correspond to the changes in 

rate of reduction in Ka, which in turn are due the changes in eddy growth rate. Since the 

characteristics of Forchheimer flow are specific to pore geometry, our results partly 

explain why a variety of Forchheimer models are expected and needed for different 

porous media. 
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2.2 INTRODUCTION 

Flow through porous media is fundamental to many geophysical processes and 

problems. In 1856, Henry Darcy conducted filtration experiments with sediment columns 

and established a linear relationship between the specific flux, q [m/s] and the hydraulic 

head gradient, i [-]. This relationship was later derived from first principles and was 

termed as Darcy’s law: 

	          (2.1) 

where K [m/s] is the hydraulic conductivity, which is the slope of the q(i) relationship. 

Hydraulic head gradient, i = dh/dz; where head, h = P/g [m], P [Pa] is pressure, and z 

[m] is a one dimensional coordinate. Darcy’s law presumes Stokes flow, i.e., Reynolds 

Number (Re) of ~0. However, it has been extensively used in geophysical and 

engineering applications for Re of up to 1.  As early as 1863, another French engineer, 

Jules Dupuit [1863] noted that the linear relationship proposed by Darcy does not hold 

for higher flow rates. Subsequently, Philipp Forchheimer [1901] presented data which 

showed the breakdown of Darcy’s law at high flow rates, and thereafter presented an 

empirical relationship for one dimensional flow which included a squared velocity term:   

	 	 	        (2.2) 

where a and b are coefficients of the polynomial fit, and from (2.2) and (2.1),  1/Ka = a + 

b q, where Ka is apparent hydraulic conductivity. By the 1960s, several authors presented 

equations similar in concept to (2.2) and provided theoretical derivations employing 

averaging or homogenization of the Navier-Stokes equations. A detailed summary of 

references from this era can be found in Scheidegger [1960]  and Bear [1972]. It was 
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during this period that the breakdown of Darcy’s law, which occurs in the laminar flow 

regime and at high Re, was attributed to inertial forces which dominate over viscous 

forces as flow rate increases [Bear, 1972]. In addition, the cause of deviation at high Re 

was considered to be due to the separation of flow in pores where flow diverged [Bear, 

1972; Irmay, 1958]. 

Since not one equation can accurately describe the non-linear flow at high Re, the 

pursuit of a single constitutive relationship for non-Darcy flow has continued to date. 

Theoretical studies [Chen et al., 2001; Hassanizadeh and Gray, 1987; Skjetne and 

Auriault, 1999a; b] have been complimented by pore-scale numerical simulations 

[Fourar et al., 2004; Hlushkou and Tallarek, 2006; Panfilov and Fourar, 2006] and 

experimental studies [Chauveteau and Thirriot, 1967; Johns et al., 2000]. Additional 

studies can be found in Chen [2001], Hlushkou [2006], Balhoff et al., [2009], Balhoff and 

Wheeler [2010], and McClure [2010]. 

Despite extensive previous work, our understanding about the physical reasons 

for non-Darcy flow is incomplete [Hlushkou and Tallarek, 2006]. Briefly summarizing 

from the recent literature, the commonly cited cause for the deviation from Darcy’s law is 

‘effects of inertia’ which is manifested by the following: formation of a viscous boundary 

layer [Whitaker, 1996],  the interstitial drag force [Hassanizadeh and Gray, 1987; Ma 

and Ruth, 1993] , singularity of streamline patterns [Panfilov et al., 2003], separation of 

flow [Skjetne and Auriault, 1999b], and deformation of streamline patterns and formation 

of eddies [Fourar et al., 2004; McClure et al., 2010; Panfilov and Fourar, 2006]. While 

these reasons either have a theoretical origin or are qualitative descriptions of the 



 13

modified flow field, they do not explain how the formation of eddies or singularities in 

the flow field contribute to the non-linear flow characteristics. The non-linear or non-

Darcy flow is a manifestation of a characteristic decrease in hydraulic conductivity (K) at 

increasing Re flows, and the cause for this characteristic decrease in K remains to be 

explored in depth.  

In this paper, we specifically address questions such as: How and why do eddies 

lead to deviation from Darcy’s law at increasing Re flows? How does this deviation 

result in a decrease in hydraulic conductivity? How does the dynamic growth behavior of 

eddies influence Forchheimer flow characteristics? We address these related questions 

by examining the micro-scale flow fields obtained via pore-scale computational fluid 

dynamics (CFD) simulations on an axi-symmetric converging-diverging pore, which 

represents a part of pores formed due to the staggered pattern of spherical grains (Figure 

2.1a). A series of steady-state flow fields are obtained by imposing stepwise increase in 

head gradient. The resultant flow behavior is distinguished into three zones based on 

functional forms of q(i). The first zone shows where Darcy’s law is valid and where the 

inertial forces are presumed negligible. The next two zones show non-Darcy or 

Forchheimer flow and represent the dominance of inertial effects. Our results show how 

an increase in inertia at increasing Re flows leads to the deviation from Darcy’s law and a 

decrease in hydraulic conductivity as the flow becomes non-linear. Later, we analyze 

Forchheimer flow characteristics and explain the origin of its two zones. 

2.3 METHODS: NUMERICAL SIMULATION SCHEME AND EXPERIMENTAL PORE DESIGN 

We conducted the CFD simulations in an axi-symmetric framework to represent the 
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process in three dimensions while modeling it in two dimensions (Figure 2.1a).  The axis 

of symmetry is at the center of spherical grains, which are arranged in a staggered 

pattern. We chose a staggered pattern to represent the tortuous flow paths inherent 

ingeologic porous media. Therefore, the flow domain we investigate is the network of 

flow channels wrapped around spherical grains (Figure 2.1a). The spherical grains have a 

radius of 10-3 m, and pore-throats are 5 × 10-4 m in the direction of flow (inlet and outlet) 

and 2.5 × 10-4 m perpendicular to the flow direction. 

Steady incompressible flow is governed by the Navier-Stokes and the continuity 

equations: 

	 	. , . 0     (2.3), (2.4)  

where  is fluid density, u = [u, v, w] is the velocity vector, µ is dynamic viscosity, and P 

is total pressure. Standard fluid properties for water are used:  = 1000 kg/m3, and µ = 

0.001 Pa-s. 

Numerical solutions are obtained via the finite-element method implemented with 

COMSOL Multiphysics. Lagrange-triangular elements are used to discretize the domain. 

The governing equations are cast and solved in cylindrical coordinates (r, z).     

The center of spheres is an axis of symmetry (Figure 2.1a). The grain surfaces and 

the pore throat perpendicular to the z-axis follow no-slip or wall boundary conditions. 

Inlet and outlet boundaries, which are pore throats perpendicular to the r-axis, are 

periodic boundaries with a pressure drop. Therefore, the solutions represent a single pore 

from an infinite sequence of pores draped around spheres in a staggered pattern (Figure 

2.1a). The pressure drop is systematically increased from 10-3 Pa to 250 Pa across the 
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pore to obtain flow regimes of Re from ~0 to 1350. 

2.4 RESULTS AND DISCUSSION FROM TORTUOUS DIVERGING-CONVERGING PORE 

In ensuing discussion, the Reynolds Number Re [-] is given by: 

	 		        (2.5) 

where  is the average velocity at the inlet and d0 is the diameter of the spherical grain. 

2.4.1 Persistent eddies at Re << 1 

At Re  0.014, which is equivalent to a dimensionless head gradient i of 9 × 10-5, a 

pair of corner eddies and a larger stationary eddy are observed in the pore body (Figure 

2.1b). Cardenas [2008] has similarly shown three dimensional eddies inside a pore at i of 

1.02 × 10-6 and also in simulations solving the Stokes equations [Cardenas et al., 2009].  

Eddies existing at Re 0.84 has also been observed in experiments using MRI [Johns et al., 

2000]. At these flow conditions on the order of 10-5 m/s, Darcy’s law holds (Stokes flow 

regime), yet eddies exist mainly due to the geometry of the diverging-converging pore. 

This is similar to early descriptions by Moffatt [1964] that eddies form around sharp 

corners even in the Stokes flow regime. These eddies are often called Moffatt eddies, 

Stokes eddies, or viscous eddies. It is thus important to note that in extremely slow flow 

conditions when viscous forces dominate over inertial forces, eddies are present, which is 

counter to the widely-held notion that eddies form when inertial forces begin to dominate, 

i.e. at Re >>1 [Bear, 1972; Chauveteau and Thirriot, 1967; Fourar et al., 2004; McClure 

et al., 2010; Panfilov et al., 2003].  

At Re 0.01, stationary eddies occupy about 18% of the total pore volume, and at  
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Figure 2.1: a) 3-D rendition of 1/4th of the axi- symmetric pores formed from a staggered 
pattern of spheres. b) Flow field shows a pair of corner eddies and a larger 
stationary eddy in the Darcy flow regime. (c to g) growth in eddies as flow 
rates increases from Re 0.01 to Re 500 to occupy a large part of the 
advective pore volume (ne). Bold black lines point at the separation between 
zones occupied by eddies and ne. Thin black lines are streamlines. 
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these extremely slow flows, their size is entirely dependent on the pore geometry. If we 

consider the geometry of real pores in geologic porous media, they have sharp corners 

especially due to secondary diagenetic alterations, which indicate that geologic porous 

media likely have eddies at all flow conditions. 

2.4.2 Deviation from Darcy’s law 

The cause for the deviation from Darcy’s law has been attributed to the generation 

of eddies within the micro-scale flow field [Fourar et al., 2004; McClure et al., 2010; 

Panfilov and Fourar, 2006; Panfilov et al., 2003]. If eddies were to form at some 

threshold Re where inertial forces begin to dominate over viscous forces, we can expect 

an abrupt change in the flow or stress field that might lead to a potentially abrupt 

variation in the q(i) relationship. On the contrary, we observed that the deviation from 

Darcy’s law with increasing q is very gradual (Figure 2.2).  

The gradual deviation from Darcy’s law is due to the gradual growth of pre-

existing eddies (discussed in section 2.4.1) with an increase in i (Figures 2.1b and 2.1c). 

By continuously increasing the flow rate, the angular velocity of an eddy increases, i.e., 

its inertial/centrifugal force increases. And, as the inertial force of an eddy surpasses the 

surrounding pressure force, the eddy begins to grow. We quantify eddy growth by 

quantifying the viscous force or friction drag  on the pore boundaries (Figure 2.1a). In 

the laminar flow regime,  is expected to increase linearly with an increase in i. 

However, the net rate of increase in  will likely decrease as an eddy begins to grow, 

because as an eddy grows, a larger area of the pore boundary is subjected to counter flow 

which contributes negative friction drag. The z-component of the friction drag in  
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Figure 2.2: The deviation from Darcy’s law shown by the non-linearity in apparent 
hydraulic conductivity Ka [m/s] and rate of change in friction drag  [N] at 
increasing hydraulic gradient i [-]. Zone I shows where Darcy’s law is valid 
and Zone II marks the emergence of the Forchheimer flow regime. 
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cylindrical coordinates is:  

, 	 ∙ 2 ∙      (2.6) 

where, η is the dynamic viscosity, u and v are velocities in r-direction and z-direction, 

respectively, and  nr and nz are unit vectors in r- and z-directions, respectively. In an axi- 

symmetric tube, the net friction drag per unit surface area 	is calculated by integrating 

the z-component of the friction drag over the surface of pore body as: 

	 , 	∙	 	         (2.7) 

where t is the unit vector tangent to pore boundaries. Since the integration of the friction 

drag’s r-component over the surface of an axi- symmetric tube yields zero, it is not 

included here. The rate of change in  with increasing i is: 

        (2.8) 

Corresponding to the functional form q(i), we define an apparent hydraulic conductivity 

(Ka) following (2.1). 

At Re < 1, both Ka and 	are insensitive to increasing i (Figure 2.2) clearly 

delineating a zone where Darcy’s law is valid (Zone I in Figure 2.2). Even though, eddies 

are present in Zone I flow regime, ′	does not change with i, indicating that neither do 

eddies grow in Zone I flow regime, nor do they affect the q(i) relationship (Figures 2.1b 

and 2.2). In Zone I flow regime, Ka is the true hydraulic conductivity K in (2.1). 

At flows of Re > 1, both  and ′ begin to decrease congruently marking the 

deviation from Darcy’s law (Zone II in Figure 2.2). Since  decreases simultaneously 

with a decrease in	 ′, and since the decrease in ′ is a consequence of an increase in size 
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of eddies, the deviation from Darcy’s law is a result of growth in eddies. 

The usage and definition of Re for porous media vary depending on the choice of 

length scale, i.e., do in (2.5). If we use pore throat as do, the deviation from Darcy’s law 

occurs at Re 0.3. But if we use grain diameter as do, the Re at which the deviation occurs 

becomes 1.5, i.e. Re used here (Figures 2.1 to 2.4) are ~ 5x of Re calculated using pore 

throats. The former description points that the deviation occurs when inertial forces are 

not dominant (Re < 1), but the latter description indicate the breakdown between 1< Re > 

10, which is consistent with Bear [1972].  

2.4.4 The cause for decrease in the apparent hydraulic conductivity  

Growth in eddies at increasing Re flows is well documented in experiments 

[Chauveteau and Thirriot, 1967] and numerical studies [Fourar et al., 2004; Skjetne and 

Auriault, 1999b], but how their growth contributes to and affects non-Darcy flow is not 

clear. We show that the decrease or reduction in Ka, which is the main indicator for non-

Darcy flow, is due to the shrinking of advective pore volume (ne), i.e., the narrowing of 

the flow channel associated with the growing eddies. The ne is the contiguous zone 

covered by the bulk flow. We map and separate the eddy region from the bulk flow (ne) 

using streamlines (Figure 2.1). The ratio of ne to total pore volume is denoted by α, and 1- 

α, which is the ratio of eddies to total pore volume, is denoted by ‘ ’. 

The ratio of eddies to total volume  is inversely related to Ka, or, conversely, the 

ratio of flow channel to total volume α is directly related to Ka (Figure 2.3). Both α and 

Ka sharply decrease with increasing i until Re ~ 450 and begin to behave asymptotically  
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Figure 2.3: Ratio of growth in eddies  [-] is directly related to a decrease in the apparent 
hydraulic conductivity Ka [m/s] as the flow rate Re [-] or i [-] increases. 
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at Re > 450 (Figure 2.3). The sharp decrease in α at Re < 450 is due to a fast initial 

growth in eddies, whereas the asymptote in α at Re > 450 is due to the slowing of growth 

in eddies. The growth in eddies slows down because, once they have grown to occupy a 

large part of the pore, their growth becomes limited by pore boundaries and increased 

pressure at the eddy-bulk flow interface, which is due to the narrowing of  flow channel 

(Figures 2.1f and 2.1g). The decrease in Ka with a decrease in ne or α could be 

qualitatively explained by using Hagen-Poiseuille’s law, in which the ‘hydraulic 

conductivity’ of an idealized cylindrical pore (a tube) is nonlinearly related to pore radius 

– K~R2. However, given the geometry of the pore we considered is far from a uniform 

tube, a variation from Ka ~R2 sensitivity is expected. 

2.4.5 Forchheimer flow characteristics  

Whether Forchheimer flow corresponds to when flow rate is dependent on the 

pressure gradient via a quadratic equation (i.e., (2.2)), a cubic equation, or a power 

function, has been a subject of extended and intense debate [Balhoff and Wheeler, 2009; 

Chen et al., 2001; Cheng et al., 2008; Panfilov and Fourar, 2006; Skjetne and Auriault, 

1999a]. While various theoretical explanations justify each of these relationships, several 

also point out their failure under different flow scenarios.  For example, the quadratic law 

fails at low Re flows [Balhoff and Wheeler, 2009]. The physical explanation of why it 

fails at low Re or why it needs to be described by a cubic equation [Mei and Auriault, 

1991], described by a 5th order equation [Balhoff and Wheeler, 2009], or if it needs an 

exponential correction [Panfilov and Fourar, 2006], continues to be unclear. 

We show that the characteristics of Forchheimer flow, which can be separated 
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into two zones, are due to the dynamic growth behavior of eddies in pores. A close 

examination of the i(q) relationship for non-Darcy flow indicates that in Zone II this 

relationship follows a power law (Figure 2.4a) which transitions to another power law in 

Zone III such that the exponent in the power function for i(q) relationship increases from 

1.05 to 1.24 at increasing Re flows (Figure 2.4a). We further study this distinct flow 

behavior in Zone II and Zone III by analyzing how Ka and  change in relation to i, i.e., 

by analyzing the derivatives Kaʹ and  ʹ following (2.8).  As i increases in Zone II, the 

absolute value of Kaʹ increases congruently with an increase in absolute value of  eddy 

growth rate, i.e., |	ʹ|	until they reach a maximum at Re ~ 20 with a phase lag of  Re ~ 10 

between |	ʹ|	and Kaʹ (Figure 2.4c and 2.4d). This maximum marks the transition to Zone 

III, beyond which both |Ka′| and |	ʹ| decrease congruently at higher i (Figure 2.4c and 

2.4d). This direct relationship between |Ka′|	and |	ʹ| shows that the characteristics of 

Forchheimer flow are due to the growth behavior of eddies. In Zone II, the growth rate of 

eddies increases, while in Zone III, it decreases mostly because, at first, eddies grow 

almost unaffected by pore boundaries and increase in pressure in the bulk flow area. But 

later, as they grow to occupy a larger part of the pore volume, their growth becomes 

limited both by pore boundaries and a higher increase in pressure at the eddy-bulk flow 

interface, which is related to the narrowing of the flow channel at high Re flows (Figure 

2.1d).  

 The dynamics of eddy growth largely depend on pore geometry and 

systematically influence Ka. Moreover, the span of Zone II across the range of i and the  
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Figure 2.4: Characteristics of Forchheimer flow in Zone II and Zone III as shown by dependence 
of: (a) specific flux q [m/s], (b) apparent hydraulic conductivity Ka [m/s], (c) rate of 
change  in apparent hydraulic conductivity  Ka’ [m/s], and (d) rate of change in 

eddy growth  ’	[-]  on Re [-] and i [-].   
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nature of the power law obtained in Zone III are also entirely dependent on the dynamics 

of eddy growth specific to pore geometry, as a function of i. Therefore, at the macro-

scale, a combination of effects related to eddy growth behavior inside many pores should 

be reflected in porous media’s K and its small-scale spatial variation. Given that in real 

porous media there is a large variance in pore geometry, it is unlikely that non-Darcy or 

Forchheimer flow can be explicitly described by a single function for all porous media 

and for all high Re flow conditions. Therefore, it is expected that different functions may 

be needed for site and medium specific scenarios, even up to, for example, a 5th order 

polynomial [Balhoff and Wheeler, 2009; Balhoff et al., 2010].  

2.5 RESULTS AND DISCUSSION FROM STRAIGHT DIVERGING-CONVERGING PORE 

In this section results from straight diverging-converging pore geometry are 

presented (Figure 2.5). This geometry is patterned after an axi-symmetric single pore 

framework, which likely forms due to the loose packing of spherical grains (Figure 2.5). 

The grains that outline the pore have a radius of 10-3 m and pore-throat diameters of 4 × 

10-4 m in the direction of flow (inlet and outlet) and 2 × 10-4 m normal to the direction of 

flow. In ensuing discussion, the Reynolds Number, Re, is calculated differently which is 

given by: 

	 		        (2.9) 

where  is the average velocity at the inlet and d0 is the inlet diameter, i.e., different than 

the characteristic-length used in section 2.4 (equation 2.5). 



 26

 

Figure 2.5: Pore model geometry and boundary conditions used for the computational 
fluid dynamics simulations. Inset in top right shows how a network of pores 
would look like in three-dimensions. 
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2.5.1 Persistent eddies at Re << 1 

At Re 0.003, which is equivalent to dimensionless head gradient i of 4.64 × 10-5, a 

pair of stationary eddies with an opposing sense of rotation are observed in the pore body 

(Figure 2.6a). At Re 0.003, stationary eddies occupy about 32% of the total pore volume, 

and at these extremely slow flows, their size is entirely dependent on the pore geometry. 

If we consider the geometry of real pores in geologic porous media, they have sharp 

corners especially due to secondary diagenetic alterations, which indicate that a geologic  

porous medium must have eddies at all flow conditions. 

2.5.2 Deviation from Darcy’s law 

The gradual deviation from Darcy’s law is directly related to the gradual growth 

of pre-existing eddies (discussed in section 2.4.1) with an increase in i (Figure 2.6a and 

2.6b). At Re < 0.3, both Ka and 	are insensitive to increasing i (Figure 2.7) clearly 

delineating a zone where Darcy’s law is valid (Zone I in Figure 2.7). Even though a 

couple of eddies are present in Zone I flow regime, ′	does not change with i, indicating 

that neither do eddies grow in Zone I flow regime, nor do they affect q(i) relationship 

(compare Figure 2.6a to 2.6b). In Zone I flow regime, Ka is the true hydraulic 

conductivity K in (2.1). 

At flows of Re > 0.3, both  and ′ begin to decrease congruently marking the 

deviation from Darcy’s law (Zone II in Figure 2.7). Since  decreases simultaneously 

with decrease in	 ′, and since the decrease in ′ is a consequence of an increase in size 

of eddies, the deviation from Darcy’s law is, therefore, a result of growth in eddies. 

The usage and definition of Re for porous media is known to vary depending on the  
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Figure 2.6: Flow fields show a pair of stationary eddies in the Darcy flow regime (a) and 
their growth (a to f) as flow rates increases from Re 0.003 to Re 152 to 
occupy a large part of the advective pore volume (ne). Blues lines indicate 
the separation between zones occupied by eddies and ne. Red lines denote 
streamlines and green arrows show the flow direction. 
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Figure 2.7: The deviation from Darcy’s law shown by the non-linearity in apparent 
hydraulic conductivity Ka [m/s] and rate of change in friction drag  [N] at 
increasing hydraulic gradient i [-]. Zone I shows where Darcy’s law is valid 
and Zone II marks the emergence of the Forchheimer flow regime. 
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choice of length scale, e.g., do in (2.5). Nonetheless, it is worth mentioning that if we use 

pore throat diameter (4 × 10-4 m) as do, the deviation from Darcy’s law occurs at Re 0.3. 

But if we use grain diameter (2 × 10-3 m) as do, the Re at which the deviation occurs 

becomes 1.5. The former description points that the deviation occurs when inertial forces 

are not dominant (Re < 1), but the latter description is similar to discussions of Bear 

[1972] that Darcy’s law begins to breakdown between 1< Re > 10.  

2.5.3 The cause for decrease in the apparent hydraulic conductivity  

The decrease or the reduction in Ka, which is the main indicator for non-Darcy 

flow, is due to the shrinking of advective pore volume (ne), i.e., the narrowing of the flow 

channel associated with the growing eddies. The ne is the contiguous zone covered by the 

bulk flow. We map and separate the eddy region from the bulk flow (ne) using 

streamlines (Figure 2.6). The ratio of ne to total pore volume is denoted by α, and 1- α, 

which is the ratio of eddies to total pore volume is denoted by ε. 

The ratio of eddies to total volume ε is inversely related to Ka, or, conversely, the 

ratio of flow channel to total volume α is directly related to Ka (Figure 2.8). Both α and 

Ka sharply decrease with increasing i until Re ~ 45 and begin to behave asymptotically at 

Re > 45 (Figure 2.8). The sharp decrease in α at Re < 45 is due to a fast initial growth in 

eddies, whereas the asymptote in α at Re > 45 is due to the slowing of growth in eddies. 

The growth in eddies slows down because, once they have grown to occupy a large part 

of the pore, their growth becomes limited by pore boundaries and increased pressure at 

the eddy-bulk flow interface, which is due to the narrowing of  flow channel (Figures 

2.6e and 2.6f). The decrease in Ka with a decrease in ne or α could be qualitatively  
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Figure 2.8: Ratio of growth in eddies ε [-] is directly related to a decrease in the apparent 
hydraulic conductivity Ka [m/s] as the flow rate Re [-] or i [-] increases. 
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explained by using Hagen-Poiseuille’s law, in which the ‘hydraulic conductivity’ of an 

idealized cylindrical pore (a tube) is nonlinearly related to pore radius – K~R2. However, 

given the geometry of the pore we considered is far from a uniform tube, a variation from 

Ka ~R2 sensitivity is expected. 

2.5.4 Forchheimer flow characteristics  

We show that the characteristics of Forchheimer flow, which can be separated 

into two zones, are due to the dynamic growth behavior of eddies in pores. A close 

examination of the q(i) relationship for non-Darcy flow indicates that in Zone II this 

relationship follows a power law (Figure 2.9a) which transitions to another power law in 

Zone III such that the exponent in the power function for q(i) relationship decreases from 

0.98 to 0.82 at increasing Re flows (Figure 2.9a). We further study this distinct flow 

behavior in Zone II and Zone III by analyzing how Ka and  ε changes in relation to i, i.e., 

by analyzing the derivatives Kaʹ and ε ʹ following (2.8).  As i increases in Zone II, the 

absolute value of Kaʹ increases congruently with an increase in absolute value of  eddy 

growth rate, i.e., | 	ʹ|	until they reach a maximum at Re ~ 15  (Figure 2.9c and 2.9d). This 

maximum marks the transition to Zone III, beyond which both |Ka′| and | 	ʹ| decrease 

congruently at higher i (Figure 2.9c and 2.9d). This direct relationship between |Ka′|	and 

| 	ʹ| signifies that the characteristics of Forchheimer flow are due to the growth behavior 

of eddies. In Zone II, the growth rate of eddies increases, while in Zone III, it decreases 

mostly because, at first, eddies grow almost unaffected by pore boundaries and increase 

in pressure in the bulk flow area. However, later as they grow to occupy a larger part of 

the pore volume, their growth becomes limited both by pore boundaries and a higher  
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Figure 2.9: Characteristics of Forchheimer flow in Zone II and Zone III as shown by 
dependence of: (a) specific flux q [m/s], (b) apparent hydraulic conductivity 
Ka [m/s], (c) rate of change  in apparent hydraulic conductivity  Ka’ [m/s], 
and (d) rate of change in eddy growth ε’	[-]  on Re [-] and i [-].   
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increase in pressure at the eddy-bulk flow interface, which is related to the narrowing of 

the flow channel at high Re flows (Figure 2.6d).  

 The dynamics of eddy growth largely depend on pore geometry and 

systematically influence Ka. Moreover, the span of Zone II across the range of i and the 

nature of the power law obtained in Zone III are also entirely dependent on the dynamics 

of eddy growth specific to pore geometry, as a function of i. Therefore, at the macro-

scale, a combination of effects related to eddy growth behavior inside many pores should 

be reflected in porous media’s K and its small-scale spatial variation. Given that in real 

porous media there is a large variance in pore geometry, it is unlikely that non- Darcy or 

Forchheimer flow can be explicitly described by a single function for all porous media 

and for all high Re flow conditions. Therefore, it is expected that different functions may 

be needed for site and medium specific scenarios, even up to, for example, a 5th order 

polynomial [Balhoff et. al.,, 2009].  

2.6 SUMMARY 

a) We have shown that stationary eddies exist in Darcy flow regime, i.e., at Re << 1, 

and perhaps exist at all flow conditions in a geologic porous media. The size and 

frequency of these eddies, however, remains an open question.  

b) The deviation from Darcy’s law is directly associated with the growth of pre-

existing eddies, if any, due to flow rate increase when Re > 1. 

c) A reduction in the apparent hydraulic conductivity Ka, which is a key indicator for 

the deviation from Darcy’s law, is due to a decrease in advective pore volume 

(i.e., the narrowing of flow channel) as a consequence of eddy growth at 
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increasing Re flows.  

d) The characteristics of non-Darcy or Forchheimer flow are directly related to the 

dynamic growth behavior of eddies in pores. The two Forchheimer flow zones 

correspond to a concomitant increase and decrease in the eddy growth rate and the 

rate of reduction in Ka. At first, the eddy growth rate increases because the growth 

initially is not much affected by pore boundaries and increase in pressure in the 

bulk flow area. But later, as eddies grow to occupy a larger part of the pore 

volume, their growth becomes limited both by pore boundaries and a higher 

increase in pressure at the eddy-bulk flow interface, which is related to the 

narrowing of the flow channel. 

e) An appropriate functional form for describing macro-scale Forchheimer flow is 

inherently dependent on combination of effects related to dynamic growth 

behavior of eddies (dead zones), integrated over all pores in a geological porous 

medium. Given that there exists a large variation in pore geometries at the macro-

scale; different functional forms may be needed to explicitly describe non-Darcy 

flow for different porous media. 
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Chapter 3:  Pore geometry effects on intra-pore viscous to inertial flows 
and on effective hydraulic parameters 

 

3.1 ABSTRACT 

We investigated the effects of different diverging-converging pore geometries and 

compare the micro-scale fluid flow and effective hydraulic properties from these pores 

with that of a pipe from viscous to inertial laminar flow regimes. The flow fields are 

obtained using computational fluid dynamics and the comparative analysis is based on a 

new dimensionless hydraulic shape factor β which is the ‘specific surface’ scaled by the 

length of pores. Results from all diverging-converging pores show an inverse pattern in 

velocity and vorticity distributions relative to the pipe flow. The hydraulic conductivity K 

of all pores we considered is dependent on and can be predicted from β with a power 

function with an exponent of 3/2. The differences in K are due to the differences in 

distribution of local friction drag on the pore walls. At Reynolds number (Re)  0 flows, 

viscous eddies are found to exist almost in all pores in different sizes, but not in the pipe. 

Eddies grow when Re →1 and leads to the failure of Darcy’s Law. During non-Darcy or 

Forchheimer flows, the apparent hydraulic conductivity Ka decreases due to the growth of 

eddies which constricts the bulk flow region. At Re >1, the rate of decrease in Ka 

increases, and at Re ≫1, it decreases to where the change in Ka   0, and flows once again 

exhibits a Darcy type relationship. The degree of non-linearity during non-Darcy flow 

decreases for pores with increasing β. The non-linear flow behavior becomes weaker as β 

increases to its maximum value in the pipe which shows no non-linearity in the flow; in 
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essence Darcy’s Law stays valid in the pipe at all laminar flow conditions.  The 

diverging-converging geometry in pores plays a critical role in modifying the intra-pore 

fluid flow implying that this property should be incorporated in effective larger-scale 

models, e.g., pore-network models. 

3.1 INTRODUCTION 

The geometry of pores controls intra-pore fluid flow behavior which manifests as 

continuum-scale flow characteristics and hydraulic parameters. Therefore, a fundamental 

understanding of continuum-scale phenomenon is underpinned by a thorough 

understanding of pore-level fluid dynamics. Fluid dynamics at the pore-scale has largely 

been studied using the classical capillary tube model, and more recently by lattice 

Boltzmann methods [Chukwudozie et al., 2012; Maier et al., 1999; Maier et al., 1998; 

Pan et al., 2004; Rothman, 1988; Yoon et al., 2012],  and  pore-network models [Balhoff 

and Wheeler, 2009; Blunt et al., 2002; Bryant and Blunt, 1992; Joekar-Niasar et al., 

2010]. 

  Capillary tube models assume a packing of spherical grains such that the flow 

pathways or fluid conduits can be represented by cylindrical tubes or capillaries. To 

consider or correct for the differences in grain shapes, Kozeny [1927], Blake [1922], and 

Carman [1938] introduced shape factors which represent capillary tubes with cross 

sections such as a circle, a square, or a triangle. Similarly, in pore-network models, the 

effect of grain shapes are represented by cross section shapes such as a star, a square, and 

a triangle [Blunt et al., 2002; Joekar-Niasar et al., 2010; Man and Jing, 1999; Valvatne et 

al., 2005]. However, both capillary tube models and pore-network models still assume no 
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variation, such as a realistic diverging-converging pore geometry in the direction of flow. 

Therefore, the complete effects of pore geometries in modifying the flow field are not 

well understood.  

Grains comprising geologic porous media can be very angular to round in shape, 

which results in flow channels having a diverse range of diverging-converging pore to 

pore-throats geometries. Few studies have investigated the fluid flow fields in idealized 

diverging-converging pores [Balhoff and Thompson, 2004, 2006;  Balhoff and Wheeler, 

2010], but with simplistic pore geometries, for example, pore walls follow sinusoidal 

curves [Bolster et al., 2009; Bouquain et al., 2012; Dykaar and Kitanidis, 1996; Kitanidis 

and Dykaar, 1997; Malevich et al., 2006; Pozrikidis, 1987; Sisavath et al., 2001] , or 

ellipses [McClure et al., 2010], or a box shape [Cao and Kitanidis, 1998; Ma and Ruth, 

1993; 1994; Meleshko, 1996; Panfilov and Fourar, 2006], or tortuous pores [Cardenas, 

2008; Cardenas et al., 2007; Chaudhary et al., 2011; Fourar et al., 2004], or periodic 

porous media [Brenner and Adler, 1982]. Moreover, most of the above mentioned studies 

use Stokes flow or viscous flow, and only few inspect the flow fields in detail at 

increasing inertial flow regimes [Chaudhary et al., 2011; Fourar et al., 2004; Leneweit 

and Auerbach, 1999; Ma and Ruth, 1993; Meleshko, 1996; Panfilov and Fourar, 2006]. 

All the studies mentioned here notice eddies either during viscous flows or during inertial 

flow regimes, but none quantify the effect of growth in eddies and their feedback with 

different diverging-converging pore geometries in modification of the fluid flow field 

spanning from viscous to inertial flow regimes. 

Studying the effects of different diverging-converging pore geometries and eddies 
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therein modifying fluid flow behavior bears important implications for addressing many 

critical issues including, for example: in natural settings, the flow and fate of nutrients 

and contaminants as mediated by microbes and biofilms [Bennett et al., 2000; 

Guglielmini et al., 2011], and in engineering applications, the pump and treat of aquifer 

contaminants, enhanced oil recovery operations, and geological storage of CO2 [Balhoff 

and Wheeler, 2009]. In this paper, we specifically address the following questions: How 

does the geometry of diverging-converging pores control eddy behavior including its 

interaction with the bulk flow and effective hydraulic conductivity during viscous flows? 

How does the feedback between pore geometries and growth behavior of eddies 

determine Forchheimer flow characteristics? 

   To address these related questions, we designed 10 diverging-converging pores 

and compare fluid flow characteristics and hydraulic properties from these pores with that 

of a pipe which represents a capillary tube model and is the building-block for a pore-

network model. We used a dimensionless hydraulic shape factor β to characterize and 

compare the different pore geometries. Micro-scale steady laminar flow fields are 

obtained through computational fluid dynamics (CFD) simulations, which represent 

flows from viscous to inertial regimes. Sensitivity analyses explore the role of different 

pore geometries (β) and related eddies on hydraulic conductivity, failure of Darcy’s Law, 

and characteristics of Forchheimer flows. Our analysis is focused on using fluid physics 

to examine the velocity and vorticity distributions inside pores and the force balance 

along pore boundaries.  
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 3.2 METHODS 

3.2.1 Pore geometry design  

We designed 10 different diverging-converging pore geometries likely formed 

due to arbitrarily round to angular grain shapes and a contrasting longitudinally-uniform 

pore which represents a capillary tube or a pipe domain (Figure 3.1a). The diverging-

converging pore design is aimed to represent a grain packing of a cubic-type pattern with 

pore-throats both in z and r directions (Figure 3.1b). These pore throats have an aspect 

ratio of 1:2 in r to z directions. The ratio of the radius at maximum divergence in pores to 

the radius of pore throats in z direction (R/r), and the length (L) in the z direction are the 

same for all pore domains. R is 1.2×10-3 m, r is 2 × 10-4 m, and L is 2.2×10-3 m.  

The pores are designed in two dimensions and have axial symmetry in the z 

direction along the bottom boundary of pore domains (Figure 3.1a). Therefore, we 

effectively study the three dimensional effects of pore geometries, which are diverging-

converging in the z direction and have circular cross sections in the r direction, and 

contrast them with a pipe domain. 

3.2.2 Numerical simulation scheme 

Steady incompressible flow is governed by the Navier-Stokes and the continuity 

equations: 

	 ∙      (3.1) 

 ∙ 0      (3.2) 

where  is fluid density, u = [u, v, w] is the velocity vector, µ is dynamic viscosity, and P 

is total pressure. Standard fluid properties for water are used:  = 1000 kg m-3 and µ =  
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Figure 3.1: Diverging-converging pore geometry design; a) half sections of 2D pore 
design showing pore geometries formed due to arbitrary grain shapes (solid 
color lines) resulting in different  hydraulic shape factors β [-] ; b) a full 2D 
section of a pore domain with β=12.5, c) a full 3D pore geometry of two 
periodic pores formed using the 2D section from ‘b’. 
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0.001 Pa s. Numerical solutions are obtained via the finite-element method implemented 

with COMSOL Multiphysics [2008]. Lagrange-triangular elements were used to 

discretize the domain. About 105 elements were used based on a mesh-convergence 

analysis. The variations in the numerical solution at this level of mesh refinement are on 

the order of <0.01%. The governing equations were cast and solved in cylindrical 

coordinates (r, z).  

The bottom boundaries along the length of pores in the z direction are an axial 

symmetry (Figure 3.1). The grain surfaces and the pore throats in the r direction follow a 

no-slip or a wall boundary condition. Pore throats in the z direction are inlet and outlet 

boundaries which are prescribed with a pressure gradient. The inlet and outlet boundaries 

are also the periodic boundaries which aid in obtaining a fully developed flow and a flow 

field representative from a single pore out of an infinite sequence of pores (Figure 3.1c). 

The pressure gradients are systematically increased from 10-3 [Pa] to 200 [Pa] across the 

pores to obtain steady state laminar flow fields of Re from ~ 0 to 250. 

3.2.3 Dimensionless parameters  

3.2.3.1 Hydraulic shape factor β  

We quantify the pore geometry by introducing a dimensionless hydraulic shape 

factor β: 

	 		 		
               (3.3) 

Where SA is the surface area of axi- symmetric pores, V is the pore volume, and L is the 

length of domain in z direction. We use β as a metric to quantify the sensitivity of 
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hydraulic properties to pore geometry. β is similar to the specific surface and hydraulic 

radius concepts [Bear, 1972; Saeger et al., 1991; 1995], which was originally used by 

Kozeny [1927] for predicting permeability of non-diverging converging capillary tubes.   

The design of pore geometries as described in the section 2.1 contribute to a 

spectrum of β factor values spanning from 5.6 to 24. For example, β 12.5 corresponds to 

a pore domain formed by a cubic-type pattern of circular grain shapes and β 24 represents 

a pipe domain (Figure 3.1).  

In the results sections, at times we chose to show results from fewer pore domains 

which nonetheless are representative of low, intermediate, and high β values. When 

deemed more appropriate, we use results from all the pore domains for a detailed 

analysis. We follow this approach to improve clarity in presentation of our results, yet 

capture the controls of  β. However, all the 11 pore domains we modeled were 

extensively analyzed.     

3.2.3.2 Darcy’s Law and the hydraulic gradient i   

Darcy’s empirical relationship of [1856] was later theoretically derived and came 

to be known as Darcy’s Law, which in one-dimensional form is: 

   
	

	 	

	
	; n = 1    (3.4) 

where Q is volumetric discharge [m3 s-1], q [m s-1] is Darcy flux, A is the cross-sectional 

area, h is hydraulic head equivalent to P/ρg, where g is acceleration due to gravity, and K 

is hydraulic conductivity, which is related to intrinsic permeability (k) as: 

	 	
        (3.5) 
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 The hydraulic gradient i [-] is:   

	 	

	 	 	
             (3.6) 

We use q ∝ i n relationship (4) to obtain K of different pore domains. In equation (3.4), n 

=1 corresponds to a flow regime where Darcy’s Law is valid and when n < 1, the flow is 

known to be non-Darcy or Forchheimer flow. The slope of q (i n) when n =1 is K, and 

when n < 1 is the apparent hydraulic conductivity Ka.   

3.2.3.3 The Reynolds number 

To quantify the relative importance of inertial forces to viscous forces and 

compare flow fields between different pore geometries, we use the Reynolds number Re 

[-], calculated as: 

	 		      (3.7) 

where  is the average velocity at the inlet and d0 is the inlet diameter. Note that  and q 

in (4) are the same for pore domains in this study. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Viscous eddies  

At steady laminar flow conditions of Re  0 and i on the order of 10-5, we 

observed eddies in all diverging-converging pores, except the pore with β =5.9 (corner 

angle >170°). At Re  0 flow conditions, Figure (3.2a) shows eddies in three pores with β 

of 6.9, 8.5, and 12.5, where these eddies occupy about 33%, 11%, and 2.5% of total pore 

volumes, respectively. These eddies, even though they are present at Re  0 flow 

conditions, do not influence the Darcy relationship. Such eddies which occur in flows  
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Figure 3.2: Flow fields from three different pore geometries showing eddies in: (a) Darcy 
flow regime and their growth (a to f) as fluid flow increases from Re 0.008 
to Re 200 to occupy a large part of the advective pore volume (ne). Flow is 
from left to right. Black lines are the streamlines and bold black dashed lines 
separate the eddies and the ne. 
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dominated by the viscous forces are often called viscous eddies, Stokes eddies, and 

Moffatt eddies [Moffatt, 1964]. Viscous eddies inside pores, cavities, and boundary 

wedges/corners are well studied in numerical and laboratory experiments [Cardenas, 

2008; Chaudhary et al., 2011; Cheng and Hung, 2006; Collins and Dennis, 1976; 

Hasimoto and Sano, 1980; Meleshko, 1996; Obrien, 1972; Shen and Floryan, 1985; 

Taneda, 1979].  

The volume of viscous eddies or their sizes are significantly different between 

different pore domains. We find no relationship between the hydraulic shape factor β and 

the size or the occurrence of these eddies. The size of these eddies are dependent on how 

close grain boundaries are to each other, i.e., the wedging of grain boundaries around 

dead-end pores, which results in stagnation zones. The bulk flow bypasses stagnation 

zones as a measure to minimize the dissipation of momentum and contribute to fluid 

rotation in stagnation zones.  

3.3.2 Velocity distribution 

To study the variations in fluid flow behavior induced as a result of different pore 

geometries, we examine the distribution patterns of the magnitude of velocity (|U|) and 

the modulus of vorticity (|ω|) from four different pore domains which represent the 

hydraulic shape factor β values of 6.9, 8.5,12.5, and 24 (Figure 3.3). The differences in 

the flow behavior between different pores are later contrasted with flows spanning from 

viscous to inertial flow regimes. As the flow regimes become inertia dominated, the 

viscous eddies begin to grow, and therefore, we are able to analyze the modification in 

the flow associated with eddy growth. |U| and |ω| are normalized by the maximum value  
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Figure 3.3: Probability distribution functions (pdf [-]) showing the distribution patterns of 
the magnitude of velocity (|U|; a to e) and the absolute value of vorticity 
(|w|; f to j) from pores and the pipe during viscous (first row; a and f) to 
inertial flow regimes (succeeding rows; b to e and g to j). 
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among all four pore domains in context here. This allows us to compare differences both 

in the distribution patterns and the magnitude differences in |U| and |ω| across different 

pores.  

The steady-state laminar  flows from i = 5 × 10-5 to 4.37 or Re 0 to 200 show 

that the diverging-converging pore geometry leads to an inverse distribution pattern in |U| 

relative to the pipe. Pipe flow is dominated by high velocities, whereas the diverging-

converging pores (with β of 6.9, 8.5, and 12.5) are dominated by low velocities (Figure 

3.3).  

The value of the highest velocity in a pore increases with a decrease in β. The 

value of the lowest velocity in a pore decreases with an increase in β. These differences 

in the highest and the lowest velocities between pores converge towards similar values as 

viscous flows progressively become inertial (Figures 3.3a to 3.3e). For example, during 

flows of i = 5 × 10-5 or Re 0 (Figure 3.3a), the pore with β=6.9 has the maximum 

velocity which is 6 times greater than the pipe (β=24) and the pipe has the minimum 

velocity which is 10 times smaller than the pore with β=6.9. And, at flows of i = 4.37 or 

Re 200, difference both in the maximum and the minimum velocities between these two 

domains are reduced to only twice as much (Figure 3.3e).  

The diverging-converging pore geometry leads to a significant increase in the 

spread of |U| distribution relative to the pipe. The breadth in the distribution of |U| shows 

an increasing trend with a decrease in β.  The spread in |U| distributions is the largest 

during viscous flows and becomes progressively narrower as the flows become inertial.  

 Figures 3.3a to 3.3e shows the peaks in the velocity distribution which are 
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associated with the nature of boundary between the eddies and the advective flow 

channel, i.e., the area of ne in Figure 3.2. The velocity distribution to the right of these 

peaks (higher |U|) is from the advective flow channel whereas to the left of the peaks is 

the velocity distribution from the eddies. As the flow becomes increasingly inertial, these 

peaks shift towards a higher |U| and a lower predominance, which is due to the shifting of 

boundary between eddies and the advective flow channel toward the bulk flow as a result 

of growth in eddies. The |U| increases with increasing Re flows in the bulk flow (ne), and 

due to the growth in eddies, the area occupied by advective flow channel decreases which 

results in a lower predominance. The part of |U| distribution to the left of the peaks shows 

the evolution of |U| distribution inside eddies as flows continue to gain inertia (Figures 3a 

to 3e).  

The large differences in the distribution pattern and the spread of |U| values 

between pores during viscous flow are due to the flow field modifications associated with 

pore geometry which results in different radius of advective flow channel (i.e., different 

viscous dissipation) and different size of eddies (i.e., low velocities). However, during 

inertial flows these differences between pores are minimized and pore geometry seems to 

play a less significant role because eddies in pores all grow to their maximum size and 

shrink advective flow channel to a similar size (Figures 3.2a to 3.2f) which results in a 

focused flow characteristic similar to each other (Figure 3.3e). We continue this 

discussion about the role of pore geometry in flow modification in sections 3.5 and 3.6. 

3.3.3 Vorticity distribution 

Vorticity (ω), which is  × u, measures the rate of rotation of a fluid element in 
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the flow field. Vorticity is associated with the no-slip boundary at the pore walls and it 

diffuses and advects to the interior of the flow field [Lugt, 1996]. The presence of eddies 

produces locally high vorticity. In viscid flow with no-slip boundaries, ω ≠ 0, but this 

does not imply the existence of eddies. On the other hand, there are no eddies without 

vorticity. The presence and the size of eddies at Re ~0 flows depend mainly on the 

wedging of grain boundaries around dead-end pores. In many ways these are similar to 

‘Moffatt eddies’ around corners [Moffatt, 1964]. 

Figure 3.2 illustrates the sizes and the location of eddies in different pores from 

viscous to inertial flow regimes, and here we examine the distribution patterns in the 

modulus of vorticity (|ω|) from the pores with β of 6.9, 8.5, 12.5, and 24. The |ω| values 

are normalized by the maximum value among all the pores. 

During the steady viscous flows, i.e., i = 5 × 10-5, or the inertial flows (Figures 

3.3b to 3.3e); the diverging-converging pores show a large variation in the distribution of 

|ω| in comparison to the pipe flow (Figure 3.3a). The pipe flow, as already theoretically 

established, shows a uniform and constant vorticity distribution at all flow conditions. 

Between the three diverging-converging pores, the differences in the range of |ω| are 

pronounced during the viscous flows, but these become narrower during increasing 

inertial flows.  

The magnitude of vorticity exhibits an increasing trend with a decreasing β. The 

pore with β=6.9 shows the widest range in vorticity distribution. It has both the highest 

vorticities, yet also shows a higher predominance of low vorticities as compared to pores 

with β of 8.5 and 12.5 (Figure 3.3). Similarly, the distribution of vorticity (Figure 3.3) 
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also increases with decreasing β. However, the |ω| distribution for a given pore does not 

show any significant change as the flows transition from viscous to increasingly inertial 

flow regimes (Figures 3.3b to 3.3e).  

The uniform vorticity distribution within the pipe is due to the linear dissipation 

of friction drag, whereas the large variations in vorticity and its broad distribution in 

different diverging-converging pores indicate that the stress field gets significantly 

modified by the diverging-converging pore geometry. These differences in the pattern of 

stress distribution between pores begin to diminish as the flows progressively become 

inertial, yet the stress fields remain significantly different; for example, at i = 4.37 

(Figure 3.3e). 

3.3.4 Hydraulic conductivity K and the hydraulic shape factor β 

To quantify the effects of pore geometry on K, we use a q ∝ i n relationship 

following Darcy’s Law (3.4).  A sequential increase in pressure (P) from 10-3 Pa to 200 

Pa is imposed at the inlet boundaries (pore throats) and Q is obtained for a total of 11 

pores. Following equation (3.4), the K or Ka are calculated (Figure 3.4). In q ∝ i n 

relationships, n =1 corresponds to Darcy flow, and when n < 1, flow is known to be non-

Darcy or Forchheimer flow (Figure 3.4). The slope of q (i n), when n =1 is the K, and 

when n < 1 is the Ka.  In this section, we only discuss flow modification in pores when n 

=1, whereas variations in the flow field when n < 1 are discussed in sections 3.8 and 3.9. 

From the calculated K of a range of pores with their hydraulic shape factor 

spanning from β =5.6 (a pore with a box-shaped pore geometry) to β =24 (the pipe; 

Figure 3.1a), we found that there is an inverse power-law relationship between K and β 
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     (3.8) 

 

Figure 3.4: Fluid flux, q [m/s] and hydraulic gradient, i [-] relationship showing 
differences in hydraulic conductivity, K [m/s] between the pores and a pipe. 
Note, the q of pores begin to converge at i >1. 
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Figure 3.5: The hydraulic conductivity K [ms-1], is inversely related to hydraulic shape 
factor β [-] by a power-law with an exponent of 3/2 (R2 = 0.99). 
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(Figure 3.5) which has an exponent of 3/2. This relationship follows the form: 

	 ∝ 	    

The equation (3.8) is similar in form to Kozeny’s [1927] equation, which is given as:  

	 ∝ 	 ∅         (3.9) 

Where  is porosity and M is the specific surface or the hydraulic radius equivalent to 

SA/V. =1 in all our pores, and their lengths (L) are also the same, therefore,  β and M in 

equations (3.8) and (3.9) are analogous. Equation (3.9) describes variations in the K as a 

function of variations in the radius of pipes, whereas the equation (3.8) describes 

variations in the K as a result of different diverging-converging pore geometries having 

some characteristic radius proportional to β. Equation (3.8) represents the exact effect of 

diverging-converging pore geometries on K, but the usage of an average effective radius 

for the diverging-converging pores and  using Kozeny’s equation will lead to an over 

prediction in variations in K. Nowadays, β can be readily quantified from observations by 

using techniques such as X-ray tomography. Thus, equation (3.8) can be used to 

determine the theoretical and exact K of pores which in turn can be used in the pore-

network models. 

3.3.5 Drag forces and hydraulic conductivity K 

In the previous section we saw that the K decreases with an increase β. Here, we 

present a more detailed examination of how the pore geometry (as represented by β) 

controls the continuum flow behavior which is manifested in K. 

Hydraulic conductivity is a manifestation of the total resistive forces inside a 
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pore. The total resistive force due to the pore boundary is the total-drag (FD), whose 

components are the friction-drag (Fτ) and the form-drag (FN), i.e., FD = FN + Fτ. We 

examine all three drag forces individually to evaluate which of these forces actually 

determines the effective hydraulic parameter (K).  

 The z-component of local form drag and local friction drag in cylindrical 

coordinates is:  

, 	 	 ∙       (3.10) 

, 	 ∙ 2 ∙     (3.11) 

where I is the identity matrix, η is the dynamic viscosity, u and v are velocities in r-

direction and z-direction, respectively, and  nr and nz are unit vectors in r- and z-

directions, respectively. Note that in our convention, friction drag on the pore boundary is 

negative in the flow direction (+z) and vice versa. 

 For axi- symmetric tubes, the average form drag FN is calculated by integrating 

the z-component of the local form drag over the surface of the pore domain: 

	 , 	∙	 	        (3.12) 

where n is a unit vector normal to pore boundaries. Similarly, the average friction drag 

	is calculated by integrating the z-component of the local friction drag over the surface 

of the pore body as: 

	 , 	∙	 	       (3.13) 

where t is the unit vector tangent to pore boundaries. (Since the integration of the r-

components of form drag and friction drag over the surface of an axi- symmetric tube 
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yields zero, they are not included here.) Note that we calculate the magnitude of Fτ, i.e., 

its absolute value, however, the average  is <0 in all pores, but presented as positive 

values. 

We examine the role of FN, Fτ, or their sum FD in controlling the K from three 

different diverging-converging pore geometries with β values of 6.9, 8.5, and 12.5. In this 

section we discuss the role of these force on K, i.e., the Darcy flow regime, and in the 

subsequent section 3.9, we focus on the non-Darcy or Forchheimer flow regime. 

We find that the total drag FD does not explain the variations in the K of different 

pores; FD is the same for different pores and shows a similar rate of linear increase as 

flows increase from Re 0 to Re ≫ 1 (Figure 3.6a). In fact, FD is expected to be the same 

due to the force balance and the design of pores. Since the same hydraulic gradient i is 

imposed on all pores and they have the same cross sectional area (at the pore throat), their 

FD is the same following the force balance equation: FD = i A. However, since K is 

different for different pores whereas FD is the same, FD has no role in determining 

differences in K or Ka. FD and its relation to Ka are further discussed in section 3.9. 

We find that the friction drag Fτ is the resistive force which can explain for the 

differences in K of pores. Fτ shows an increase with β, whereas the K decreases with an 

increase in β. The pore with a higher Fτ has a lower K and vice versa. For example, the 

pore with β=12.5 has Fτ 1.5 times greater than the pore with β=6.9, and 1.06 times greater 

than the pore with β=8.5 (Figure 3.6). In comparison to Fτ, FN is about a magnitude 

smaller in the pore with β=6.9 and  0 in pores with β=8.5 and 12.5 (Figure 3.6b). During 

the Darcy flow regime, the FN is either insignificant or nil, and Fτ emerges  
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Figure 3.6: Average net drag forces, (a) total drag FD [N], (b) friction drag Fτ [N] and 
form drag FN [N], from pore boundaries during Darcy to Forchheimer flow 
regimes. 
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as the dominant resistive force which contributes to the differences in K. 

3.3.6 The distribution of friction drag 

In the previous section we found that Fτ controls the differences in K. But, why 

does friction drag differ for different pores? How does pore geometry influence Fτ? To 

examine these questions, we present further examination of the distribution of local 

friction drag fτ,z along the pore walls. Three different diverging-converging pore 

geometries with β values of 6.9, 8.5, and 12.5 and the pipe domain (β=24) are analyzed 

(Figure 3.7). Here, we examine fτ,z distribution during the Darcy flow regime, and the 

evolution in fτ,z distribution as the flows become non-Darcy and when the eddies grow are 

discussed in the section 3.9. 

The fτ,z is large near pore throats and decreases with increasing pore radii and 

distance away from the bulk flow direction (Figure 3.7). The negative friction drag  (-fτ,z) 

is due to the flow from left to right (Figure 3.7) or the clockwise rotation of eddies and 

the positive friction drag (+fτ,z) is associated with counter-clockwise rotation of eddies. 

The part of boundaries with warm colors indicate counter-clockwise eddies and the part 

with cool colors indicate clockwise eddies. In Figure 3.7 the individual color filled circles 

(dots) in dead-end corner of pores are due to corner eddies similar in form to Moffat’s 

eddies. These corner eddies were not visible in the Figure 3.2a, thus Figure 3.7 provides 

another way to perceive the existence of such eddies.   

fτ,z is proportional to the velocity gradient in r-direction which is higher around 

the pore throats. During Darcy flows, the amount of fτ,z near pore throats accounts for the 

most of net friction drag (Fτ) in a pore (Figure 3.7a). The amount of fτ,z from the pore-  
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Figure 3.7: Local friction drag fτ,z [N] distribution on the boundaries of the pores and a 
pipe from Darcy to non-Darcy flow regimes. Negative fτ,z is due to flow 
from left to right or the clockwise flow of eddies and positive fτ,z is due to 
the counterclockwise flow of eddies. 
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body is relatively small and insignificantly influence Fτ. The pore with β=12.5 has a 

larger section of pore boundary near the pore throats relative to the pores with β of 8.5 

and 6.9 (Figure 3.7a). The larger pore boundary near the pore throats accounts for a larger 

fτ,z and consequently a larger Fτ. The portion of pore boundary near the pore throats 

decreases with a decreasing β, and therefore, the pores with increasing β in order of 8.5,  

6.9, 12.5, and 24 offer an increasing larger Fτ in the same order (Figure 3.6b), and 

consequently result in a decreasing trend in K of pores with increasing β (Figure 3.5).  

We find that the local friction drag controls K within the Darcy flow regime, and 

is largely influenced by the pore geometry near pore throats. Therefore, the observed 

differences in the K of pores are due to the variations in distribution of fτ,z on the pore 

boundary, specifically near pore throats. 

3.3.7 Pore geometry and the failure of Darcy’s Law 

We have shown that Darcy’s Law begins to fail because of the growth in pre-

existing viscous eddies inside pores with increasing inertia [Chaudhary et al., 2011]. 

Here, we examine the effect of pore geometry β factor on the onset of the eddy growth, 

and effectively the failure of Darcy’s Law, i.e., when n 1 in equation (3.4). We use 7 

different diverging-converging pores and calculate the friction drag (Fτ; equation 3.13) 

from pore boundaries (‘Wall’ in Figure 3.1) during flows spanning viscous to inertial 

flow conditions. During Re <1 flow conditions, Fτ
 linearly increases with an increase in i 

or the corresponding increase in velocity flux. With an increase in i around Re <1 flow 

conditions, viscous eddies are stationary and show no sign of growth. As the flow 

conditions increase to Re >1, viscous eddies begins to grow and an increasingly larger 
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area of the pore boundary is subjected to counter flow which contributes oppositely-

directed friction drag. Therefore, the rate of increase in Fτ
 with i (i.e., Fτ′; equation 3.14) 

is constant during Re <1 flow conditions, and at increasing flow conditions (Re >1), i.e., 

when inertia begins to become dominant or eddies begin to grow, the rate of increase in 

Fτ
 with i becomes non-linear or shows a decrease due to the oppositely-directed friction 

drag contributions from the growth in eddies. Henceforth, we use the non-linearity in Fτ′ 

as a proxy for the growth in eddies. The rate of change in Fτ with increasing i is: 

       (3.14) 

Corresponding to the functional form q(i), we define an apparent hydraulic conductivity 

(Ka) following (4). Chaudhary et al. [Figure 2; 2011] has shown that the nonlinearity in 

Darcy’s K is due to the growth of eddies in pores. Further, the onset of eddy growth 

corresponds to the onset of nonlinearity in Fτ′ [Chaudhary et al., 2011]. Likewise, we use 

the nonlinearity in Fτ′ as an indicator for eddy growth and the failure of Darcy’s Law. 

Figure 3.8a shows K or Ka variations with increasing i for 7 different diverging-

converging pores. Similar to Chaudhary et al. [2011], the critical flow condition (i or Re) 

at which K departs from the linearity in all pores is congruent to the critical i or Re which 

marks the non-linearity in Fτ′ (Figure 3.8). The critical i or Re which marks the failure of 

Darcy’s Law shows an increasing trend for pores with an increasing β. The nonlinearity 

in K or Ka occurs at the lowest hydraulic gradient (i 0.005 or Re 0.5) in the pore with the 

smallest β of 5.9. The nonlinearity in K or Ka occurs at increasing i conditions for pores 

having increasingly higher β. For example, in pores with β=12.5 and 16, the nonlinearity 

in K occurs at i 0.016 or Re 1 and i 0.025 or Re 1.6, respectively. However, no unique  
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Figure 3.8: The failure of Darcy’s Law at increasing hydraulic gradient i [-] indicated by 
the onset of nonlinearity (marked by dashed lines) in (a) hydraulic 
conductivity K [m/s] and (b) rate of change in friction drag Fτ′ [N] with 
increasing i, which are both due to the growth in eddies. 
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Table 3.1: Hydraulic conductivity, K [m/s], and q(i) relationship from Darcy to 
Forchheimer. R2 =0.99. 

β [-] K [m/s] Darcy to Forchheimer flows 

5.6 0.4626 i = 12.147q2 + 4.734q - 0.0328 

5.9 0.4518 i = 6.9212q2 + 5.273q - 0.038 

6.9 0.4209 i = 4.4918q2 + 5.7209q - 0.0502 

7.15 0.3678 i = 6.374q2 + 5.3833q - 0.0339 

7.5 0.2881 i = 5.4921q2 + 6.04q - 0.0303 

8.5 0.2615 i = 3.8825q2 + 6.6084q - 0.036 

11 0.1794 i = 4.92q2 + 7.49q - 0.0211 

12.5 0.1627 i = 3.516q2 + 8.34q - 0.0254 

16 0.1037 i = 2.27q2 + 9.66q - 0.014 

21.5 0.0674 i = 5.07q2 + 15.5q - 0.0047 

24 0.049 i = 20.408q1   
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relationship between the pore β and the critical i, at which K becomes non-linear, can be 

established.   

Nonetheless, the trend we notice between critical i or Re which marks the failure 

of Darcy’s Law and β (Figure 3.8) indicate some control of β in the advent of growth in 

eddies.  Eddies grow first or at a lower i or Re in the pore with a smaller β because 

vorticities are higher in pores with smaller β. For example, the pore with β=12.5 has 

relatively lower vorticities than the pore with β=6.9 which has relatively higher vorticities 

(Figure 3.3f). Thus, it takes higher Re flows (more inertia) in the β=12.5 pore to increase 

vorticity to a similar magnitude as the β=6.9 pore at which eddies begins to grow. In 

contrast to the above results, the pipe exhibits no non-linearity in K or failure of Darcy’s 

Law (Table 3.1) since eddies are absent in the pipe flow. 

3.3.8 Pore geometry and characteristics of Forchheimer flow 

At Re ≫1 flow conditions, the non-linearity in q(i) relationship  is described by a 

modified Darcy’s Law, or the Forchheimer relationship which in quadratic form is given 

as:  

	 	 	          (3.15) 

where a and b are coefficients of the polynomial fit. From equations (3.4) and (3.15),  

1/Ka = a +b q. While much theoretical development and their validation by numerical 

models has been done to derive the Forchheimer relationship [Chen et al., 2001; Fourar 

et al., 2004; Hassanizadeh and Gray, 1987; Ma and Ruth, 1993; Meleshko, 1996; 

Panfilov and Fourar, 2006; Skjetne and Auriault, 1999], many forms of Forchheimer 

flow laws such as a power function, a quadratic equation, and a cubic equation have been 
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proposed [Balhoff and Wheeler, 2009; Chen et al., 2001; N S Cheng et al., 2008; Panfilov 

and Fourar, 2006; Skjetne and Auriault, 1999]. Although the non-linearity or the power 

relationship in the functional form of q(i) have been derived from first principles, the 

existence of different forms of Forchheimer relationships remains enigmatic. 

Here, we study the role of β and eddy behavior in different pores on the 

Forchheimer relationships during Re ≫1 flow conditions. We present results from five 

different diverging-converging pore geometries with β values of 5.6, 6.9, 8.5, 12.5 and 

16. 

We have previously shown that the physical mechanism which governs the 

Forchheimer flow characteristics is associated with the growth behavior of eddies, which 

in turn is of course expected to be sensitive to pore geometry. During Forchheimer flows 

Ka decreases systematically due the decrease in ‘advective flow channel’ which is a result 

of the growth in eddies at increasing Re flows [Chaudhary et al., 2011]. During 

increasing Re flows, this characteristic decrease in Ka is at first an increase in the rate of 

decrease in Ka (i.e., -Ka′) and later a decrease in the rate of decrease in Ka (-Ka′; Figure 

3.9). At Re≫1, this rate of decrease in Ka i.e., -Ka′  0, and flows once again exhibit a 

Darcy-type relationship. We define Ka′ as the second derivative of q with respect to i 

following equation (3.14).  

At the onset of Forchheimer flow, different pores have different Ka, which tend to 

converge at flows of Re≫1 (Figure 3.4). To describe flows spanning Re 0 to Re≫1, we 

find equations that fit the data with i ∝ qm relationship, where m=1/n (Table 3.1). For all 

pores, except the pipe flow, m =2 with R2 = 0.999, and m =3 with R2 = 1. In contrast, m =  
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Figure 3.9: Forchheimer flow characteristics showing the rate of decrease in apparent 
hydraulic conductivity -Ka′ [m s-1] and the rate of decrease in Fτ′, i.e., -Fτ′′ 
[N] with increasing hydraulic gradient i [-]. 
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1 in the pipe flow, i.e., Darcy’s Law stays valid at Re >>1. 

We further examine the effects of pore geometry on the Forchheimer flow 

characteristics by examining variations in the growth rate of eddies and variations in the 

rate of decrease in Ka (i.e., -Ka′) during increasing Re flows. The eddy growth rate is 

represented by the rate of change in the rate of decrease in friction drag, i.e., - Fτ′′, and 

compared with the rate of decrease in apparent hydraulic conductivity, i.e., -Ka′ (Figure 

3.9).  - Fτ′′ is the second order with respect to i following equation (3.14). 

In all pores, -Fτ′′ shows a direct relationship to -Ka′, but with some lag (Figure 

3.9). In the beginning of Forchheimer flow conditions both -Fτ′′ and -Ka′ are small, which 

then increase to a maximum (peak) at further increase in Re, and later both of them 

decrease to ~0 at even higher Re flows (Figure 3.9). The increase in -Fτ′′ and -Ka′ 

indicates how fast eddies grow or how fast Ka decreases with a flow increase from Re ~1 

to Re >1. Similarly, the decrease in -Fτ′′ and -Ka′ from their peak values to ~0 indicates 

how fast the growth in eddies ceases or how fast the decreases in Ka asymptote to a near 

constant value with a continued flow increase from Re >1 to Re >>1. The magnitude of 

peaks indicates how much decrease in Ka occurs in a given pore or how large eddies can 

grow in that pore. The height of these peaks or the net decrease in Ka shows an inverse 

relationship with β. The peaks in -Fτ′′ and -Ka′ are the maximum in the β=5.9 pore and 

decreases with increase in β. For example, in the β=16 pore the peaks in -Fτ′′ and -Ka′ are 

~10 time smaller than the β=5.9 pore, and negligible in the β=21.5 pore (not shown in the 

Figure 3.9 since they were unnoticeable). The magnitude of the peaks in -Fτ′′ or -Ka′ is an 

indicator for the degree of non-linearity in the q(i) relationship.  The non-linearity in q(i) 
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relationship becomes smaller and smaller as the pore β approaches that of the pipe. And, 

there is no non-linearity in q(i) relationship in the pipe flow (see Table 3.1, β=24). 

The maximum of -Fτ′′ or -Ka′ decreases to ~0 at increasingly higher flows 

(Re≫1). The critical hydraulic gradient i at which -Fτ′′ or -Ka′ decreases to ~0 is ~ 1 for 

all diverging converging pores, though they have different β. The decrease in -Fτ′′ or -Ka′ 

to ~0 indicate that growth in eddies ceases and there are no more variations in K or Ka. 

The growth in eddies is limited by the pore dimensions and the pressure (normal force) in 

the bulk flow region. From Re≫1 flow conditions onwards the bulk flow gets limited to a 

pipe-like flow channel (Figure 3.2f) and the q(i) functional form once again follows 

Darcy’s Law.  

We find that the pore geometry as characterized by β plays a vital role in 

controlling the non-linear characteristics of Forchheimer flows. By using the concept of 

β, we can rank the significance of using Forchheimer relationships for various cases. The 

controls on Forchheimer flow characteristics discussed here will also assist in further 

theoretical development of Forchheimer laws. 

3.3.9 Forces controlling apparent hydraulic conductivity Ka 

In the previous section we noticed a systematic decrease behavior in Ka which 

varied for different pore geometries. Here, we examine the role of different resistive 

forces in controlling the variations in Ka. Similar to sections 3.5 and 3.6, we examine the 

total drag (FD), its components, the friction drag (Fτ) and the form drag (FN) from the 

pore walls of three different diverging-converging pores with β values of 6.9, 8.5, and 

12.5. We also examine the evolution in fτ,z distribution on the pore walls as the flows 
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become non-Darcy and when eddies grow to occupy an increasingly larger pore volume 

at increasing Re flows. 

In examining the total drag FD during Re 1 flows, we once again found that it 

does not control even Ka of pores. In comparison to variations in Ka, FD is the same and 

shows a similar rate of linear increase as flows increase from Re 0 to Re ≫1 (Figure 

3.6a). During non-Darcy flows, the rate of increase in Fτ with increasing i decreases, and 

rate of increase in FN with increasing i increases (Figure 3.6b), such that at all flow 

conditions FN +Fτ= FD. The increase in the rate of increase in FN eventually leads to 

flows where FN > Fτ (Figure 3.6b), but the decrease in Ka is not accompanied by any 

variation related to transition of FN becoming the dominant resistive force. At Re ≫1 

flows, if FN controlled Ka, a larger FN should correspond to smaller Ka (just like the 

relationship between Fτ and K for the Darcy flow regime), but we observed the opposite. 

We found that the examination of the friction drag and the form drag offer no clear 

insight about their control on Ka. 

We further examine the evolution in fτ,z distribution on the walls of diverging-

converging pores with β values of 6.9, 8.5, 12.5, and 24 (Figure 3.7) to see if it offers any 

additional insight on the controls on Ka. As the flow conditions increase from Re ~0 to Re 

≫1, the distribution of fτ,z shows reversal in the direction of friction drag in major part of 

pore domains (Figures 3.7b to 3.7e) which is due to growth in eddies and the counter 

flow contributes to the reversal in the direction of friction drag. However as the flow 

conditions increase from Re ~0 to Re ≫1, the distribution of fτ,z near pore throats show no 

distinct differences in any pore (Figures 3.7b to 3.7e). The part of pore boundaries facing 
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the bulk flow receives up to twice the fτ,z relative to the opposite side of pores (Figure 

3.7e). With increasing flows, the boundary area with +fτ,z increases, whereas the area with 

-fτ,z decreases. Thus, the net rate of increase in friction drag (Fτ′) decreases with 

increasing i (Figure 3.6b and 3.8b). Between the diverging-converging pores, the degree 

of boundary stress modification (boundary area subjected to flow reversal) and the 

magnitude of localized stress around flow separations are the highest for the pore with β= 

6.9 and the lowest for pore with β=12.5. In comparison, the pipe domain has a uniform 

stress distribution across all flow conditions. The diverging-converging pore geometry 

and eddies therein contribute to a large variability in the distribution of boundary stresses 

and the intensity of localized stresses which results due to flow separations. However, 

there is no distinct pattern regarding how the drag forces control Ka. 

As an explanation for decrease in Ka during Forchheimer flows, we go back to our 

previous finding that the decrease in Ka is due to an increase in the size of eddies inside 

pores which reduces the average diameter of the ‘advective flow channel’. Chaudhary et 

al. [2011] has quantified the ratio of the pore volume occupied by eddies to the total pore 

volume (ε [-]) from viscous to inertial flow regimes in a tortuous pore. This 

dimensionless ratio ε is found to be inversely related to Ka [see Figure 3 of Chaudhary et 

al., 2011]. The increase in ε signifies a decrease in the radius of advective flow channel, 

and the decrease in Ka can be explained  by using Hagen-Poiseuille’s Law, in which the 

‘hydraulic conductivity’ of an idealized cylindrical pipe is nonlinearly related to the pore 

radius via K1/R2.  However, in the geometry of advective flow channel, its boundary is 
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modified due to a presence of an eddy and the pipe flow follows no-slip conditions, 

therefore, a variation from the Ka 1/R2 sensitivity is expected. At flow conditions (Re ≫ 

1) around the maximum decrease in the radius of the advective flow channel, the size or 

the radius of  advective flow channel approaches similar values in all pore which results 

in convergence of Ka  to similar values. Therefore, the effect of shrinking of advective 

flow channel due to physical growth in eddy Ka, seems to overwhelm any effects due to 

dominance of form drag which would also decrease Ka. This is what we observed 

between our model diverging-converging pores (Figure 3.8a).  

3.4 SUMMARY AND CONCLUSIONS 

a) We analyzed and compared fluid flow characteristics and hydraulic properties of 

several pores with systematic variation in their diverging-converging geometry and 

use the uniform pipe as an end member. The geometries of all pores which also 

include the pipe are constrained by a non-dimensional hydraulic shape factor β. 

We find that the hydraulic conductivity K of pores, including the pipe, is inversely 

proportional to β with a power of 3/2. This power-law relationship is similar in 

form to Kozeny’s [1927] equation for capillaries, where he inversely related K to 

‘specific surface’ M with a power of 2.    

b) At Re  0 laminar flow conditions, viscous eddies exist in all diverging-converging 

pores, except the pore with β=5.9. In comparison, the pipe domain (β=24) does not 

have viscous eddies. Viscous eddies, though present at Re  0 flow conditions, do 

not influence the Darcy relationship.  β shows no control in the size or location of 
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viscous eddies. Eddy size is dependent on how close grain boundaries are to each 

other, i.e., the wedging of grain boundaries around the no-flow pore throats. 

c) The diverging-converging pores contribute to a broader distribution of velocities 

relative to the pipe. Velocity distributions have an inverse pattern between the 

diverging-converging pores and the pipe. The pipe flow is dominated by high 

velocities, whereas the diverging-converging pores are dominated by low 

velocities. The magnitude of velocity and the spread in its distribution are 

inversely related with β. These differences between pores are the largest during 

viscous flows and progressively become smaller as the flows gradually become 

inertial.  

d) The growth in viscous eddies at Re ~ 1 leads to the failure of Darcy’s Law in all 

diverging-converging pores. In comparison, Darcy’s Law does not fail in the pipe 

domain (β=24).There exists an increasing trend between the critical flow 

conditions (i or Re) at which Darcy’s Law fails and β. For example, Darcy’s Law 

fails in pores with β=12.5 and β=16 at hydraulic gradient i 0.016 or Re 1 and i 

0.025 or Re 1.6, respectively. But, no distinct relationship between the pore β and 

the critical i, at which K becomes non-linear, is established. As β decreases, the 

magnitude of vorticity increases. The higher vorticities in pores with smaller β 

increase the propensity of viscous eddies to grow, and consequently, promotes 

Darcy’s Law to fail at increasing flow velocities. 

e) Of all resistive forces that may control K during Darcy flows, we find that the 

friction drag Fτ is the dominant force which contributes to the differences in K. For 
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example, a pore with a high Fτ corresponds to having a low K and vice versa. The 

total drag force FD is the same for all pores and does not explain for the 

differences in K. The form drag FN is either nil or negligible in comparison to Fτ. 

Between different pores, the differences in K or Fτ of a pore are associated with the 

distribution of local friction drag fτ,z on the pore boundary. The pore geometry 

controls the relative proportion of the wall that is located at and near pore throats. 

Most of the resistance (viscous dissipation) offered by the pore occurs at the pore 

throats. Thus, a pore with a larger boundary near pore throats (e.g, β=16) offers a 

larger resistance to flow and results in a lower K relative to a pore with a smaller 

boundary area near pore throats (e.g., β=12.5). In other words, the differences in 

pore K are largely due to the differences in pore geometry near pore throats. 

f) Forchheimer relationship describes the non-linearity in Darcy’s Law i.e, i ∝ qm. In 

all diverging-converging pores, the i ∝ qm relationship follows a quadratic function 

with R2 = 0.99, and a cubic function with R2 = 1. In comparison, the pipe flow 

follows the i ∝ q1 relationship. Forchheimer flow characteristics define a 

systematic decrease in Ka which is a result of eddy growth behavior at increasing 

flow conditions. The systematic decrease in Ka at Re 1flow conditions, initially 

has a large rate of decrease in Ka and later at Re≫1 the rate of decrease in Ka 

approaches ~0, and the q(i) functional form once again follows Darcy type 

relationship. 

g) At Re 1 flows, the degree of non-linearity in the q(i) functional form is inversely 

related to β. The degree of non-linearity in q(i) or how much decrease in Ka occurs 
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at increasing flow conditions is the highest in a pore with the smallest β =5.6 and 

becomes smaller and smaller as β approaches that of the pipe (β=24). Further and 

expectedly, there is no non-linearity in q(i) relationship in the pipe flow. Darcy’s 

Law stays valid in the pipe domain, so long as flow is laminar. 

h)  During Forchheimer flows (Re > 1), the total drag FD or its components, the 

friction drag Fτ and the form drag FN offer no insight about variations in the 

apparent hydraulic conductivity Ka. Instead, we argue that the decrease in Ka at 

increasing flow conditions is primarily due to an increase in the size of eddies 

which decreases the advective pore volume. 

i) Modifications in the fluid flow field due to diverging-converging pore geometries 

are significant. The pipe domain, which mimics a capillary tube model or a simple 

pore-network model, does not capture any of the effects described here from the 

diverging-converging pores. β plays a critical role in determining the modifications 

in fluid flow fields both during Darcy flows and Forchheimer flows. Therefore, it 

is very important to consider actual diverging-converging pore geometries in 

studying pore-level fluid dynamics. Our findings provide a foundation for further 

theoretical work on pore-scale to continuum-scale porous media flows from 

viscous to inertial regimes 
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Chapter 4:  An experimental investigation of media wettability and 
grain geometry controls on the capillary trapping of supercritical 

carbon dioxide (s-CO₂   

 

4.1 ABSTRACT 

The capillary trapping of supercritical CO2 (s-CO2) is postulated to comprise up to 

90% of permanently trapped CO2 injected during geologic sequestration .We investigated 

the controls of water-wet vs. CO₂-wet beads and water-wet angular grain packs on the 

capillary trapping of s-CO₂. S-CO₂ and brine flood experiments were conducted at 

reservoir conditions and scanned via X-ray µCT.  The CO₂ flood resulted in similar CO₂ 

saturation of ~25% in water-wet, and CO₂-wet media, but with large differences in the 

distribution of s-CO₂ clusters. And, the angular grain media led to preferential flow and a 

reduced saturation of 22%.   Successive brine flood resulted in 15% and 20% capillary 

trapping of s-CO₂ in water-wet beads and angular grains media. However, the brine flood 

in CO₂-wet media flushed out most of the s-CO₂ and trapped of only 2%. We find s-CO₂ 

capillary trapping will be an effective mechanism in a strongly water-wet media, but a 

CO₂-wet media and the large viscosity contrast between CO₂ and brine will limit the 

capillary trapping potential.  
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4.2 INTRODUCTION 

To curb anthropogenic carbon dioxide emissions – a major greenhouse gas linked to 

global warming, federal agencies in partnership with academia and industry have initiated 

steps to test the efficacy of storing CO₂ in subsurface geologic reservoirs. The permanent 

storage of CO₂ in subsurface geologic formations will occur in the forms of; a) structural 

or stratigraphic trapping, b) residual or capillary trapping of CO₂, c) solubility trapping, 

and d) mineral trapping [Benson and Surles, 2006; IPCC, 2005]. Among these different 

storage forms, residual or capillary trapping has emerged as one the most significant 

mechanism for the long term geological storage of CO2  [Bachu, 2008; Benson and Cole, 

2008; Hesse et al., 2006; Hesse et al., 2008; Ide et al., 2007; Juanes et al., 2010; Juanes 

et al., 2006; Kumar et al., 2005; Christopher Holst Pentland et al., 2008; Qi et al., 2009; 

Saadatpoor et al., 2009; Suekane et al., 2008; T. Suekane et al., 2009; Tetsuya Suekane et 

al., 2009]. 

During geologic CO2 sequestration, CO₂	is	injected	in	deep	saline	reservoirs at 

conditions where it occurs in a supercritical state (s-CO₂). The injected s-CO₂ plume is 

buoyant and the native brine displaces the plume upwards leading to the capillary 

trapping at the wake of rising s-CO2 plume, i.e., bubbles or ganglion of CO₂ are trapped 

permanently in the pore space (Figure 4.1). This CO₂ capillary trapping in saline aquifers 

is projected between 10% to 90%. Bachu and Bennion [2008] report that CO₂ trapping 

ranges from 10% to 30% in the sandstone cores. Krevor et al. [2012] report residual 

trapping of 10% to 33% similarly in cores from different geologic formations. In Berea 

sandstone a residual saturation of 25% was observed [Krevor et al., 2012]. Other  
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Figure 4.1: Capillary trapping mechanisms: (a) snap-off at pore-throat, and (b) pore-
doublet model (Source: Lake, EOR class notes). 
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experimental studies on Berea sandstone found CO2 residual trapping of 25-28% 

[Suekane et al., 2008], 35% [Pentland et al., 2011], and 40% which was reduced to 20% 

in the presence of a synthetic fracture [Suekane et al., 2009]. Similar to Berea, Iglauer et 

al. [2011a] found residual saturation of 25% from Doddington sandstone. Na et al. [2011] 

report residual saturation of approximately 15% under a co-injection scheme in a sand 

pack. Using computational models few studies have reported residual saturation of 50% 

using pore-network modeling [Spiteri et al., 2008], and a residual saturation of up to 90% 

under a specific CO2-brine injection strategy [Qi et al., 2009].  

Capillary trapping will be an effective mechanism in securing long term CO2 

storage, but given the above mentioned large variability in CO2 trapping potential, we 

find an urgency to investigate the controls which likely introduce differences in CO2 

trapping at the pore scale. This is critical for evaluation of residual trapping potential and 

thus ensuring long term security for the CO2 sequestration. 

It is well known that media wettability plays a vital role in two phase transport. 

Most of the above mentioned studies have also noted that the media wettability and other 

heterogeneities in rock cores contribute to differences in residual CO2 trapping. Quartz 

rich sandstones are generally water-wet, but the presence of mica such as in the Berea 

sandstone or Illite clay in the Mt. Simon sandstone likely makes them  a mixed wet media 

[Broseta et al., 2012; Chiquet et al., 2007; Krevor et al., 2012] or a CO₂‐wet	media	

Iglauer	et	al.,	2012 . The organic rich carbonate reservoirs are also commonly oil-wet 

[Landry et al., 2011; Treiber et al., 1972]. Similarly, oil bearing sandstone reservoirs 
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become oil-wet after ‘aging’ [Treiber et al., 1972] and exhibit characteristics of a CO₂‐

wet	media	 Iglauer	et	al.,	2012;	Yang	et	al.,	2008b  .  

Also, the systems which are a mixed-wet media are known to exhibit propensity 

to be CO₂-wet media at reservoir conditions [Broseta et al., 2012; Chalbaud et al., 2010; 

Chalbaud et al., 2009; Chiquet et al., 2007; Dickson et al., 2006; Espinoza and 

Santamarina, 2010; Iglauer et al., 2011a; Kim et al., 2012; Krevor et al., 2012; Lun et al., 

2012; C. H. Pentland et al., 2011; Plug et al., 2008; Siemons et al., 2006; Sutjiadi-Sia et 

al., 2008; Wesch et al., 1997; Yang et al., 2008a]. These characteristics of media to be 

CO₂ -wet or CO₂-mixed-wet media critically limit the capillary trapping potential of s- 

CO₂ [Broseta et al., 2012; Chalbaud et al., 2010; Chalbaud et al., 2009; Iglauer et al., 

2011a; Iglauer et al., 2012; Kim et al., 2012; C. H. Pentland et al., 2011; Yang et al., 

2008a]. However, no work to our knowledge has directly investigated the effect of media 

wettability on residual trapping of CO₂.  

Similarly, pore geometry or pore structure is known to influence two phase 

transport and trapping characteristics. In natural rocks, differences in pore geometry exist 

due to grain sorting and diagenesis. Differences in pore geometry contribute to capillary 

heterogeneity,  [Saadatpoor et al., 2009], pore-throat geometry control snap-off 

[Beresnev and Deng, 2010; Deng et al., 2013; Roof, 1970], and  heterogeneity in pore 

coordination number and pore body-throat aspect ratios [Tanino and Blunt, 2012]. These 

mentioned reports are either analogue studies for CO₂ trapping or involve numerical 

modeling only; no study clearly presents an experimental investigation of the pore-

geometry controls on the transport and trapping of CO₂. 
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In this chapter, we specifically address the following questions: How do grain 

wettability (i.e., water-wet vs. CO₂-wet) and geometry (i.e., porous media formed of 

round grains vs. angular grains) control the flow and capillary trapping of s-CO₂?  

To address these related questions, we use column packs of 1) water-wet beads, 2) 

water-wet angular grains, and 2) CO₂-wet beads to conduct two phase flow experiments 

at reservoir conditions. We use synthetic unconsolidated porous media because it can be 

constrained for constant wettability, matrix reactivity, and hydraulic properties. 

Therefore, by using synthetic media instead of reservoir rocks, we are able to isolate the 

complex effects associated with the naturally occurring differences in mineral chemistry, 

heterogeneity in flow parameters, and variable wettability. A novel flow cell was 

designed to conduct s-CO₂ flood and 1wt% NaBr brine flood experiments in the three 

columns at 1800 psi and 60 °C.  The columns are initially saturated with brine which 

represents conditions of unperturbed natural reservoirs, and a successive s-CO₂ flood 

represents conditions of a CO₂ injection. Later a brine flood is carried out to represent 

brine replacing the injected buoyant s-CO₂ - a step which leads to the capillary trapping 

at the wake of displaced s-CO₂ plume. The columns are scanned at an in-house high 

resolution X-ray CT facility after each experiment. Three dimensional (3D) digital 

segmentation of scanned images is carried out to construct and isolate different phases, 

their saturations, and probability distribution functions. Results from columns with water-

wet beads and CO₂-wet beads are presented in light of media wettability controls on flow 

and trapping of CO₂. Similarly, results from columns with water-wet beads and water-
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wet angular grains are presented in light of pore geometry effects on flow and trapping of 

CO₂. 

 4.3 METHODS 

4.3.1 Fluid and porous media properties   

To investigate the controls of media wettability and grain geometry on the 

capillary trapping of super critical carbon dioxide (s-CO2), three different media, i.e., 1) 

water-wet round grains, 2) water-wet angular grains, and 3) CO2-wet round grains are 

used to pack the columns for the flow through experiments. The water-wet media is 

composed of borosilicate glass in the form of glass beads, and crushed angular glass, 

while the CO2-wet media is composed of Polytetrafluoroethylene (PTFE; a.k.a Teflon) 

beads. The columns are made of PEEK (Polyether ether ketone), which is pervious to X-

rays but can withstand pressures of up to 27.5 MPa (4000 psi). PEEK columns used were 

10 cm long with an inner diameter of 7.5 mm. Since PEEK is naturally CO2-wet, to 

obtain a full water-wet system a glass sleeve is inserted inside PEEK columns which 

resulted in the inner column diameter of 5.2 mm. 

The columns packed with glass beads vs. angular glass grains allow us to 

investigate the effect of grain shapes which result in two different pore geometries, while 

the columns packed with glass beads vs. Teflon beads allow us to investigate the effect 

of media wettability.  1wt% NaBr brine solution is used for the brine flow experiments, 

and is optimized to act both as a contrasting agent for X-ray CT scanning purposes and as 

a representative of possible formation brines in reservoirs. At 12.4 MPa (1800 psi) and 
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60°C in the presence of s-CO₂, 1wt% NaBr brine makes a contact angle of 27° with the 

glass surface, a contact of 128° with the PEEK surface, and a contact angle of 137° with 

the Teflon surface (Table 4.1) which compares well to other studies [Dickson et al., 

2006; Espinoza and Santamarina, 2010; Sutjiadi-Sia et al., 2008]. 

The size of glass beads and angular glass grains ranges between 0.7 – 0.9 mm, 

determined by sieve analysis, and the Teflon beads are a high precision 0.8 mm in 

diameter. The column inner diameter is 7.5 mm. Since PEEK is naturally CO2-wet, to 

obtain a full water-wet system a glass sleeve is inserted inside PEEK columns which 

resulted in the inner column diameter of 5.2 mm. 

4.3.2 Flow cell design  

A novel flow cell was designed in-house to conduct two phase (s-CO₂ and brine) 

flow experiments at reservoir conditions, i.e., an ambient pressure of 1800 psi and 60°C. 

Upstream of the flow cell includes a supercritical pump which was used to compress 

liquid-CO₂ at 900 psi to 1800 psi and to pump fluids at constant flux during the flow 

experiments (Figure 4.2a). Downstream of the supercritical pump is connected to a 

cylinder containing CO₂ saturated 1wt% NaBr brine and a s-CO₂ reservoir in the form of 

a coiled tubing. Both of these reservoirs feed into the PEEK column and out of it to a 

back pressure regulator at the downstream end of the flow cell (Figure 4.2a). The 

pressure in the flow cell was monitored constantly by a digital pressure transducer 

connected to a data logger and two analogue pressure gauges. The flow cell is housed in a 

temperature controlled chamber maintained at 60°C ( 1°C). 
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Each flow experiment involved a media initially saturated with brine, and then the flow 

experiments were carried out by pumping CO₂ at 0.2 mils/min.   



 84

Table 4.1: Media and surface properties of the three media and s-CO₂	saturations	after	
drainage	and	imbibition 

Media 
type 

Grain 
size  

Media 
wettability 

Contact 
angle  

Porosity Residual s-CO2 fraction of φ     

  (mm)   (θ)  (φ)   after CO2 
flood        

after brine 
flood 

Round 
glass 
beads 

0.7 - 0.9 Water-wet 27° 37 24% 15% 

Angular 
glass 
grains 

0.7 - 0.9 Water-wet 27° 32 22% 20% 

Round 
PTFE 
beads 

0.8 CO2-wet 
137° 
*128° 

39 25% 2% 

*contact angle with PEEK 
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Figure 4.2: (a) The flow cell for CO₂ and brine flood experiments, and (b) the X-ray CT 
scanning set up. 
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This constant flow rate was optimized to obtain flows of capillary number Ca < 1 ×10-5. 

The dimensionless capillary number is given as; 

Ca 	 	 	 	 	 	 	 	 	 	 4.1 	

where U  is fluid velocity, µ is viscosity, and  is interfacial tension. At	1800 psi and 

60°C conditions, the interfacial tension  of brine and s-CO₂	is = 30 (mN/m) 

[Aggelopoulos et al., 2010; Bachu and Bennion, 2009; Chalbaud et al., 2009] , the fluid 

velocity U is ~ 4×10-4 (m/s), the viscosity of CO₂ saturated brine µbrine = 0.5 (mPa·s), and 

the viscosity of s-CO₂ µCO₂ = 0.03 (mPa·s) [Bando et al., 2004; Fenghour et al., 1998; 

Islam and Carlson, 2012; Wang and Clarens, 2012], which corresponds to  s-CO₂	flood 

capillary number Ca = 4 ×10-7, and brine flood capillary number Ca = 6.8 ×10-6. 

For each media the first part of flow experiment involved a 10 pore volume (PV) 

flood of s-CO₂ and the second part involved a brine flood of 10 PV. The s-CO₂ flood in a 

water-wet media is called drainage, but to avoid confusion in terminology of drainage-

imbibition for water-wet and CO₂-wet systems, we call the s-CO₂ flood as step 1 and 

brine flood as step 2.  

During each flow step the pressure in the flow cell was maintain at 1800 psi with 

4 psi fluctuation which was unavoidable and a result of turning on-off of the heating in 

the incubation chamber and the adjustment of back pressure regulator. However, the 

effluent flux were monitored either by direct measurement of brine or by gas flux meter 

for the CO₂ effluent as a measure to validate the integrity of the flow experiments. 
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  During both the flow steps fluid were injected from the bottom of the vertically 

placed PEEK column, which was done to mimic a field CO₂ injection scenario where the 

injected CO₂ plume will rise buoyantly mostly in the vertical up direction followed by 

the native brine displacing the plume from the bottom up and resulting in capillary 

trapping Figure	4.1  of s-CO₂ at the wake of s-CO₂ plume [Iglauer et al., 2011a; C. H. 

Pentland et al., 2011].  

After the completion of each flow step of 10 PV flood the PEEK column was 

detached from the flow cell by a series of cut-off valves and taken for the X-ray CT 

scanning Figure	4.2b . The PEEK column is housed in a carbon fiber heating sleeve 

attached to battery which maintains a constant temperature of 60°C inside the PEEK 

column during the scans. The pressure inside the PEEK column was also monitored at 

1800 psi during the scans. After step 1 and the scanning, the PEEK column was attached 

back into the flow cell to conduct the step 2 of the flow experiment – a step that led to the 

capillary trapping of s- CO₂ in each media. The experiments under consideration here are 

dynamic in nature, but the X-ray CT scanning is done under static conditions. We thus 

assume that the after 10 PV flood, the system attains a dynamic equilibrium with respect 

to two phase flow.  

4.3.3 High resolution X-ray CT scanning  

The high resolution X-ray computed tomography (CT) can scan the porous media 

on the order of 2 µm – 4 µm resolution which allows it to precisely capture the interface 

between minerals, brine, and CO₂  in three dimensions- a reason for which this technique 

is being routinely used to study multiphase flow experiments [Armstrong et al., 2012; 
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Balhoff and Wheeler, 2009; Blunt et al.; Coles et al., 1998; Culligan et al., 2006; Iglauer 

et al., 2013; Iglauer et al., 2011a; Iglauer et al., 2011b; Karpyn and Piri, 2007; Karpyn et 

al., 2010; Krevor et al., 2011; Krevor et al., 2012; Landry et al., 2011; Mogensen et al., 

2001; C. H. Pentland et al., 2011; Perrin et al., 2009; Porter and Wildenschild, 2010; 

Prodanovic et al., 2006; 2007; Tetsuya Suekane et al., 2009; Wildenschild et al., 2005; 

Zhou et al., 2010].    

After each step of the flow experiments (Step 1 and step 2) our experimental 

columns were scanned the University of Texas High-Resolution X-ray CT Facility 

(UTCT) housed in the Department of Geological Sciences, which consists of an industrial 

scanner ‘MicroXCT-400’ manufactured by Xradia Figure	4.2b . 

Because the grain diameter was on the order of ~ 0.8 mm, a voxel resolution of 15 

µm was more than adequate to capture interfaces. The scanning window covered a 1 cm 

length of the column and was positioned at its center. The X-ray source power was set to 

10W, its maximum setting, to minimize image noise.  For scans with glass media, the 

source potential was set to 80 kV and a 0.7 mm SiO₂ filter was used to reduce X-ray 

beam hardening.   For scans with Teflon beads, beam hardening was not as severe, and 

the source was set to 60 kV to increase contrast, and no filter was used.  A total of 613 

projection images were acquired over an angular range of 204°, resulting in a scanning 

time of 43 minutes. Digital segmentation involved several steps for noise removal, 

filtering, and thresholding that were carried out using the commercial software Avizo-

Fire (Visualization Sciences Group) and the in-house code Blob3D [Ketcham and 

Iturrino, 2005].  
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4.3.4 Digital Segmentation         

To quantify the distribution of different phases in the scanned media,  digital 

segmentation was carried out using a commercial software ‘Avizo Fire’ and an open 

source code ‘Blob 3-D’after [Ketcham and Iturrino, 2005]. The raw grey scale images 

were processed to remove noise while maintaining the interface of phases by using the 

filter ‘Non-local means’. Three different phases were segmented using a module ‘Multi-

thresholding’ to create ‘label fields’. Each label field is an integer value assigned to 

individual phases, and each phase is labeled by assigning their grey scale peaks which are 

isolated by establishing ‘greyscale thresholds’. Other image segmentation techniques 

such as ‘island removal’ and ‘smooth label’ were used before the 3D volume generation 

of individual phases. A tool named ‘material statistics’ was used obtain the volume and 

the surface area of each phase.  A ‘skeletonization’ algorithm was then used in 

conjunction with ‘radius histogram’ to obtain the phase size distribution of total pores 

(porosity) and the trapped CO2 i.e., after step 2 of flow experiments for all three media. 

4.4 RESULTS AND DISCUSSIONS 

4.4.1 Porosity and pore size distribution  

The columns packs with glass beads, angular glass grains, and Teflon beads 

resulted in a porosity of 37%, 33%, and 39 %, respectively (Table 4.1). The porosity was 

calculated by digitally segmenting the 3D pore spaces initially saturated with brine and 

was validated to be within  1% of porosity calculated directly by measuring volume of 

fluid injected into columns. The scanning of media initially saturated with brine was done 
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to ensure a 0% initial saturation of s-CO2 phase and to obtain background greyscale 

images. 

The radiuses of pore size distributions are shown in the Figure 4.3 which includes 

both the pores and the pore-throats obtained by using ‘radius histogram’ tool of Avizo-

Fire.  All the three media show types of a gamma distribution (Figures 4.3 a2, b2, and 

c2). The bead packs have similar pore size variance with the max size of pores ~ 300 µm 

and the ‘mode’ of distribution ~ 100 µm. In comparison, the angular grain pack exhibits 

larger pore size variability; It has both the largest pores and a higher propensity of small 

pores. The angular grain media have the largest pores of ~ 340 µm and the ‘mode’ of its 

distribution is ~ 80 µm, which indicate that angular grains media has segments of both 

higher and lower capillary pressures relative to the bead packs.  

4.4.2 CO2 flood: step 1 of flow experiments 

During the step 1 of flow experiments 10 pore volume (PV) of s-CO2 flood 

displaced portions of brine which initially saturated the three media and resulted in s-CO2 

saturations of 24%, 22%, and 25 % of porosity in  glass beads media, angular glass grains 

media, and Teflon beads media, respectively (Table 4.1). 

In the water-wet beads media expulsion of initial brine (step 1) resulted in s-CO2 

saturation throughout the entire media in the forms of isolated s-CO2 clusters (ganglion) 

within single pores to larger s-CO2 clusters that continuously span over tens of pores 

(Figure 4.4). The presence of s-CO2 clusters in isolated patches indicate the transport 

during step 1 flow was not a piston-type flow but in streams of conduits about 1 to 2 

pores thick that likely changed paths randomly.  
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Figure 4.3: X-ray CT grey scale images showing trapped s-CO₂ in: (a) glass bead pack, 
(b) angular glass grain pack, and (c) Teflon bead pack. A pore size 
distribution (a2 to c2), and the trapped s-CO₂ distribution in the three media 
(a3 to c3). 
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Figure 4.4: 3D segmented images showing s-CO₂ saturation after 10 PV s-CO₂ flood (a), 
and the capillary trapped s-CO₂ after the 10 PV brine flood (b) in glass 
beads pack. 
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Figure 4.5: 3D segmented images showing s-CO₂ saturation after 10 PV s-CO₂ flood (a), 
and the capillary trapped s-CO₂ after the 10 PV brine flood (b) in angular 
glass grains pack. 
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Figure 4.6: 3D segmented images showing s-CO₂ saturation after 10 PV s-CO₂ flood (a), 
and the capillary trapped s-CO₂ after the 10 PV brine flood (b) in CO₂‐wet	
beads	pack. 
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After 10 PV of continuous flow a link to a continuous s-CO2 cluster connected from 

bottom to top of media in the direction of flow was expected, instead we observed that all 

s-CO2  occurs in small to large disconnect clusters (Figure 4.4a). This occurrence of 

disconnect clusters indicate that as the flow of s-CO2  stops after step 1 of experiment, 

there is a local imbibition of brine due to gravity settling which contribute to snap-off of 

s-CO2  into disconnected clusters. 

In the water-wet angular grains media initial brine expulsion (step 1) led to s-CO2 

saturation mostly around the edges of media as large continuous s-CO2 clusters and a 

very small amount of  s-CO2 saturation is seen in the interior of media in the form of 

small isolated  s-CO2 clusters on the scale of one to a few pores (Figure 4.5a). 

The s-CO2 saturation mostly around the edges is due the ‘wall effect’ which 

resulted in s-CO2 transport mostly as a preferential flow around the wall of column and 

with little isolated transport in the interior of the column. This ‘wall effect’ is not 

observed in the other two media, i.e., the bead packs . The preferential flow in angular 

grain media defeats our purpose to investigate the pore geometry effects which were 

intended by contrasting results from the glass beads media, and thus, stands as a failure in 

this regard. However, we continue to examine the results from angular grain media in the 

light of: how does preferential flow influence flow and the capillary trapping of CO₂? We 

find that preferential flow reduces the net s-CO2 saturation as compared to glass beads 

media, and results in very little s-CO2 saturation in the interior of the media.  Similar to 

glass beads media, we find all the small s-CO2 clusters in the interior are disconnected 

and also the continuous large s-CO2 blobs around the edges show snap-off at places  
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(Figure 4.5a) which is related to local brine imbibition after stopping the s-CO2 flow (step 

1). 

In the CO2-wet beads media initial brine expulsion (step 1) led to focused s-CO2 

saturation of 25% which is in the form of an undulating s-CO2 conduit about 4-5 pores 

wide and another s-CO2 cluster in the form of a conduit 5-6 pores in diameter (Figure 

4.6a). Apart from these focused s-CO2 saturations, rest of the media show no presence of 

CO₂ at all. 

In CO2-wet media s-CO2 transport will prefer smaller pores. The viscosity ratio 

µbrine/µCO2 is > 10 and points at a high mobility ratio which is likely to introduce viscous 

fingering. And the presence of s-CO2 clusters in the form of conduits indicate that the s-

CO2 transport occurred in the form of a large viscous finger. The two focused areas of s-

CO2 saturation which appear to be on either side of column were likely connected during 

the s-CO2 flow and got disconnected due to snap-off during local brine imbibition after 

stopping the s-CO2 flow (step 1). However, this media shows the least amount of isolated 

s-CO2 cluster and most of the s-CO2 saturation is connected from bottom to top of media 

in the direction of flow (Figure 4.6a). 

It is important to note that even in a homogenous media such as the one formed 

due to high precision beads pack, CO₂ wettability and the viscosity ratio will be critical 

in limiting the sweep efficiency during s-CO2 flood/injection.  

At the end of s-CO2 flood experiments, both the round beads media contained 

similar s-CO2 saturations but the difference in the wettability contributed to large 

differences in the distribution of s-CO2 clusters. These differences in the size and the 
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distribution of s-CO2 clusters result in differences in their surface area and have 

implications of dissolution trapping. The wall effect or the preferential flow in the 

angular grain media led to reducing residual saturation to 22% of porosity. We find that 

media wettability and preferential flow significantly control the sweep efficiency and the 

residual s-CO2 saturation during s-CO2 injection– a step more crucial for the capillary 

trapping, since only a part of this saturation will get permanently trapped after the brine 

flood. 

4.4.3 Brine flood: step 2 of flow experiments 

During the 10 PV brine flood (step 2), brine displaced a fraction of s-CO2 which 

was residual after the s-CO2 flood (step 1), and a fraction of that s-CO2 was left behind, 

which is known to be trapped permanently given similar brine flow conditions. This 

trapping of s-CO2 is due to capillary forces defined by the Young’s Laplace law and the 

process called as capillary trapping of s-CO2. 

 The s-CO2 is trapped mostly in pores with residual s-CO2 from the s-CO2 flood 

experiments, but during the expulsion (i.e., brine flood) a small portion of s-CO2 moved 

and then got trapped in new pores which previously had no residual s-CO2 saturation 

(compare figures 4.4a to 4.4b or 4.5a to 4.5b, or 4.6a to 4.6b). Our ability to show 

residual s-CO2 clusters after step 1 and the trapped s-CO2 after step 2 precisely at same 

locations testifies both for integrity of our experiments (immiscible displacement) and 

uniqueness of our results.  

After the brine flood, the trapped s-CO2 saturation is 15%, 20%, and 2% of 

porosity in glass beads media, angular glass grains media, and Teflon beads media, 
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respectively (Table 4.1). The brine flood in the water-wet beads media led to 39% s-CO2 

expulsion or the trapping of 61% s-CO2 residual from the s-CO2 flood experiment. Most 

of the trapped s-CO2 clusters are elongate in shape spanning over 2-3 pores in the 

direction of flow, which indicate at pore-doublet type of trapping mechanism (Figures 

4.1, 4.4, 4.5, and 4.6).  In the water-wet media the trapped s-CO2 clusters forms a 

concave interface with brine on glass beads (see inset of Figure 4.3 a1), which illustrates 

our ability to track the fluid-solid interfaces precisely. A few trapped s-CO2 clusters are 

single s-CO2 ganglion trapped in discrete pores as a result of snap-off at pore-throats. An 

inset in Figure 4.4b gives an archetype example of such a trapped s-CO2 validating one of 

the much discussed s-CO2 capillary trapping mechanisms as also shown in the Figure 

4.2a [Broseta et al., 2012; Iglauer et al., 2011a; C. H. Pentland et al., 2011]. 

The distribution of the radius of trapped s-CO2 conforms mostly to pore size 

distribution with the difference of having higher density of thinnest s-CO2 shapes which 

is due to the pinching out of s-CO2 clusters in many pore throats. The maximum radius of 

trapped s-CO2 clusters is about 80% of the largest pore sizes (Figure 4.3 c1).  

The brine flood in the water-wet angular grains media led to an expulsion of only 

13% s-CO2 or the trapping of 87% s-CO2 residual from the s-CO2 flood experiment. Most 

of the residual s-CO2 saturation (after step 1) was in the preferential flow region and the 

successive imbibition ( step 2) led to brine transport selectively through the smaller pores 

in the interior of the column which resulted in displacing very small amounts of residual  
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s-CO2 along the wall. Therefore, the majority s-CO2 gets trapped in the preferential flow 

region (Figure 4.5c) suggesting this to be an effective mechanism for enhancing the 

capillary trapping of s-CO2. 

The trapped s-CO2 clusters in the interior of the column are thin and lenticular in 

shape which spans about 1-3 pores mostly laterally to the direction of flow, and are due 

to conformance of s-CO2 clusters to the pore geometry formed of angular shapes. Several 

s-CO2 clusters in the interior are isolated s-CO2 ganglion in discrete pores trapped as a 

result of snap-off at pore-throats, and the large s-CO2 clusters along the edges (fracture) 

represent an example of  a larger but similar to pore-doublet type of trapping mechanism. 

The distribution of the radius of trapped s-CO2 exhibits a bi-modal distribution. 

The predominance of thinnest s-CO2 shapes is due to presence of thin lenticular s-CO2 

clusters in the interior of the column and the rest of trapped s-CO2 distribution conforms 

to pore size distribution. The maximum radius of trapped s-CO2 clusters is about 95% of 

the largest pore sizes (Figure 4.3 b3) once again indicating that the larger connected pore 

spaces such as the preferential flow region can trap s-CO2 across most of their volume.  

The brine flood in the CO2-wet beads media led to 93% s-CO2 expulsion or the 

trapping of only 7% s-CO2 residual from the s-CO2 flood experiment. During brine flood, 

the viscosity ratio µCO₂/µbrine is < 0.1 and point at a low mobility ratio which leads to a 

stable piston-type displacement. In this CO2-wet media, the piston-type brine transport 

led to almost completely flushing out s-CO2 (Figure 4.6b). In CO2-wet media as expected 

from theory, the brine transport occurred in large connected pores displacing all s-CO2 

from pore bodies en route and trapping s-CO2 mostly in tight crevasses, or along bead 
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wedges, and smallest pore throats. At a few locations trapped s-CO2 clusters span 2-3 

pores which is similar to pore-doublet type of trapping except that the trapped clusters are 

in smaller pores. In the CO2-wet media the trapped s-CO2 clusters forms a convex 

interface with brine and Teflon beads, which is shown in the inset of Figure 4.3 c1. 

The trapping of s-CO2 in tight corners leads to a thin s-CO2 cluster shapes. This is 

evident from the radius distribution of trapped s-CO2 which exhibits an exponential 

increase in smaller size of trapped s-CO2. The maximum radius of trapped s-CO2 is from 

the connected clusters and likely a result of pore-doublet type of trapping (Figure 4.6b).  

The maximum radius of trapped s-CO2 is 160 µm which is 55% of the maximum pore 

size (Figure 4.3 c3). 

Our finding that capillary trapping of s-CO2 in a CO2-wet beads media is very 

low, i.e., 2% of porosity, has been also discussed by other authors [Broseta et al., 2012; 

Chalbaud et al., 2010; Chalbaud et al., 2009; Iglauer et al., 2011a; Iglauer et al., 2012; 

Kim et al., 2012; C. H. Pentland et al., 2011; Yang et al., 2008a], and therefore, raises 

serious concerns about capillary trapping potential of s-CO2 in CO2-wet rock formations.  

Water-wet media is more suited for the capillary trapping of s-CO2. The net trapping 

potential depends on the initial or the residual saturation of s-CO2, and therefore, the 

mechanism for s-CO2 transport during primary drainage are of utmost importance. The 

occurrence of preferential flow in a water-wet media enhances the effectiveness and the 

potential of s-CO2 capillary trapping. 
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4.5 SUMMARY AND CONCLUSIONS 

a) We present experimental evidence of the pore scale capillary trapping of 

supercritical CO₂ in discrete pores as a validation of snap-off and s-CO₂ trapping 

which verifies the potential for a long term security in geologic reservoirs for CO₂ 

sequestration. In addition, we present our findings about the controls of media 

wettability and pore geometry on the s-CO₂ capillary trapping potential and 

mechanisms for the first time.  

b) Column packs of water-wet and CO₂-wet beads, and a column packed with 

angular grains are used to conduct s-CO₂ and brine flood experiments which 

represent a natural CO₂ injection scenario. A high resolution X-ray CT scanner is 

used to image fluid saturations after each flow experiment and the results are 

analyzed by using 3D digital segmentation techniques for each phase.  

c) We find that the s-CO₂ flood, which represents initial CO₂ injection, resulted in 

similar s-CO₂ saturation of ~ 25% in both water-wet and CO₂-wet media, but with 

large differences in the distribution pattern of s-CO₂ clusters. The water wet media 

exhibits a random distribution of isolated s-CO2 clusters through entire media, 

whereas CO2-wet media exhibits the effect of viscous fingering which led to a 

continuous distribution of s-CO2 in a ‘conduit form’ spanning only several pores 

across.  

d) The packing of angular grains resulted in a ‘wall effect’ which led to fracture flow 

characteristics. No ‘wall effect’ was observed in the bead packs.  The brine flood 

in angular grain media led to s-CO₂ saturation mostly around the column wall or 
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the preferential flow, and resulted in a reduced net saturation of about 22%.  

e) A successive brine flood, which represents brine replacing the buoyant CO₂ plume 

in reservoir settings, leads to the capillary trapping of s-CO₂ at the wake of the 

displacing s-CO₂ plume. The successive brine flood resulted in trapped CO₂ 

saturation of 15% in water-wet beads media. The angular grain media led to 

trapped CO₂ saturation of 20%. In comparison, the brine flood in CO₂-wet media 

resulted in flushing out most of the CO₂ leading to trapping only 2%, i.e., 98% of 

s-CO₂ in place from the CO₂ flood experiment was flushed out.  

f) The trapped s-CO₂ clusters conform to the pore geometry and their distributions 

follow porosity distribution. We note that the trapped CO₂ clusters range from 

individual ganglion in discrete pores implying the snap-off at pore throats to s-CO₂ 

clusters that span over several pores and which likely represent pore-doublet type 

of trapping mechanism. 

g) We find that the affinity of media to be CO₂-wet (likely in organic rich carbonates, 

hydrocarbon aged or mica rich clastic formations), and a large viscosity contrast 

between s-CO₂ and brine (mobility ratio) will be critical in limiting capillary 

trapping potential. However, a water-wet media with high density of preferential 

flow pathways offers a significant potential for enhancing the capillary trapping of 

s-CO₂, and thereby, ensuring the long term security for CO₂ sequestration. 

h) Future work may include testing the effects of mixed wettability and high density 

and low density fractured media on the transport and capillary trapping of s-CO₂. 
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Chapter 5:  Summary of findings  

5.1 SYNTHESIS OF DOCTORAL RESEARCH 

Fluid dynamics investigation at the pore-scale underpins our understanding for 

porous media fluid flow problems of the continuum-scale. The continuum scale 

formulation of porous media fluid flow particularly the Darcy’s Law and the Forchhiemer 

relationship are based on spatial averages and the assumption of simplified pore 

characteristics. As such the controls of pore characteristics such as the pore geometry or 

the pore surface wettability on single phase or two phase fluid flow are either 

unrepresented or poorly understood.  

To better understand and represent the controls of pore characteristics on fluid 

flow, flow fields were simulated using computational fluid dynamics (CFD) in complex 

pore geometries, and experimental fluid dynamics (column experiments) were conducted 

in column packs with contrasting grain shapes and wettability. In particular, several 

diverging-converging pore channels (tortuous and straight) which mimic complex pore 

geometries associated with diverse grain shapes were designed to examine their controls 

in modifying the flow fields and continuum scale hydraulic parameters. Also, column 

packs with media grains of contrasting shapes (round vs. angular) and contrasting 

wettability (hydrophilic vs. hydrophobic) were used to examine their controls on CO₂-

brine relative transport and trapping at reservoir conditions.  

The prime objective of this dissertation was to quantify the effects of pore 

characteristics, specifically pore geometry and wettability in controlling the pore-scale 

fluid flow behavior. While this main objective is fundamental to most of hydrology and 
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petroleum engineering, it was motivated by CO₂ sequestration research aimed to enhance 

our  understanding of pore-level CO₂ flow and its capillary trapping as a measure to 

better predict the fate of stored CO₂ during CO₂ sequestration scenarios. 

During CO₂ injection the pressure gradient significantly varies from near well 

bore to far field which also imply a large variability in the flow velocities. Darcy’s Law is 

used to describe porous media flow, but it is only applicable during very slow flow 

velocities, i.e., Re <<1. And, at Re>1 flow conditions Forchheimer Law is instead used. 

Therefore, in this dissertation aspects of pore characteristics particularly pore geometry 

were investigated with respect to a continuous spectrum of flow conditions spanning 

from viscous forces dominated flows to when inertia becomes dominant, and thus comply 

with CO₂ injection related flow conditions. On the other hand, the capillary trapping of 

CO₂ is projected to occur in far field form the well bore, and when the flow is mostly 

governed by capillary forces, i.e., Ca <10-5. 

CFD method was used to examine the pore geometry controls on the Darcy and 

Forchheimer laws as applied to single phase flow. CFD method implemented in 

‘COMSOL Multiphysics’ is rapid and effective in obtaining flow fields of continuously 

varying flow conditions. Also, the computer assisted designing of diverging-converging 

pore channels allowed specific design features (representative of different grain shapes) 

and more importantly the precise quantification of pore geometry, i.e., ‘hydraulic shape 

factor β ’. Similarly, CFD method was being used to examine the pore geometry controls 

on two-phase flow, but obtaining a solution even for one geometry which represented the 

flow time span of less than a second took about a month of simulation time on a 32 
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core128 RAM machine, therefore, the investigation of pore geometry controls on two-

phase flow using CFD method was postponed for a time with better computing prowess. 

Instead, a new experimental flow apparatus was designed to conduct two-phase drainage-

imbibition experiments at reservoir conditions, and thus, to examine the pore geometry 

and media wettability controls on two-phase flow and capillary trapping of CO₂. The 

quantification of brine and CO₂ phases after the flow experiments was achieved by using 

high resolution X-ray CT scanning and 3D digital segmentation techniques.  The usage of 

experimental flow cell in combination with X-ray scanning and 3D digital segmentation 

enabled the scope of investigation to provide direct evidence of immiscible two-phase 

displacement while capturing their true interfaces, and the spatial distribution of trapped 

CO₂ clusters.    

Many findings during this research were serendipitous and modified the research 

path frequently.  For example, as the flow conditions were being increased in the pore 

channels, the viscous eddies present in dead-end pore-throats began to increase in their 

size, and it was found that the growth of these eddies led to the failure of Darcy’s Law – a 

finding that initiated the first publication from this dissertation [Chaudhary et.al., 2011] 

and hopes to find its way into textbooks soon to clarify the cause of failure of Darcy’s 

Law for the first time. Similarly, during the column experiments, the column pack with 

angular grains led to larger connected pores around its edges (i.e., wall effect), which 

resulted in preferential flow characteristics and it was found that the preferential flow 

region led to enhancing the capillary trapping of CO₂. Moreover, while using the X-ray 

CT scanning it was by chance found that one can use the X-ray scanning to calculate 
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surface tension and in-situ contact angles. Also, the peer review process contributed to 

enhancing the merit of investigations. During the first publication review process 

(Chapter 2 or Chaudhary et.al., 2011) , one reviewer suspected that a straight geometry 

pore channel was not sufficient to claim for the characteristics relationship of eddies to 

the failure of Darcy’s Law and Forchheimer Law especially since the porous media flow 

paths are generally tortuous and not straight.  His/her doubts led to the novel design of 

tortuous flow channel and similar findings from tortuous pores ensured the validity of 

claims (Chapter 2). Similarly, during the review of second publication (Chapter 3 or 

Chaudhary et.al., 2013), one reviewer was disappointed in “one of my frustrations with 

the geometries chosen is that they really come across as arbitrary and are locking certain 

dimensionless parameters without much justification particular since the authors claim 

that changes in the geometry are what lead to changes in permeability behavior ”, and 

his/her conviction led to the definition of a new dimensionless pore geometry hydraulic 

shape factor  β, and the finding of new equation which stands as a modification of 

Kozeny’s [1927] equation. The key findings of this PhD research are summarized below. 

5.2 KEY FINDINGS 

a) At Re  0 laminar flow conditions, existence of viscous eddies was found in most 

diverging-converging pores (straight or tortuous). In comparison, the pipe domain 

which is the building block of capillary tube and pore network models did not 

show viscous eddies. As it is known for quite some time, the presence of these 

viscous eddies should not be confused with turbulent flow conditions. These 
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viscous eddies, though present at Re  0 flow conditions, do not influence the 

Darcy relationship, and the non-dimensional hydraulic shape factor β shows no 

control in the size or location of these eddies. Eddy size is dependent on how close 

grain boundaries are to each other, i.e., the wedging of grain boundaries around the 

no-flow pore throats. The size and frequency of these eddies in realistic porous 

media, however, remains an open question. 

b) The growth in viscous eddies at Re ~ 1 leads to the failure of Darcy’s Law in all 

diverging-converging pores. In comparison, Darcy’s Law does not fail in the pipe 

domain.  

c) A reduction in the apparent hydraulic conductivity Ka, which is a key indicator for 

the deviation from Darcy’s law, is due to a decrease in advective pore volume (i.e., 

the narrowing of flow channel) as a consequence of eddy growth at increasing Re 

flows.  

d) The characteristics of non-Darcy or Forchheimer flow are directly related to the 

dynamic growth behavior of eddies in pores. The two Forchheimer flow zones 

correspond to a concomitant increase and decrease in the eddy growth rate and the 

rate of reduction in Ka. At first, the eddy growth rate increases because the growth 

initially is not much affected by pore boundaries. But later, as eddies grow to 

occupy a larger part of the pore volume, their growth becomes limited both by 

pore boundaries and a higher increase in pressure at the eddy-bulk flow interface, 

which is related to the narrowing of the flow channel. 

e) The hydraulic conductivity K of pores, including the pipe, is found to be inversely 
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proportional to β with a power of 3/2. This power-law relationship is similar in 

form and modification of Kozeny’s [1927] equation meant for capillaries, where he 

inversely related K to ‘specific surface’ M with a power of 2.    

f) The diverging-converging pores contribute to a broader distribution of velocities 

relative to the pipe. The shape factor β indicates modifications in flow fields 

including an indication of when Darcy’s Law fails, and the intensity and the 

distribution of vorticity and velocity in pores. Velocity distributions have an 

inverse pattern between the diverging-converging pores and the pipe. The pipe 

flow is dominated by high velocities, whereas the diverging-converging pores are 

dominated by low velocities. The magnitude of velocity and the spread in its 

distribution are inversely related with β. These differences between pores are the 

largest during viscous flows and progressively become smaller as the flows 

gradually become inertial.  

g) Of all resistive forces, i.e., total drag force FD , form drag FN , and friction drag Fτ , 

which may control K during Darcy flows, we find that the friction drag mostly 

from pore throats is the controlling factor contributing to difference in K between 

pores of different β. 

h) Forchheimer relationship i.e, i ∝ qm follows a quadratic function with R2 = 0.99, 

and a cubic function with R2 = 1 for all pores. In comparison, the pipe flow 

follows i ∝ q1. Forchheimer flow characteristics define a systematic decrease in Ka 

which is a result of eddy growth behavior at increasing flow conditions. The 

systematic decrease in Ka at Re>1flow conditions, initially has a large rate of 
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decrease in Ka and later at Re≫1 the rate of decrease in Ka approaches ~0, and the 

q(i) functional form once again follows Darcy type relationship. 

i) At Re>1 flows, the degree of non-linearity in the q(i) functional form is inversely 

related to β. The degree of non-linearity in q(i) or how much decrease in Ka occurs 

at increasing flow conditions is the highest in a pore with the smallest β =5.6 and 

becomes smaller and smaller as β approaches that of the pipe (β=24). Further and 

expectedly, there is no non-linearity in q(i) relationship in the pipe flow. Darcy’s 

Law stays valid in the pipe domain, so long as flow is laminar. 

j) From the two-phase flow experiments, we present experimental evidence of the 

pore scale capillary trapping of supercritical CO₂ in discrete pores as a validation 

of snap-off and s-CO₂ trapping which ensures a long term security for the potential 

of geologic CO₂ sequestration. In addition, we present our findings about the 

controls of media wettability (water-wet and CO₂-wet beads) and pore geometry 

(angular vs. round grains) on the s-CO₂ capillary trapping potential and 

mechanisms for the first time.  

k) We find that the s-CO₂ flood, which represents initial CO₂ injection, resulted in 

similar s-CO₂ saturation of ~ 25% in both water-wet and CO₂-wet media, but with 

large differences in the distribution pattern of s-CO₂ clusters. The water wet media 

exhibits a random distribution of isolated s-CO2 clusters through entire media, 

whereas CO2-wet media exhibits the effect of viscous fingering which led to a 

continuous distribution of s-CO2 in a ‘conduit form’ spanning only several pores 

across.  
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l) The packing of angular grains resulted in a ‘wall effect’ which led to preferential 

flow characteristics. No ‘wall effect’ was observed in the bead packs.  The brine 

flood in angular grain media led to s-CO₂ saturation mostly around the column 

wall or the preferential flow, and resulted in a reduced net saturation to about 22%.  

m) A successive brine flood, which represents brine replacing the buoyant CO₂ plume 

in reservoir settings, leads to the capillary trapping of s-CO₂ at the wake of the 

displacing s-CO₂ plume. The successive brine flood resulted in trapped CO₂ 

saturation of 15% in water-wet beads media. The angular grain media led to 

trapped CO₂ saturation of 20%. In comparison, the brine flood in CO₂-wet media 

resulted in flushing out most of the CO₂ leading to trapping only 2%, i.e., 98% of 

s-CO₂ in place from the CO₂ flood experiment was flushed out.  

n) The trapped s-CO₂ clusters conform to the pore geometry and their distributions 

follow porosity distribution. We note that the trapped CO₂ clusters range from 

individual ganglion in discrete pores implying the snap-off at pore throats to s-CO₂ 

clusters that span over several pores and which likely represent pore-doublet type 

of trapping mechanism. 

o) We find that the affinity of media to be CO₂-wet (likely in organic rich carbonates, 

hydrocarbon aged or mica rich clastic formations), and a large viscosity contrast 

between s-CO₂ and brine (mobility ratio) will be critical in limiting capillary 

trapping potential, if any. However, a water-wet media with high density of 

preferential flow pathways offers a significant potential for enhancing the capillary 

trapping of s-CO₂, and thereby, ensuring the long term security for CO₂ 
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sequestration. 

5.1 IMPLICATION 

This dissertation clearly demonstrates that flow fields in diverging-converging 

pores are unique and significantly different than the one represented by capillary tube or 

pore-network models. Not only does the aspects of  diverging-converging pore geometry, 

but also the differences in diverging-converging pore geometry due to different grain 

shapes determine the size and location of viscous eddies, aspects of which have been 

overlooked so far mostly under the pretext that such eddies only occur during turbulent 

flow conditions. This dissertation reinstates our knowledge that even the growth in the 

size of these eddies due increasing flow conditions or pressure potential occurs in the 

laminar flow regime. Therefore, findings presented in this dissertation lay foundation for 

further investigations where we need to know how these eddies influence the reaction-

transport, precipitation-dissolution of minerals, and microbial growth inside pores. The 

finding that the non-Darcy flow or Forchhiemer characteristics are due to the growth 

behavior of eddies which is a function of pore geometry β, explains for why Forchhiemer 

Law is non-unique. While Forchhiemer Law has been theoretically derived several times 

using some diverging-converging pores, the findings of this dissertation provides grounds 

that aspects of pore geometry should be included such as by using β for the future 

theoretical development of Forchhiemer Law which may result in its unique form. This 

new concept of β can be used in up-scale pore network model to include the effects of 

complex pore geometries. Also, as in most porous media systems the pressure potential 
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which drives the flow has some periodic form (natural or anthropogenic) which indicate 

increasing and decreasing flow conditions, and in this regard the explicit demonstration 

in this dissertation of how the flow fields including the eddies unique to a pore geometry 

will respond to such periodic oscillations provides fundamental information for us to 

understand and question the ongoing pore-scale bio-geo-chemical flow processes of short 

to geological time scales. 

The results from CO₂‐brine	flow experiments demonstrate for the first time that 

media wettability is critical in evaluating the potential of CO₂ capillary trapping as one of 

the mechanism for permanently storing CO₂	in	the	subsurface.	The	finding	and	the	

demonstration	that	water‐wet	media	will	be	viable	for	enhancing	CO₂ capillary 

trapping, and CO₂‐wet	media	will	significantly	limit	the	CO₂ capillary trapping may be 

directly used by government officials, academicians studying CO₂ flow and trapping 

using both computational and experimental methods, and the industry managers in 

efficiently planning the CO₂	sequestration	sites,	and	thereby,	ensuring	the	long‐term	

security	of	permanently	stored	CO₂.	Moreover,	the	design	of	novel	flow	cell	and	the	

high	resolution	X‐ray	CT	scanning	of	porous	media	at	reservoir	conditions	followed	

by	3D	digital	segmentation	schemes	were	carried	out	for	the	first	time	at	the	

Jackson	school	of	geosciences	or	the	University	of	Texas	at	Austin.	And,	the	success	

of	these	experiments	provides	a	foundation	for	such	experimentation	to	be	carried	

out	on	routine	basis,	which	is	now	integral	to	most	pore‐scale	fluid	flow	

investigations.  
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5.1 SCOPE OF FUTURE WORK  

The research investigations presented in this dissertation spans computational fluid 

dynamics to experimental fluid dynamics and have addressed the issues from broad areas 

of pore-scale research. While most of these finding stands for better understanding and 

representation of pore-scale flow, they have inherently opened up even broader spectrum 

of questions to be addressed during future work. The scope of future work emergent from 

this dissertation may not be limited to: 

1) Obtain a relationship between the size of eddy and hydraulic conductivity K. 

2) Use β as a criterion to examine the transition from steady flows to unsteady and 

turbulent flow conditions. 

3) Theoretically derive Darcy’s and Forchheimer Laws using β. 

4) Investigate the role of eddies and pore geometry in reaction transport problems.  

5) Investigate the control of friction drag (boundary stress) on precipitation-

dissolution reactions and biofilm growth. 

6) Test for the frequency and size of eddies in 3D scanned porous media (bead and 

angular grain packs) and their controls on the failure of Darcy’s Law and 

Forchheimer characteristics. 

7) Investigate the controls of pore geometry and wettability on two phase flow using 

CFD method and compare with experimental results presented in this dissertation.  

8) Use force balance to determine and show the cause of growth in eddies. 

9) Use X-ray CT scanning as an alternative to calculate interfacial tension. 
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10) Use X-ray CT scanning to calculate the insitu wettability of rocks, i.e., the contact 

angle. 

11) Use the novel flow cell to conduct drainage-imbibition experiments and test for 

the controls of mixed wettability and fractures on two-phase transport and CO₂	

trapping characteristics. 

12) Use the CT scanned geometries to obtain FEM mesh so that they can be uses to 

conduct CFD simulations. 

13) Study the controls of capillary number and secondary and tertiary drainage-

imbibition cycles on CO₂	trapping characteristics  
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