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Chapter 1. 
 

Introduction 
1.1 Theory 

Darcy’s law is an empirical formula, established by Henry Darcy in 1856. Darcy’s law 
for single phase flow assumes that the only driving forces for flow are the gradient in 
pressure and the gravitational force. It is assumed that the flow velocity is linearly 
proportional to these driving forces. The same stands for multiphase flow, where it is 
assumed that Darcy’s law is valid as in single phase flow, only that the proportionality 
coefficient should depend on fluid saturation. Even intuitively, one may expect that 
there should be more factors affecting the flow of a fluid in a porous medium than those 
accounted for in Darcy’s law.  
Hassanizadeh and Gray (1990, 1993a), developed an extended theory for two-phase 
flow. In their work, which was based on rational thermodynamics, interfaces between 
phases in two-phase flow were accounted for as separate entities. They proposed that 
these interfaces affect the flow of each phase in a porous medium, based on energy and 
momentum balance equations. They concluded that specific interfacial area should be 
accounted for as a separate variable in two-phase flow. They showed that the driving 
forces in multiphase flow are the gradient of Gibbs free energy, as well as gravity.  They 
also showed that in single-phase flow, the gradient of Gibbs free energy is reduced to 
the gradient of pressure, so that Darcy’s law is obtained. But, in two-phase flow, 
because the Gibbs free energy of each phase is a function of phase saturation and 
specific interfacial area, as well as the mass density, a more complex form of Darcy’s 
law is obtained (Hassanizadeh and Gray, 1990):  
 

1 2( ),
a

a a a wn ar
a

kq P g Sρ λ α λ
µ
⋅Κ

= − ⋅ ∇ − − ∇ − ∇


 
       ,a w n=          ( 1) 

In equation 1, q is the phase flow velocity, kra is phase relative permeability, K is the 
intrinsic permeability tensor, μa is phase viscosity, Pa is phase pressure, ρa is phase 
density, g is gravity vector, λ1 and λ2 are material coefficients, αwn is the specific 
interfacial area between fluid phases, and Sa is phase saturation.  
Another central equation in theories of two-phase flow is the so-called capillary 
pressure – saturation relationship. This relationship is formulated as follows: 
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( )n w c wP P P S− =                                                          (2) 

In equation 2, there are two major implicit assumptions. First, capillary pressure is 
assumed to be a function of saturation only. Second, the fluids pressure difference is 
assumed to be equal to capillary pressure under any conditions and at all times.  
It is well known that the relationship between capillary pressure and wetting phase 
saturation is not unique. It depends not only on saturation but also on the history of the 
distribution of the two phases in the network. Hassanizadeh and Gray (1993b) 
proposed that the non-uniqueness of the relationship between capillary pressure and 
saturation is because of the absence of the interfacial area from the capillarity theory. 
They proposed the following equation to describe the macroscopic capillary pressure: 

( ) ( , )c w c w wnP S P S α=                                                    (3) 

Various computational and experimental works have shown that under quasi-static 
conditions, and under a wide range of drainage and imbibition histories, Pc-Sw-awn 
surfaces for drainage and imbibition more or less coincide (e.g. Reeves and Celia, 1996; 
Cheng et al., 2004; Joekar-Niasar et al., 2008, 2010b; Porter et al., 2009; Karadimitriou 
et al., 2012). This is direct evidence that the inclusion of specific interfacial area leads to 
the removal, or at least to a significant reduction of hysteresis in the capillary pressure 
– saturation relationship. This means that under quasi-static conditions, there is one 
unique surface that fully characterizes drainage and imbibition in two-phase flow.  
As far as the limitation in equation 2 is concerned, it is now established that Pn-Pw is 
equal to capillary pressure only under static conditions (see Hassanizadeh et al., 2002, 
for an extended review of experimental evidences). Under transient conditions, the 
difference in phase pressures is equal to the following equation (Stauffer, 1978; Entov, 
1980; Kalaydjian and Marle, 1987; Hassanizadeh and Gray, 1990): 

w
n w c SP P P

t
τ ∂− = −

∂
 (4) 

 

where τ , the non-equilibrium capillarity coefficient, is a material property that may still 
be a function of saturation and specific interfacial area. 
Equations 2 and 3 have been studied experimentally with the use of micro-models, only 
under equilibrium conditions, and only for square, or nearly square flow networks. 
Micro-models have never been used to study these equations under transient 
conditions, and for elongated flow networks. 
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1.2  Research objectives 

The main objective of this research is to investigate pore-scale physics of two-phase 
flow. The significance of the inclusion of interfacial area as a separate variable in two-
phase flow models will be investigated. This is accomplished through the following 
specific objectives: 
 

1. Constructing a quasi-static numerical model and performing numerical   
experiments to investigate the significance of incorporating interfacial area in the 
theories of two-phase flow. 
 
2. Manufacturing transparent elongated micro-models, as representations of 
natural porous media, with very well controlled wetting properties that bear flow 
networks which correspond to the ones used in the numerical simulations. 

 
3. Designing and materializing an optical setup that allows the visualization of 
flow in elongated micro-models. 

 
4. Designing and performing physical experiments where interfacial area is 
measured under quasi-static and dynamic flow conditions.    

 
5. Investigating the validity of the extended theories with the aid of the 
experimental results. 
 

1.3 Thesis outline 

This thesis is organized as follows.  
In Chapter 2, an extensive and comprehensive review of micro-models materials and 
manufacturing processes, visualization setups used, and their applications in two-phase 
flow studies is presented. Based on this review, the manufacturing material for our 
micro-model studies was chosen. In addition to this, the lack of an optical setup that can 
visualize flow in elongated micro-models is discussed. 
In Chapter 3, a quasi-static pore network model is presented. A flow network based on 
Delaunay triangulation was used to simulate drainage and imbibition under quasi-static 
conditions. Calculations for capillary pressure, wetting phase saturation, and interfacial 
area were used to construct the relevant surfaces, for various configurations of the flow 
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network. Intrinsic permeability of the flow network, as well as relative permeability for 
both phases, were calculated for drainage. Typical flow rates were also calculated, so as 
to be later compared to experimental values. 
In Chapter 4, we describe studies involving prototype micro-models, having the flow 
network designed in Chapter 3. First, the construction and use of a micro-model made 
of silicon and sealed with a glass plate are explained and its use to study oil recovery in 
natural rocks is explained. Then, the construction and use of a novel all-glass micro-
model are described. This micro-model is used to compare the experimental results to 
those from the numerical model, under quasi-static conditions, during drainage. A novel 
optical setup which would allow the dynamic observation of pore scale flow processes 
in an elongated micro-model was designed and materialized for this purpose.  
In Chapter 5, a novel procedure to treat PDMS in order to obtain wetting properties 
stable in time and uniform in space, is presented. PDMS micro-models are treated in a 
way that they become stable and uniformly hydrophobic. This is crucial for performing 
well-defined and well-controlled two-phase flow studies.  
In Chapter 6, the process of manufacturing PDMS micro-models with very well 
controlled geometrical features and chemical properties is described and the 
experimental results obtained with the use of such models for two-phase flow are 
presented. Quasi-static experimental data for capillary pressure, wetting phase 
saturation, and specific interfacial area, extracted from acquired images are shown. 
Data from drainage, imbibition, and scanning curves are used to test the validity of the 
new capillarity equation for two-phase flow (equation 3).  
In Chapter 7, results from dynamic experiments are presented. With the use of PDMS 
micro-models, equations 2 and 3 are evaluated for their validity. During the 
experiments, the flow rate of the wetting phase was measured, and from the images 
acquired, local capillary pressure, saturation of the wetting phase, and interfacial area 
were calculated. We evaluate the validity of equation (3) under dynamic conditions by 
comparing Pc-Sw-αwn surfaces to the corresponding surfaces under equilibrium 
conditions. 
In Chapter 8, some experimental observations during displacement experiments are 
presented. Effects like Haines jump, snap-off, capillary end effects etc., are shown in 
pictures taken from the micro-model. These side-observations come to fill the gap 
between assumptions used in numerical models, and the actual case in real porous 
media. Relative permeability for the wetting and the non-wetting phase during 
drainage is experimentally measured.  
In Chapter 9, the concluding remarks from the experimental work are presented. 
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Chapter 2 

 
A review of micro-models and their use in two-phase flow 

studies 
 

Abstract 
 

Over the last 25 to 30 years, micro-models have been increasingly used to study the 
behavior of fluids inside micro-structures in various research areas. Studies have 
included chemical, biological, and physical applications. Micro-models have been 
proven to be a valuable tool in the field of porous media by enabling us to observe the 
flow of fluids and transport of solutes within the pore space. They have helped to 
increase our insight of flow and transport phenomena on both micro- and macro-scales.  
In this review, first we present various methods for generating patterns used in micro-
models. Then, fabrication methods and materials are described. Next, visualization 
setups used for the study of fluid flow and transport processes are explained. Finally, 
various applications of micro-models are discussed. 
 
Keywords: micro-models, two-phase flow, pore network, percolation, interfacial area, 
capillary pressure, saturation, microscopy, porous media. 
   
2.1 Introduction 

Micro-models are commonly used to investigate and visualize small-scale physical, 
chemical, and biological processes. One of the earliest micro-models was developed and 
used by Chatenever and Calhoun (1952), for investigating micro-scale mechanisms of 
fluid behavior in porous media. Since then, micro-models have been used to study many 
processes and applications involving two-phase flow. Examples include the capillary 
fingering effect, the percolation dimension (van der Marck and Glas, 1997), the fractal 
dimension (Lenormand and Zarcone, 1985; Lenormand, 1989; Lenormand et al., 1988), 
fluid flow through a nanometer-scale channel (Cheng and Giordano, 2002), and the 
labyrinth patterns in confined granular-fluid systems (Sandnes et al., 2007).  
Strictly speaking, no clear definition of a micro-model in terms of two-phase flow in 
porous media has been articulated. A micro-model is an idealized, usually two-
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dimensional representation of a porous medium; a network of connected pores, 
measuring in the (tens) of microns, through which fluids flow and solutes spread. 
Moreover, visual observation of the flow of fluids and movement of colloids or solutes 
should be possible in a micro-model. Accordingly, a micro-model is typically made of a 
transparent material that enables visual observation, such as glass, or quartz, but it 
could also be polymeric. The requirement of small pores (less than a millimeter) is 
essential for two-phase flow studies, because the capillary effects will be otherwise 
irrelevant. The overall size of a micro-model is typically on the centimeter scale. There 
must be also an inlet and an outlet area for the introduction and removal of the wetting 
and non-wetting phases. In summary, a micro-model will be defined here as an artificial 
representation of a porous medium, made of a transparent material. This fluidic device 
bears a flow-network, with features on the micro-scale, and an overall size of up to a 
few centimeters. 
Most micro-models have been considered as two-dimensional porous media. However, 
examples of a three-dimensional micro-model can be found in the work of Montemagno 
and Gray (1995) and Avraam and Payatakes (1999). The difference between two-
dimensional and three-dimensional micro-models relates to the limitations of the 
visualization setup. In principle, optical methods cannot be used for visualization over 
the depth of the model. 
This paper presents an overview of micro-models used in studying two-phase flow and 
transport in porous media. This paper describes methods for generating the network of 
pores, as well as the means of manufacturing a micro-model. The focus then shifts to 
the various visualization setups used. We conclude by describing the applications of 
micro-models in the field of two-phase flow in porous media. 

 
2.2 The micro-model geometry 

The early micro-models (Chatenever and Calhoun, 1952; Nuss and Whiting, 1947) had 
a simple and regular geometry. Later, micro-models were constructed with a more 
complicated geometry. Since the 1980s, the flow pattern of micro-models has been 
computer generated. The following sections outline a general classification of micro-
models based on the geometry and topology of the porous medium. Four main 
categories are identified and described below.  
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2.2.1 Perfectly-regular models  

In perfectly-regular models, all pores have the same geometry—for instance, a square 
or rectangular cross-section throughout the entire domain. The pore depth and width, 
and the distance between pores are constant throughout the whole network. Of course, 
some small variations may exist resulting from the manufacturing process. Examples of 
perfectly-regular micro-models are those by Corapcioglu et al (1997) used to visualize 
and quantify solute transport in porous media (see Figure 1); and by Chen and 
Wilkinson (1985) used to examine viscous fingering.  
 

         
Figure 1. Left: Example of micro-model with a perfectly regular pattern. Right: A 
magnified part of the left figure (Corapcioglu et al. 1997). 
 
2.2.2 Partially-regular models 

In partially-regular micro-models, pore bodies and pore throats form a regular lattice 
and have the same cross-sectional shape. However, the pores’ dimensions are variable. 
Pore sizes are chosen from a statistical distribution and may be correlated or 
uncorrelated. This pore size distribution determines the permeability of the network as 
demonstrated by Tsakiroglou and Avraam (2002) (Figure 2); Sbragaglia et al. (2007); 
and Chen and Wilkinson (1985). 
 

 
Figure 2. Image of micro-model with a partially regular pattern. (Tsakiroglou and 
Avraam 2002) 
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2.2.3 Fractal patterns 

In some micro-models developed during the last few decades, the representation of the 
porous medium is based on fractals. The fractal patterns can be spatially correlated or 
not. A fractal micro-model may appear to have a completely irregular pattern but 
actually it does not. Examples of such fractal patterns in natural rocks or flow networks 
in micro-models can be found in the works of Cheng et al. (2004), shown in Figure 3, 
Nolte and Pyrak-Nolte (1991), Nolte et al. (1989), and Pyrak-Nolte et al. (1988). Flow 
networks that are generated in this way follow the rules of percolation theory. For flow 
to occur, its porosity has to be at least 50 per cent for a correlated network and 60 per 
cent for the uncorrelated network. If porosity is lower than these limits, then there is no 
connected path across the micro-model.  
 

           
Figure 3. Examples of micro-models with fractal patterns: spatially uncorrelated (left) 
and correlated (right) (Cheng et al, 2004). 
 
2.2.4 Irregular patterns 

For this category of networks, the main feature of the pattern and its geometry is a lack 
of spatial correlation. Pores are randomly placed in the network while their sizes are 
chosen from a single statistical distribution (see Figure 4 from Sandnes et al., 2007). 
Use of Delaunay triangulation for generating the pattern can reproduce patterns that 
have properties that correspond well to real porous media, as shown by Heiba et al. 
(1992), and Blunt and King (1991). Delaunay triangulation requires that the 
connections between network nodes not intersect and that the triangular pattern of 
connections be as equilateral as possible. 
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Figure 4. Example of an irregular pattern micro-model. (Sandnes et al. 2007) 
 
2.3 Fabrication of micro-models 
 
This section discusses various techniques in the fabrication of a micro-model. As 
mentioned earlier, the material that can be used to make a micro-model should be 
transparent. In this way, direct optical visualization of the flow and the distribution of 
fluids in the flow network is possible. Such materials are glass, quartz, PMMA (Poly-
methyl-meth-acrylate), and PDMS (Poly-di-methyl-siloxane). Another material that can 
be used is silicon. Later, in section 3.6 we briefly describe the features and potential 
limitations of each material. The fabrication procedure needs to be accurate and 
efficient. New fabrication techniques have been introduced as micro-models have been 
increasingly used to study the behavior of fluids on a very small scale. For the sake of 
brevity, reported here are not all methods of fabrication but only those that are widely 
used.  
 
2.3.1 Hele-Shaw and glass-beads models 

Chuoke et al. (1959) conducted one of the first studies of two-phase flow with a Hele-
Shaw micro-model. Their work presented theoretical and experimental evidences for 
the existence of macroscopic instabilities in displacement of a fluid by another 
immiscible fluid through a uniform porous medium. Hele-Shaw models are very simple 
in principle. They are made of two parallel transparent plates, with the flow taking 
place in the gap between them. The flow between two parallel plates is mathematically 
analogous to the flow through pores. This model is called a glass-beads model when 
glass or quartz beads or spheres are inserted between the two plates. The very first 
micro-model made by Alfred Chatenever and John C. Calhoun in 1952 at the University 
of Oklahoma is an example of a glass-beads model. 
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Chatenever and Calhoun’s micro-model consisted of an observation cell, as they called 
it, which was a single layer of glass spheres sandwiched between two flat plates. They 
found that using two or more layers would make it difficult, given the available means 
of visualization, to distinguish one phase from the other. The observation of flow 
phenomena was extremely complicated. Chatenever and Calhoun used different flow 
cells. One of the flow cells is shown in Figure 5.  
 

                          
Figure 5. Sketch of type ‘C’ cell by Chatenever and Calhoun (1952). 

 
This micro-model was comprised of a Lucite base, a compression cover, an observation 
window, and a gasket. A glass plate was molded into the Lucite base in a press to make 
an all-glass matrix composed of a glass top, glass spheres, and a glass base. The 
observation window was, in fact, the top cover of the cell. The spheres that were packed 
inside the cell formed a single-layered rhombic pattern of pore network.  
In Hele-Shaw and glass beads micro-models, fluids were introduced into the model 
through a hole in the center of one plate (Sandnes et al., 2007), or at the ends of the 
parallel plates (Corapcioglou and Fedirchuk, 1997; 1999; Tóth et al., 2007, Lovoll et al., 
2005, 2010;  Tallakstad et al., 2009). Figure 6 shows the side view of a glass bead 
micro-model from Corapcioglou and Fedirchuk (1999). 
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Figure 6. Side view of a glass-beads micro-model (Corapcioglou and Fedirchuk, 1999). 

 
In principle, Hele–Shaw and glass-beads micro-models are easy to make. However, the 
use of optical microscopy poses a problem. The three-dimensional nature of the model 
makes it difficult, or sometimes impossible, to visualize the distribution of fluids under 
the level of the largest bead diameter. As such, much information cannot be recorded 
when optical means are employed.  
 
2.3.2 Optical lithography  

Developed during the last few decades, optical lithography (also called photo-
lithography) is used when a specific flow network has already been designed with 
preferred parameters, like mean pore size, number of pores, geometry of pores, etc., 
and its features are very small in size. Such models cannot be created from the 
combination of materials, as done in Hele-Shaw or glass-beads models. They can be 
used to make models that carry any flow network and have a wide application for 
irregular or fractal patterns. Optical lithography models are also relatively inexpensive 
to produce. 
The principles of optical lithography were introduced in the early 80’s (Thompson et 
al., 1983, 1994). This method has been described in detail in the literature (see e.g., 
Cheng et al., 2004; Giordano and Cheng, 2001). First, the desired pattern for the micro-
model is produced digitally, based on a statistical distribution, with or without a spatial 
correlation for the pores. The desired flow network is then printed on a transparent 
material. The transparent material with the network printed on it is called a mask. 
There are two ways of using the mask. For relatively small networks, the network 
printed on the mask is the magnified image of the desired network. For big or deep 
networks, the network printed on the mask has the exact dimensions as the desired 
network. Usually for deep networks, the negative of the network is printed on the mask. 
In this case, a copper covered glass plate is used as a mask. The network is printed by 
removing the copper layer from the mask. When the depth of the flow network is 
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relatively low, the mask is a normal transparency and the network is printed as it is on 
the mask.  
 

Optical-lithography consists of the following general steps: 
 

• Photoresist Application on a glass substrate 
 

• Soft Bake  
 

• Mask Aligner Set-Up  
 

• Exposure  
 

• Development  
 

• Hard Bake  
 
The network is commonly formed in a polymeric material called photo-resist. The glass 
substrate has to be made perfectly clean. After that, a thin layer of photo-resist, usually 
SU-8, is applied to it and the substrate is put to spin. The type of photo-resist and the 
duration of spinning determine the final thickness of the photo-resist layer, which is, in 
practice, the final depth of the network. Then the substrate is soft baked in order to 
harden the photo-resist. 
The creation of the network on this layer of photo-resist is the second step of the 
procedure.  The mask is projected on the photo-resist using ultraviolet light in a mask 
aligner. If the network has very small features, a transparency that carries a magnified 
image of the network can be used. This transparency is projected on the photoresist 
through an objective lens to bring the image back to the original size. In this way, the 
resolution of the projected image is improved. The area of the photo-resist that is 
exposed to UV light reacts with developing agents.  Next, the exposed area of the photo-
resist is washed away and what is left forms the flow network. When the network is 
deep, negative projection is used. In that case, the developed area is that which was not 
exposed to the UV light. The choice of development depends on the depth of the 
network and the type of photo-resist that has been used.  
The inlet and outlet areas are developed in the same way. This time, there is no need for 
a magnified mask and projection because the dimensions of these areas are big enough 
and details do not matter. The mask has the actual dimensions of these areas. Inlet and 
outlet areas should be strengthened to endure the pressure imposed during the 
experiments. For this reason, pillars made of photo-resist are added within inlet and 

http://www.ece.gatech.edu/research/labs/vc/processes/photoLith.html#soft
http://www.ece.gatech.edu/research/labs/vc/processes/photoLith.html#setup
http://www.ece.gatech.edu/research/labs/vc/processes/photoLith.html#expose
http://www.ece.gatech.edu/research/labs/vc/processes/photoLith.html#develop
http://www.ece.gatech.edu/research/labs/vc/processes/photoLith.html#qc
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outlet areas. Their dimensions are in the order of hundreds of micro-meters. An 
example of a micro-model constructed following optical lithography method is the one 
by Cheng and Giordano (2002), shown in Figure 7. 
 

                                 
Figure 7. Bottom and upper plates (left and right drawings, respectively) of micro-
models constructed by Cheng and Giordano (2002).  
 
A second glass plate is used as a covering plate to complete the fabrication of the micro-
model. Two holes are drilled on this glass plate for the inlet and outlet of the model. The 
micro-model is sealed with a thin layer of photo-resist on the upper glass plate. This 
layer acts like a glue and bonds the glass plate to the photo-resist with the application 
of mechanical pressure. This layer also ensures that micro-model pore walls are made 
of one material—namely the photo-resist only; avoiding mixed wettability in the model. 
The optical lithography method is relatively inexpensive and easy to implement. These 
two characteristics make them quite attractive. However, problems arise in making and 
using this kind of micro-model. Significant difficulty in sealing the model can occur 
when some features of the flow network are very small. This happens because there is 
not enough surface for the bonding between the thin layer of photo-resist that is used 
as glue and the photo-resist from the flow network that is in solid state.  
Another major problem emerges from the photo-sensitive nature of photo-resist. Even 
after baking, exposure to light with a wavelength close to the violet or ultraviolet 
spectrum causes the photo-resist to produce nitrogen. The nitrogen bubbles, also called 
pockets, grow in size, breaking the solid photo-resist and gradually destroying the 
network. We reproduced this effect in the laboratory and the results are shown in 
figure 8. On the left, a photo-resist micro-model filled with water can be seen on the 
first day of its use and on the right, the same micro-model is shown after three days 
exposure to light. The model has been significantly damaged by the production of 
nitrogen. One solution to this problem is to replace all lights in the lab where a photo-
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resist micro-model is being used with lights that have a spectral emission above 550 
nm. This will ensure that there is no interaction between photo-resist and light. Also, 
the wavelength of observation lighting should be away from the violet region. Another 
solution is to use filters that cut off all wavelengths below 550 nm. In practice, both 
solutions are effective but both require extra expenses. In particular, the high-quality 
optical filters necessary to eliminate the undesired wavelengths can be very expensive.  
 

           
            
Figure 8. A photo-resist micro-model on the first day of its use (left) and the same 
micro-model after three days (right). The fractures in photo-resist can be seen clearly. 

 
2.3.3 Etching method  

The first etched micro-model was constructed by Mattax and Kyte in 1961 (Figure 9). 
The fabrication technique is based on chemical reactions and the interaction of laser 
and plasma radiation with glass, silicon or polymer (Zhang et al., 2010, 2011; Baouab et 
al., 2007; Gutierrez et al., 2008; Soudmand-asli et al., 2007; Weidman and Joshi, 1993; 
Jeong and Corapcioglou, 2005; Jeong and Corapcioglou, 2003; Baumann et al., 2002; 
Lanning and Ford, 2002). First, the desired pattern for the micro-model is produced 
with one of the methods mentioned in the previous section. The mask is prepared in 
one of the ways explained for optical lithography depending on the size and the depth 
of the desired network; the mask can be made to be the positive or the negative image 
of the network. 
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Figure 9. Capillary network in a portion of an etched micro-model (Mattax and Kyte, 
1961) 
 
The desired pattern is projected on a glass substrate that has already been covered 
with a layer of photo-resist, as in photo-lithography. But, in this case the network will 
be formed in the glass substrate and not in the photo-resist. The resolution of the mask- 
strongly affects the outcome of the etching process. The thickness of the photo-resist 
will determine the depth of the desired flow network after the development of the 
network with the use of solvents.  After the pattern is developed and exposed, the 
network is created using an etching method. Currently, there are two etching methods, 
which are explained below. 
 

a) Chemical or wet etching  
 

In chemical etching or wet etching, acids are used as etchants to etch the glass or silicon 
surface (Wegner and Christie, 1983; Johnston, 1962; Sagar and Castanier, 1998; 
Coskuner, 1997; Avraam et al., 1994; Sirivithayapakorn and Keller, 2003; Lago et al., 
2002; McKellar abd Wardlaw, 1982; Hornbrook et al., 1991; Upadhyaya, 2001, Jeong et 
al., 2000; Wan et al., 1996). The area covered by photo-resist remains unaffected by the 
acid. The depth of penetration depends on the etching rate of the acid (i.e., the 
penetration length over time) and the exposure time to the etchant. Alternatively, 
copper can be used, instead of the photo-resist, in lithography process. The copper then 
can be removed with the use of chemicals.  
The wet etching process in an acidic bath, apart from the photo-lithographic step, may 
be broken down into three basic steps:  

 
• diffusion of the etchant to the surface for removal;  

 
• reaction between the etchant and the material being removed; and  
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• diffusion of the reaction byproducts from the reacted surface.  
 

 
Wet etching is a very popular way of making micro-models. However, this method has 
some limitations. One shortcoming is that the pore walls are sloped rather than vertical. 
Also, there is a curvature at the bottom of pores. This happens because liquid acids are 
isotropic and thus erode glass in all directions. Figure 10 (from Iliescu et al., 2008) 
shows in black the micro-channels formed by wet etching technique on a glass 
substrate. The curvature at the bottom of the walls and the optical setup used to take 
the pictures create refraction, leaving no light to reach the camera’s sensor. This effect 
hinders studying two-phase flow, especially if the optical visualization of fluids and 
their configuration in the network are important. One remedy would be to diffuse the 
illumination and increase the intensity of the light. Another effective solution is to use 
front-light illumination instead of back-light illumination. In this case, a strong contrast 
between the sample and the background is needed.  
 

 
Figure 10. Optical images showing the intersection of two micro-channels 
(approximately 150μm in depth) etched in glass for 20 min in 49 per cent HF solution 
using amorphous silicon mask with a value of  100MPa (from Iliescu et al.,2008). The 
curved walls produce diffraction and the optical result is black. 
 

b) Plasma or laser etching  
 
Electromagnetic radiation provides another way to etch glass, or other transparent 
polymeric materials like PMMA or silicon. The radiation can be supplied from a laser 
source or from a beam of ions. The latter method is called ion milling, when using a 
noble-gas plasma (Durandet et al., 1990; Kolari et al., 2008). The most popular noble 
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gas for this purpose is Ar+. Using an ion gun, ions bombard the uncovered area, and by 
transfer of momentum, begin removing atoms from the glass surface. 
The reactive ion etching process, apart from the photo-lithographic step, can be broken 
down in the following steps: 
 

• generate etchant species (radicals or ions) 
 
• reaction or momentum transfer with the Surface 
 
• by-product desorption 
 
• diffusion of by-product to bulk gas 
 

Instead of ion milling, excimer (Basov et al., 1970)  laser can be used to create the 
pattern on the glass substrate (Arnold et al., 1995). The technique is called LIGA 
(Lithographie, Galvanoformung, Abformung) and was introduced by Ehrfeld et al. 
(1987, 1994, 1996). The network pattern is directly formed on the substrate and the 
whole procedure is computer controlled.  
Both procedures are very anisotropic, which means that the sloping effect at the walls 
is diminished. However, the control of the whole procedure is not easy.  This procedure 
is usually reserved for very narrow and shallow channels. After the pattern has been 
created on the glass substrate, the inlet and outlet reservoirs are produced with wet-
etching techniques. A second glass plate, on which two holes are drilled for the input 
and output, is used to cover the micro-model.  
The sealing of the micro-model can be done in two ways, both of which are common for 
both wet and dry etched micro-models. One way is the use of a muffle furnace, or high 
temperature oven (Avraam et al., 1994). This method is used mostly for micro-models 
that are multi-layered. The other method involves placing a thin layer of polymer (a few 
nano-meters thick) between the two glass plates and baking in a UV oven (Tsakiroglou 
and Avraam, 2002). Heating the model and simultaneous application of a light pressure 
will have the desired effect for glass/glass bonding. Silicon and glass bonding can be 
achieved by gentle heating (~400 oC) while applying an electric field across the 
silicon/glass sandwich to ensure good contact via the associated electrostatic force. 
This method is known as field-assisted, or anodic, bonding (Giordano and Cheng, 2001). 
Anodic bonding will work only for moderate operating pressures of a few atmospheres 
within the micro-model. Other methods should be used if larger pressure must be 
applied (Holman and Little, 1981; Little, 1982).  
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Dry etching methods produce nearly vertical walls (82-90 degrees). The Deep Reactive-
Ion Etching (DRIE) method, which is a plasma-etching method, also produces nearly 
vertical walls (88-90 degrees) with a very low surface roughness. The DRIE method can 
give good results for ratios between the depth and the width of an etched channel even 
higher than 20:1. However, there is still a maximum achievable aspect ratio between 
the depth and the width of the channel that depends on the material, the beam profile, 
etc. (Blauw et al., 2001, Yeom et al., 2003; Willingham et al., 2008). 
Figure 11 (Ohara et al., 2010) shows that where the ratio between the depth and the 
width of the channels is from 6.6:1 to 1:2, the walls are vertical and the roughness of 
the bottom of the channels is low. 

 
Figure 11. Mask openings and the  channels produced with dry etching method; channel 
widths are 1.5–2.5 μm (left) and 20 μm (right) (Ohara et al.; 2010). 
 
When the channels are deep and much narrow, it becomes difficult to get vertical walls 
and keep the roughness at the bottom of the channel low. Figure 12 (Yeom et al., 2005) 
shows that as the ratio of the depth to the width of the channels becomes larger, the 
quality of the channels becomes lower. The surface roughness increases and we don’t 
get a rectangular shape at the bottom. Although such channels are not common to two-
phase flow in porous media, they are presented here as an extreme example of reactive 
ion etching. 
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Figure 12. SEM images of silicon trenches, etched by ICP-DRIE process for three hours 
(Yeom et al., 2005). These are from four different initial pattern area densities: (a) 80 
per cent microloading (explained in Hedlund et al., 1994)  with 25 μm line spacing, (b) 
50 per cent microloading with 50 μm line spacing, (c) 30 per cent microloading with 
100 μm line spacing, and (d) 10 per cent microloading with 200 μm line spacing. 
 

The Reactive Ion Etching method is a complicated and difficult procedure and many 
things can go wrong. Etching itself is a subject of on-going research. Given our current 
knowledge, however, etching remains one of the best ways to make good quality micro-
models. Especially when optical microscopy with back light illumination is employed, 
etching is perhaps the best alternative. In particular, the stability of glass with respect 
to its chemical and physical properties is highly appreciated. 
 
2.3.4 Stereo-lithography 

Stereo-lithography (or SL) is a computer-based manufacturing process that was 
developed by Hull in 1986. As described by Melchels et al. (2010), it is a solid freeform 
fabrication technique. Stereo-lithography is an additive fabrication process that allows 
the fabrication of parts using a computer-aided design (CAD) file. The manufacturing of 
3-D objects by stereo-lithography is based on the spatially controlled solidification of a 
liquid resin by photo-polymerization. The setup consists of a computer-controlled laser 
beam or digital light projector, a computer-driven building stage with a platform, and a 
resin reservoir. The platform is initially placed just below the resin surface, according 
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to the desired depth of the resin layer. The computer guides the laser beam to follow a 
path and illuminate a desired pattern on the resin surface. As a result of this, the resin 
in the pattern is solidified to a pre-specified depth, causing it to adhere to the support 
platform. After photo-polymerisation of the first layer, the platform is lowered 
incrementally, allowing the built layer to be recoated with liquid resin. Each time, the 
pattern is cured (i.e. solidified) to form another layer. As the depth of curing is slightly 
larger than the platform step height, good adherence to the first layer is ensured (i.e., 
unreacted functional groups on the solidified structure in the first layer polymerise 
with the illuminated resin in the second layer). These steps (i.e., the movement of the 
platform and the curing of a pattern in a layer of resin) are repeated until a solid, three-
dimensional object of desired height is constructed. After draining and washing-off 
excess resin, the desired structure is obtained. In this structure, the conversion of 
reactive groups is usually incomplete, and post-curing with (stroboscopic) ultraviolet 
light is often employed to improve mechanical properties of the structures.  In Figure 
13, a schematic presentation of the process is presented.  
 

 
Figure 13. Schematic presentation of a bottom-up stereo-lithography system with 
scanning laser (Melchels et al., 2010)  
 
To summarize, stereo-lithography fabrication method consists of the following steps: 
 

• The laser beam forms the desired pattern on the resin surface 
 

• Photo-polymerization 
 

• The platform is incrementally lowered 
 

• The previous steps are followed 
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• As soon as the construction is finished, the structure is cleaned from excess 
resin 

 
Stereo-lithography is an effective way to make micro-models when the dimensions of 
the structure are not very small (larger than microns). Parts from a larger assembly 
(not micro-models but general structures) can be manufactured in one day and with 
great efficiency. The complexity of a flow network or a part of an assembly is not an 
issue. On the other hand, this procedure is quite expensive. Stereo-lithography micro-
models have been used in studying flow (Crandall et al., 2008, 2009; Stoner et al., 2005; 
de Zélicourt et al., 2005). However, they are less popular when it comes to very small 
dimensions (micro-meter scale) because of the spatial resolution of the process. 
 
2.3.5 Soft lithography 

Soft lithography refers to methods for making structures using ‘soft’ materials like 
elastomeric stamps, moulds, and photo-masks (Quake et al., 2000; Rogers and Nusso, 
2005; Wang et al. 2005, 2008; Shor et al., 2004). It is mostly reserved to create very 
small, simple geometric structures, on the micro- and nano-scale (Hug et al., 2003; Huh 
et al., 2007; Park et al., 2009).  Variations of soft lithography method include micro 
contact printing (μCP) (Xia and Whitesides, 1998), replica moulding (REM) (Senn et al., 
2010), micro-transfer moulding (μTM) (Xia and Whitesides, 1998), micro-moulding in 
capillaries (MIMIC) (Kim et al., 1996) and solvent-assisted micro-moulding (SAMIM) 
(Kim et al., 1997). These methods are particularly suitable for creating micro-scale 
structures, the scale of interest in two-phase flow, where soft lithography is most 
accurate. 
One of the most widely used materials in soft lithography is PDMS, which is an 
elastomeric material. It is a liquid that is polymerized after mixing with a curing agent. 
The procedure for manufacturing a PDMS micro-model is explained in detail in Quake 
and Schere (2000), Auset and Keller (2004) and Markov et al. (2010). Usually, it 
consists of the following steps: 
 

• The network of micro-model channels is created digitally. This network is 
printed on a transparency, which will be used as a mask in the next step. 
 

• A silicon or glass wafer is spin-coated with photo-resist (positive or negative 
depending on the desired depth) to create a patterned silicon or glass wafer 
(called master) by using photo-lithography. 
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• The master wafer is put in a petri dish. Then, a mixture of liquid PDMS and 
curing agent is prepared. This mixture is then poured over the master wafer in 
the petri dish. 

 
• The polymer is degassed under vacuum and then cured. 

 
• After curing, the polymer is peeled from the master. 

 
• The PDMS slab with the desired network is placed on a pre-cured thin slab of 

PDMS in order to close the network. Then it is exposed to ion plasma so that 
bonding can take place.  
 

Soft lithography is widely used in two-phase flow studies. It is a method that produces 
detailed micro-models without severe production restrictions. However, one problem 
does arise. Because they are polymeric materials, their wetting properties may change 
with time. For instance, PDMS is initially hydrophobic, though not strongly. In the 
making of an all-PDMS micro-model, the two parts of the model are bonded with 
oxygen plasma. The treated PDMS becomes hydrophilic but the effect is not stable; it 
degrades with time and eventually recovers its hydrophobicity. This effect starts almost 
immediately after exposure, and it continues for hours, or even days, until the material 
reaches its initial condition (Murakami et al., 1998; Fritz and Owen, 1995). Thus, if 
hydrophilic behavior is needed, the micro-model must be used directly after its plasma 
treatment.  
An alternative treatment is to force the PDMS surface to have specific wetting 
properties and become purely hydrophobic. This can be done with the application of a 
mixture of silane with ethanol (Zhou et al., 2010).  
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Figure 14. Schematic illustration of procedures for A) replica moulding, B) micro-
transfer moulding, C) micro-moulding in capillaries, and D) solvent-assisted micro-
moulding (Xia and Whitesides, 1998). 
 
Another consideration is that the phases involved in the experiments will not make the 
material swollen or deformed. Gervais et al. (2006) studied the flow-induced 
deformation of PDMS models and provided a dimensionless number as a simple means 
of assessing whether deformation should be considered. This dimensionless number 
depends on the pressure drop along the network, the network’s height and width, as 
well as the entry pressure of the features of the network. Depending on the value of this 
dimensionless number, deformation can be considered as important, or not.  In table 1, 
the fabrication methods along with their main advantages and disadvantages and major 
references are presented. 
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Table 1. Fabrication methods along with their advantages and disadvantages 
 
2.3.6 Micro-models materials 

Glass or quartz, are materials that are widely used in micro-models, especially in Hele-
Shaw and glass-bead micro-models. It is relatively easy to find well-polished glass or 
quartz plates or glass beads with a given diameter at a high accuracy. While the 

Fabrication 
Method 

Advantages Disadvantages Major 
references 

Hele-Shaw and 
glass beads 

Easy to make 
Choice of wetting 
properties 
Cheap to make 
No mask needed 

Fixed or random  network 
geometry  
Cannot be used under 
dynamic conditions as the 
lower half of the model 
cannot be visualized 

Corapcioglou 
and Fedirchuk, 
1997,1999; 
Chatenever 
and Calhoun, 
1952. 

Optical 
lithography 

Accurate  
Can reproduce 
any network 
pattern 
Cheap to make 

Not suitable for making for 
elongated  models due to the 
manufacturing procedure 
Fixed wetting properties 
Cannot be exposed to regular 
light  
Requires a clean room to 
manufacture  
Mask needed 

Thompson et 
al., 1983, 
1994;  
Cheng et al., 
2004 

Wet etching Relatively easy  
Choice of wetting 
properties 
depending on the 
chosen material  
Can reproduce 
any network 
pattern 

The curvature on the walls 
makes back light illumination 
impossible 
Limited rio between pore 
width and depth  
Mask needed 

Wegner and 
Christie, 1983; 
Johnston, 
1962; Sagar 
and Castanier, 
1998 

Deep Reactive 
Ion Etching – 
Laser etching-
Ion etching 

Highly accurate 
Can reproduce 
any network 
pattern 

Limitation on the depth of the 
model 
Maximum ratio between 
width and depth 
Very expensive 

Yeom et al., 
2003; Ohara et 
al., 2010 
 

Stereo 
lithography 

3-D structures Low resolution 
Very expensive 

Hull, 1986;  
Melchels et al., 
2010 
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construction of glass-bead micro-models is relatively easy, the creation of a flow 
network in glass or quartz plates is quite involved. However, if the flow network has to 
meet some stringent requirements (such as vertical walls, stable wettability properties, 
mechanical and chemical stability), then glass or quartz are the materials of choice. This 
creates some problems, given their physical properties.   
Glass micro-models are relatively cheap to make using the chemical etching method. 
However, this cannot be done in a regular lab environment, because of the use of acids. 
This should be done in a well-controlled environment, like a clean room. When ion 
etching is employed, it is impossible to make them in a regular lab. The whole 
procedure requires specialized infrastructure, takes a lot of time and it is very 
expensive. Moreover, to date, there is an upper limit of about 20 to 30 microns on the 
maximum etched depth that can be reached with the channels still having a rectangular 
cross section. Additionally, there is a high probability that the whole procedure can fail 
in the last step of manufacturing, which is sealing the model. This is especially difficult 
if the features of the flow network are very small, providing not enough surface for 
bonding. Finally, given the cost in time and money, one has to be very careful with glass 
micro-models as they may break easily. 
On the other hand, glass micro-models are stiff and rigid, and if the depth of the flow 
network is kept small (up to 20 μm) the whole manufacturing procedure can be well 
controlled. This provides very high quality micro-models that are practically insensitive 
to room temperature changes, have very well-defined wetting properties, can 
withstand pressures up to a few atmospheres, and hardly react with fluids that are 
commonly used in two-phase flow studies. 
Soft materials, like PMMA and PDMS, are suitable for making inexpensive micro-models 
fast. PMMA, which is harder than PDMS, is an acrylic thermoplastic material, which is a 
good substitute for glass. It is not as rigid and stiff as glass, thus it is easier to treat. It 
can be etched either with laser radiation, with the use of ions, or chemically. PDMS 
micro-models are very cheap to produce, and can be made in a normal laboratory. 
However, one needs a master wafer, on which the flow network is formed; that has to 
be prepared in a clean room. Then, this wafer can be used to prepare from ten to fifteen 
micro-models in a normal lab.  
While soft materials have the advantage of being very cheap and relatively easy to 
make, and do not require special laboratory (in the case of PDMS), there are some 
limiting issues. They react or absorb fluids and chemicals that are commonly used in 
two-phase flow studies. This results in a deformation (swelling) of the material that 
changes the properties of the flow network. For PDMS, there are some well-known 
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mixed wettability issues and change of properties with time. Special treatment may 
help but it is not always effective. These materials can deform under moderate 
pressures (less than an atmosphere) resulting in breaking the model in the case of 
PMMA, or destroying the bonding in the case of PDMS.  
Silicon micro-models can be made in the same way as glass ones. Because of the 
different physical properties of the materials, tuning parameters should be properly 
adjusted, but the processes remain the same. But, they have severe limitations if they 
are to be used for two-phase flow studies. A major problem is that silicon is translucent 
and, therefore, one cannot use a wholly silicone-made micro-model for direct optical 
visualization.  So, they are usually sealed with glass, or another transparent material. 
This means that the fluids involved will experience the presence of two different 
materials, with two different wetting properties. This is usually not desirable in two-
phase flow studies. On the other hand, they provide the advantages that a glass-made 
micro-model has.  
 
2.4 Micro-models visualization methods 

2.4.1 Basic issues 

Since their inception, a challenge in using micro-models has been the ability to monitor 
fluids configuration, fluid flow, and various features inside the micro-model.  The choice 
of the visualisation method is essential to the outcome of any experiment. In a two-
phase flow experiment, average saturation and specific interfacial area are some of the 
main variables of interest. The measurement of these variables is based on the study of 
pictures or videos. Given the dimensions of the pattern in a micro-model, the demands 
on resolution and color depth are quite strict. Moreover, in the case of dynamic 
experiments, where the fluids distributions need to be recorded as a function of time, a 
high image acquisition rate from the visualisation setup is also required.  
Chatenever and Calhoun used cine-photo-micrography in their experiment in 1952. The 
apparatus consisted of a microscope and its accessories (lenses, mounts, etc.), a 16mm 
movie camera, a beam splitter, an arc illuminator, and an exposure meter. They 
obtained images of fluids distribution during an oil-flood experiment (Figure 15). 
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Figure 15. Images taken by Chatenever and Calhoun, 1952, during an oil-flood 
experiment. The right image is a magnified part of the left one. The spheres were 
uniform, with a size of 0.007 inches in radius. Left:  A photomicrograph showing a 
portion of the channel flow structure established in an observation flow cell. Right: 
Close-up of fluids configuration and the final pendular rings formed during the oil flood.  
 
The methods used to monitor two-phase flow, statically or dynamically, may be 
classified in four groups. These are methods making use of a microscope alone or along 
with a camera, photo-luminescent volumetric method, and fluorescent microscopy.  
 
2.4.2  A microscope-camera visualization setup 

This monitoring setup is quite simple. The micro-model is put under the objective lens 
of a microscope. The camera is mounted on the ocular of the microscope (Rangel-
German and Kovscek, 2006; Keller et al., 1997, Corapcioglu et al., 2009; Vayenas et al., 
2002; Paulsen et al., 1998). The camera is connected to a computer to allow for rapid 
data acquisition that can be stored in the computer. Images are processed and analyzed 
with appropriate software. From such analysis, one can determine average saturation 
and specific interfacial area (Cheng, 2002; Pyrak-Nolte et al.; 2008; Cheng et al., 2004; 
Chen et al., 2007). Figure 16 shows images obtained through visualization method. 
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Figure 16. Images taken from a micro-model’s flow network with a Qimaging Retiga EX 
camera through an Olympus microscope. The left picture is taken from a pattern with 
an aperture of 2 microns while the right picture is from a pattern with 1 micron 
aperture (Pyrak-Nolte et al., 2008).  The size of the domain is 600μm x 600 μm. 
 
This technique is used when there is a need for a very high resolution—for example, 
when the smallest pore sizes are one to two microns or variables such as interfacial 
area need to be determined. This technique is not applicable when the micro-model is 
elongated and dynamic effects are being studied. The reason is that the optical window 
of a microscope is limited in size, meaning that while the microscope is focused on a 
specific area of the micro-model, there is no way to record what is going on in an area 
that is outside the optical window. A solution is to move the micro-model or the ocular 
of the microscope rapidly but this would introduce unknown inertial forces in the 
micro-model or poor image quality as the camera should be focused at all times, which 
would be difficult. For quasi-static conditions, this technique is quite appropriate. 
 
2.4.3 Direct visualization with a camera 

This method is somewhat similar to the setup described above. The difference is that no 
microscope is used and the camera captures images directly (Soll et al., 1993; Chang et 
al., 2009; Conrad et al., 1992; Hematpour et al., 2011). Thus the camera can be placed at 
different orientations with respect to the micro-model. The camera can be situated at a 
distance from the micro-model in order to exclude any vibrations affecting the system. 
The camera may also have an extra objective lens in order to increase the magnification 
of the system. High resolution digital cameras with sophisticated CCD and CMOS 
sensors allowed the elimination of the microscope.  
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Figure 17. Photographs taken with a camera. (Chang et al., 2009). On the left, a channel 
from the micro-model is pictured. On the right, the same channel is pictured after 
treatment to become hydrophilic. In red is diesel fuel and in blue is water. 
 
Figure 17 shows images of an acrylic micro-model taken with a camera at a resolution 
of 640x480 in a Red, Green, Blue (RGB) format (Chang et al., 2009). The micro-model 
shown in the right is treated to have a thin film of silicate coating on the acrylic surface. 
The effect of this treatment on micro-model wettability is quite visible. After heating in 
an oven at 110 0C, the silicate coating changed the wetting characteristics of the micro-
model from hydrophobic (left) to hydrophilic (right). 
Generally, cameras without a microscope are used to analyse and measure when 
magnification of the image is not necessary and the needs for resolution are not 
stringent. The use of a microscope provides better resolution but less flexibility. 
Currently, cameras built for monitoring micro-phenomena have a satisfying frame rate 
for photographs and video, as well as good resolution and color depth. Also, powerful 
software provides easy handling and analysis of the data acquired. Cameras have the 
advantage of moving without disturbing the micro-model. This offers the ability to 
monitor dynamic or static effects where the movement of the camera could be 
necessary. More than one camera can also be used to monitor different parts of a micro-
model simultaneously. This cannot be done when using a microscope-camera setup.  
 
2.4.4 Photo-luminescent Volumetric Imaging (PVI) – Confocal  microscopy  

Montemagno and Gray (1995) introduced the PVI method.  In order to construct their 
porous medium, they used optical-quality quartz grains. They used two immiscible 
fluids, with their refractive indices matched to quartz (Budwig, 1994). The wetting 
phase was doped with property-selective fluorophores that preferentially partitioned 
onto the fluid-fluid interface. The system was surveyed with a planar laser source at 
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successive planes. The laser beam excited fluorophores and thereby illuminated fluid-
fluid interfaces. A CCD camera was used to capture the fluorescent image (Figure 18). 
After processing of these images, a three-dimensional data set was generated showing 
the pore space as well as the location of the fluid-fluid interfaces. 
 
 

 
Figure 18. The experimental setup for PVI (Montemagno and Gray, 1995) 

The experimental setup consisted of an Argon-ion laser source emitting at 514.5 nm, a 
beam expander, a cylindrical lens, the sample cell, a spectral filter, the imaging optics, 
and a CCD camera. The Argon-ion laser source emitted a laser beam with a diameter of 
1.5 mm. The beam expander increased the beam’s diameter to 25 mm and the 
cylindrical lens transformed the beam from cylindrical to planar. The beam’s thickness 
was 125 μm and had a width of 15 mm in the sample cell. When the fluorophores in the 
sample cell were excited, they emitted a light with a different wavelength from that of 
the excitation source. This light passed through a spectral filter, which cut off any 
unwanted wavelengths and, with the proper optics, was directed to the CCD camera. 
After an exposure of approximately 100 ms the CCD system digitized the image and 
transferred it to a computer. The resolution gained was better than 1 μm over volumes 
even greater than 125 mm3. As a continuation of the work of Montemagno and Gray, 
Zang (1998) studied the application of photo-luminescent volumetric imaging in 
multiphase dynamics in porous media. Later, Stohr et al. (2003) used this method to 
perform 3-D measurements of single-phase flow and transport on the pore scale. This 
method was the first high-resolution index-matching- technique to visualize the flow of 
two immiscible liquids at the same time.  
One application of fluorescent microscopy is Micro-Particle Imaging Velocimetry (μ-
PIV), a technique used to investigate micro-scale fluidic transport and mixing 
(Shinahara et al., 2004; Perrin et al., 2005; Fernandez-Rivas et al., 2007). Micro-PIV has 
been used to study pressure-driven flow (Meinhart et al., 1999; Tretheway and 
Meinhart, 2002; Devasenathipathy et al., 2003; Sato et al., 2003; Shinohara et al., 2004), 
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electro-osmotic flow (Devasenathipathy et al., 2002), and the fluid dynamics of blood 
capillaries in vivo (Sugii et al., 2002) and in vitro (Sugii and Okamoto, 2004; Okuda et 
al., 2003).  
Micro-PIV is based on Particle Imaging Velocimetry method, where micron-size 
particles are used as markers in fluid flow to measure instantaneous velocity fields in 
experimental fluid mechanics (Keane and Andrian, 1992). These particles should match 
well the properties of the fluid under consideration; they should follow the movement 
of the fluid, should not affect its properties (such as viscosity), and should not sink. 
Lindken et al. (2009) presented a review of micro-PIV including recent developments, 
applications, and guidelines. 
Wereley and Meinhart (2005) gave a detailed description of the technique in theory 
and practice. Figure 19 shows a schematic description of a typical micro-PIV hardware 
implementation. 

 

 
Figure 19. Schematic description of a typical micro-PIV hardware implementation 
(Wereley and Meinhart, 2005).  
 
The imaging principle is fluorescent microscopy. The laser source, which can be pulsed 
or continuous wave, emits light that is guided to a lens that converts the light beam to a 
planar one. Light passing through the micro-model excites the fluorescent particles, and 
when they get de-excited, they emit light at a higher wavelength. The filter allows only 
light emitted from the fluorescent particles to reach the camera’s sensor. In order to 
increase the efficiency of the technique, the objective of the microscope is put into 
immersion oil.  
In this way, two-dimensional images can be obtained. Three-dimensional images can be 
constructed if fluorescent microscopy is combined with confocal microscopy. From 



34 
 

these images, the change in the position of an individual particle can be measured. 
Because the time interval between two sequential images is known, the whole velocity 
filed can be computed. If the particles are property-selective, the flow velocity of 
individual phases can be measured using different particles for different phases.  
Confocal microscopy is another technique based on the same effect (laser induced 
fluorescence) but is applied differently. It is a point-by-point imaging method. Confocal 
microscopy creates sharp images of specimens that would otherwise appear blurred 
when viewed with a conventional microscope. It also allows the construction of a three-
dimensional image of the specimen by superposing two-dimensional images obtained 
at sequential layers. Marvin Minsky patented confocal microscopy in 1957 (Minsky, 
1988). Semwogerere and Weeks (2005) presented the basic concepts of confocal 
microscopy. 
 

 
Figure 20. The basic setup for confocal microscopy (Semwogerere and Weeks, 2005). 
 
Figure 20 provides a schematic of confocal microscopy (Semwogerere and Weeks, 
2005). Light from a monochromatic light source (usually laser) is reflected from a 
dichroic mirror and projected on the specimen through an objective lens. The sample is 
either dyed with fluorescent dyes or contains fluorescent particles. These particles 
absorb the light from the light source and emit light when they get de-excited at a 
wavelength that is higher than the absorbed light. This emitted light passes through the 
dichroic mirror while the light from the light source is reflected back to the source. Two 
filters are used to ensure that only light that is along the optical axis will be used. Thus, 
the sample is visualized point-by-point in two-dimensions.  
Confocal microscopy is ideal for effects that are relatively slow and where the smallest 
feature that needs to be visualized is less than the optical diffraction limit—precisely 
where conventional optical microscopy fails to give results (Lindek et al., 1996; Hell et 
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al., 1994, Baumann and Werth, 2004; Baumann and Werth, 2002; Baumann, 2007; 
Sirivithayapakorn and Keller, 2003; Keller and Auset, 2006; Baumann and Niessner, 
2006, Wan and Wilson, 1994a, 1994b;).  Grate et al. (2010) discussed the visualization 
of wetting film structures and a non-wetting immiscible fluid in a pore network micro-
model using a solvatochromic dye. 
In table 2, visualization methods along with their limitations and applicability are 
presented. 
 
 

Table 2. The visualizations methods along with their limitations and their applicability. 
 
 
2.5 Applications of micro-models in studies of flow and transport in porous 
media 
 
2.5.1 Studies of two-phase displacement processes 

The majority of the applications of micro-models in studies of flow and transport in 
porous media are related to the immiscible displacement of two fluid phases ( Avraam 

Visualization method Suitable for Limitations 

Microscope and camera Any transparent (partially), two 
dimensional micro-model 
High resolution optical images 

Not suitable for three-
dimensional models 
Limited in resolution 
(above 1μm) 

Direct visualization with 
a camera 

Relaxed needs in resolution 
High acquisition rate 

Not suitable for three-
dimensional models 
Very low resolution 

Photo-luminescent 
Volumetric Imaging 

Three-dimensional porous 
media. 
High resolution 

Refractive index 
matching is necessary 
Relatively slow effects 
Relatively expensive 

Confocal microscopy Very high resolution (sub-
micron) 
Quasi-static or very low speed 
effects 

Effective for depths up to 
250 μm 
Relatively expensive 
Very low acquisition rate  
Not suitable for dynamic 
effects 
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et al., 1994; Baouab et al., 2007; Dawe et al., 2010, 2011; Budwig, 1994; Chatenever and 
Calhoun, 1952; Chen and Wilkinson, 1985; Chuoke et el., 1959; Corapcioglou et al., 
2009; Coskuner, 1997; Cottin et al.,  2011; Crandall et al., 2009; de Zelicourt et al., 2005; 
Toth et al., 2007; Tsakiroglou and Avraam, 2002;  van der Marck and Glas, 1997; Wan et 
al., 1996; Chang et al., 2009; Theodoropoulou et al., 2005; Berejnov et al., 2008; 
Tsakiroglou et al., 2003, 2007 ). Processes of drainage and imbibition, as well as the 
mechanisms that dominate them, like viscous or capillary fingering, snap-off, etc., have 
been studied using micro-models (Zhang et al., 2011; Ferer et al., 2004; Grate et al., 
2010; Gutiérrez et al., 2008; Hug et al., 2003; Huh et al., 2007; Jeong and Corapcioglu, 
2003, 2005; Jeong et al., 2000; Kalaydjian, 1987; Lovoll et al., 2005; Mattax and Kyte, 
1961; Montemagno and Gray, 1995; Pyrak-Nolte et al., 1988; Rangel-German and 
Kovscek, 2006; Stohr et al., 2003; Sugii and Okamoto, 2004; Tallakstad et al., 2009;  
Lenormand and Zarcone, 1985; Lenormand, 1989, Lenormand et al., 1988; Sharma et al. 
2011; Romano et al., 2011; Frette et al., 1997). 
One of the first studies of two-phase flow under quasi-static conditions and the relevant 
displacement mechanisms was presented in the work of Lenormand et al. (1983). They 
used a transparent polyester resin micro-model (Bonnet and Lenormand, 1977), with 
the channels in the form of a network of capillary ducts. They observed the 
displacement of the meniscus formed by the two phases under different conditions, like 
piston-type motion and snap-off. They determined that two types of imbibition can 
occur depending on the number and spacing of the ducts filled with the non-wetting 
phase. Later on, Chang et al. (2009) conducted displacement experiments following 
Lenormand’s assumptions.  They provided valuable experimental support and 
suggestions for Lenormand’s displacement formulas, which are the basis for many 
related experimental and numerical studies.   Lovoll et al. (2010) used a glass-beads 
micro-model to study the influence of viscous fingering on dynamic saturation-pressure 
curves. They obtained a scaling relation between pressure, saturation, system size, and 
the capillary number. 
Dong and Chatzis (2010) studied the movement of a wetting film in a liquid-gas system. 
They used a consolidated glass-beads micro-model. They found that the capillary 
pressure controls the wetting film imbibition ahead of the main displacement front. 
Cottin et al (2010) studied the transition from capillary to viscous flow during drainage, 
and its dependence on the capillary number. They employed two kinds of micro-
models. One was manufactured using standard soft lithography techniques and the 
other was manufactured with wet etching techniques. Their experiments shed light on 
the role of viscous forces during the invasion process and their competition with the 
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capillary force. At very low applied capillary number, the invading liquid flowed 
through one single channel at the time and built a very open structure. At larger 
capillary number, the role of viscous forces increased. 
 
2.5.2 Measurements of interfacial area and phase saturation 

An important application of micro-models has been in the measurement of two-phase 
flow properties that cannot be determined with standard experiments. A major 
example is the quantification of the area of interfaces formed between phases, in 
particular the fluid-fluid interface. The significance of fluid-fluid interfaces in two-phase 
flow has been recognized as early as 1951. Rapoport and Leas (1951) elucidated the 
role of interfaces and interfacial energies in controlling the simultaneous flow of two 
fluids in a porous medium. Later on, theoretical studies proposed that a complete 
description of two-phase flow in a porous medium should take into account the 
evolution and dynamics of fluid-fluid interfaces (see e.g., Marle, 1981, 1982; 
Hassanizadeh and Gray, 1990, 1993a, 1993b). A major obstacle to making advances in 
this regard is our ability to measure specific interfacial area. Micro-models have made 
possible the experimental investigation of the role of interfaces (Crandall et al., 2010; 
Pyrak-Nolte et al., 2008).  
 Recently, two-phase flow studies were performed using photo-resist micro-models 
that had flow patterns based on stratified percolation (Cheng, 2002, Pyrak-Nolte et al., 
2008; Cheng et al., 2004; Chen et al., 2007). In these studies, distributions of the two 
phases in the flow network during quasi-static drainage and imbibition were visualized. 
Phase saturation and interfacial area could be determined using image processing and 
relationships between phase saturation, capillary pressure, and interfacial area were 
investigated. They found that for each set of capillary pressure and saturation data 
point, a single value for specific interfacial area exists (see Figure 21). More 
importantly, the surfaces produced by the graphical representation of these triplets 
were nearly the same for drainage and imbibition, within the limits of experimental 
error (Chen et al., 2007; Cheng, 2002; Cheng et al., 2004; Liu et al., 2011). Later, 
dynamic drainage and imbibition displacement experiments were performed (Bottero, 
2009; Crandall et al., 2010). Under these conditions, unlike qualitative experiments, 
capillary pressure within the network is not equal to the externally applied pressure 
anymore. Therefore, local capillary pressure was determined from the curvature of 
each individual interface. 
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Figure 21. The graphical representation of the triplets during drainage experiments 
(Cheng et al., 2004). 
 
In these visualizations, interfaces are seen as a line and there is no information on the 
third dimension. If one assumes the depth of the model to be constant, the area of 
interfaces can be calculated. However, the depth of a photo-resist model is not really 
constant. The photo-resist layer where the flow network lies is produced by spin-
coating. Because centrifugal forces depend on the distance from the origin, the depth of 
the model is not the same everywhere. However, this discrepancy can be negligible in 
small micro-models.  
The curvature of an interface in the third direction cannot be determined with optical 
means. If images are acquired in grayscale and a very high resolution, the curvature 
may be estimated by means of processing the change in the grey shade of the interface..  
If only the quasi-static case is examined, fluorescent microscopy could present an 
alternative to the optical means to obtain three-dimensional images. In this case, the 
model should be very small in size (a few pores), given that the field of view is limited. 
Under dynamic conditions, conventional optical microscopy is the best way to deal with 
the situation. Any other method requires time for the image acquisition. During this 
time, the distribution of phases in the flow network changes in a way that makes the 
images acquired useless.  
 
2.5.3 Measurements of relative permeability  

The effective two-phase flow coefficients of porous media, such as the capillary 
pressure and relative permeability functions, bridge the gap between the microscopic 
flow dynamics and the macroscopic behavior of porous media flow (Kalaydjian, 1990; 



39 
 

Avraam and Payatakes, 1999; Chang et al., 2009; Rapoport and Leas, 1951; Karoutsos 
and Tsakiroglou, 2005; Tsakiroglou et al., 2003, 2007, Wang et al., 2006). Thus 
determining relative permeability of each phase as a function of saturation under a 
wide range of experimental conditions is important (Chang et al., 2009). Tsakiroglou et 
al. (2003) used micro-models to study the influence of the capillary number on non-
equilibrium immiscible displacement in two-phase flow experiments. They showed that 
the relative permeabilities of the two phases are not only a function of saturation but 
also strongly depend on capillary numbers (Figure 22). 

 
Figure 22. Estimated relative permeability—saturation curves for different capillary 
numbers (Tsakiroglou et al., 2003).  
 
Tsakiroglou et al. performed their measurement with a glass-etched micro-model, 
initially totally filled with the wetting phase (distilled water with methylene blue). The 
non-wetting phase (paraffin oil) was then injected into the network, at a fixed flow rate 
with the use of a syringe pump. With the use of a CCD camera, successive shots of the 
displacement were captured from a central region of the network. The pressure drop 
along this central region of the network was measured with a differential pressure 
transducer, with respect to time. This procedure allowed the determination of 
saturation and relative permeability of each phase as a function of time.  
Alternatively, Chang et al. (2009) calculated relative permeability by keeping a constant 
pressure head difference between the wetting and the non-wetting phase. For drainage, 
the non-wetting phase was introduced into a micro-model that was already fully 
saturated with the wetting phase, while the wetting phase flow rate was measured. This 
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was continued until steady state was reached. Images from the micro-model were taken 
with the use of a CCD camera.  
The main issue that needs to be addressed in such measurements is the accuracy in 
determining phase pressures or in measuring phase saturation. Phase saturation 
measurement depends on the resolution of the visualization setup and can be usually 
quantified. Phase pressure, however, is very difficult to measure. Especially in complex 
flow networks with very small dimensions, it is practically impossible to measure local 
pressure within the micro-model. Post processing is necessary to retrieve and calculate 
the average value for a given spatial domain. 
 
2.5.4 Enhanced oil recovery 

Micro-models have also been used to study oil recovery from underground reservoirs 
in the presence of gas and water phases (Keller et al., 1997). Buckley (1990) reviewed 
the application of micro-models in multi-phase flow and enhanced oil recovery. 
Enhanced oil recovery relies on the displacement of oil by another liquid or gas towards 
a well where oil is collected (Liu, 2006). The most common techniques involve the 
injection of gases and chemicals, such as polymers and foams. The success of these 
techniques depends on the physical properties of each phase, the viscosity ratios, 
capillary number, temperature, reservoir conditions, and flow dynamics. These factors 
have been studied in a number of micro-models (Amani et al., 2010; Armstrong et al., 
2010; Dong et al., 2007; Hematpour et al., 2011; Nguyen et al., 2002; Nourani et al., 
2007; Sagar and Castanier, 1998; Soudmand-asli et al., 2007; Wyckoff and Botset, 1936; 
Zekri and El-Mehaideb, 2002; Mahers and Dawe, 1985; Wardlaw, 1980; Bora et al., 
1997; Nguyen et al., 2002; Lago et al., 2002; Hornbrook et al., 1991; Romero et al., 2002; 
Sohrabi et al., 2001, 2004; Feng et al., 2004; van Dijke et al., 2002; Liu et al., 2002, 2006; 
Oren et al., 1992; Sayegh and Fisher, 2008; Doorwar and Mohanty; 2011; Wang et al., 
2006, Naderi and Babadagli, 2011) . 
Dong et al. (2007) used a micro-model to investigate the displacement mechanisms of 
alkaline flooding in enhanced heavy oil recovery (EOR). They observed that two 
mechanisms govern the EOR process. One was in-situ water-in-oil (W/O) emulsion and 
partial wettability alteration; the other was the formation of an oil-in-water (O/W) 
emulsion. Heavy oil was emulsified in brine by an alkaline plus a very dilute surfactant 
formula, entrained in the water phase, and produced out of the model. The upper left 
image in Figure 28 shows the micro-model containing heavy oil and irreducible water 
at the end of oil injection. The upper right section is an image of pore-level oil and 
water distribution. This image shows water films surrounding the solid boundaries and 
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the continuous oil phase staying in the central portion of pores and throats of the pore 
network. The image also shows that the micro-model is water-wet. The lower part of 
Figure 23 shows the picture of the micro-model network with an injection of a chemical 
slug. In alkaline injection, the injected water phase penetrated into the residual oil 
phase and created some discontinuous water ganglia inside the oil channels to form 
W/O emulsion. The viscosity of W/O emulsion is much higher than that of the crude oil. 
Therefore, the oil was displaced in the form of W/O emulsion with little fingering effect. 
Some oil also touched the pore walls, indicating that the pore wall became partially oil-
wet. The wettability alteration also aided in blocking the water flow in those channels.  
 

 
 

 
 
Figure 23. Above: Micro-model with heavy oil and irreducible water saturation. (Left) 
Portion of micro-model. (Right) pore-level image formation of W/O emulsion in 
alkaline injection. Below: (Left) Portion of micro-model. (Right) pore-level image (Dong 
et al., 2007). 
 
Nourani et al. (2007) used a glass micro-model to simulate a fractured system and the 
microbial enhanced oil recovery (MEOR) technique (Stewart and Fogler, 2001, 2002; 
Soudmand-asli et al., 2007; Armstrong and Wildenschild, 2010; Amani et al., 2010; 
Zekri and El-Mehaideb, 2002, Terri et al., 2001). This method is based on the reduction 
of interfacial tension (IFT) and the change of the wettability of rock with the aid of 
bacteria to make the displacement of oil easier. In their work, five bacterial species 
were taken from MIS crude oil originating from one of the aging Persian fractured 
reservoirs. These micro-organisms are very strong in increasing oil recovery in the two 
ways mentioned above. Two series of visualization experiments were carried out to 
examine the behavior of microbial enhanced oil recovery in micro-models designed to 
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resemble the fractured system: static and dynamic. In the static experiments, a 
carbonate rock-glass micro-model was used to simulate the reservoir conditions. The 
dynamic experiments were performed in a glass micro-model that had a fracture with a 
45 degrees inclination. The image processing methodology was used to determine the 
recovery achieved by MEOR in the micro-model made of glass.  
 
2.6 Summary and Discussions 

This review of micro-models presented the most important concepts behind choosing a 
flow network in a micro-model, the different manufacturing techniques of micro-
models, the available visualization methods, and the various applications of micro-
models. 
The flow networks used in micro-models can be classified based on the model structure 
and the statistical distribution of sizes assigned to its features. The pattern chosen, the 
size distribution of its features, and the experimental purpose determine the choice of 
the micro-model’s fabrication method. Wet etching techniques that are isotropic create 
a curvature on the walls of the micro-model. If optical microscopy with back-light 
illumination is used, this curvature on the walls may cause severe problems. It causes 
refraction and the images at the bottom of channels are shown in black. A possible, but 
not entirely effective, solution is to use a light diffuser. While dry etching techniques, 
like plasma etching, provide vertical walls, they are not that efficient when the depth of 
the micro-model becomes high. It is very difficult to reach depths equal to or higher 
than 50 μm without damaging the profile of the channel or the verticality of the walls.  
An inexpensive and effective way of making micro-models is optical lithography. It is 
accurate and precise. However, optical lithography has a major drawback. If the photo-
resist, inside which micro-model channels are made, is exposed to ultraviolet or near-
ultraviolet light, then it produces nitrogen that will eventually destroy the model on its 
way out of the closed system. A solution to this problem is to hard bake the model 
before using it, or use filters that partially block the harmful wavelengths. However, 
none of these solutions are permanent. The only effective solution is to totally eliminate 
wavelengths close to the harmful spectral region, which could be quite expensive. 
Stereo-lithography is an effective way of making polymeric micro-models, provided 
they are not very small. This technique is effective in manufacturing integrated 
structures but it becomes problematic when the dimensions become very small 
(microns). Moreover, stereo-lithography is expensive because an integrated 
commercial system is needed in order to produce such models. 
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Soft lithography is an inexpensive and effective way of making polymeric micro-models. 
The major problem with these models, when it comes to flow studies, is that their 
wetting properties change with time. After some time, the wetting phase may become 
the non-wetting phase   Also, care must be taken to ensure that the phases involved in 
two-phase flow experiments will not cause the material to swell or become deformed. 
Hele-Shaw glass-bead models are easy to make without spending too much time and 
money. They are useful and simple. However, they have problems being visualized 
optically. The beads or spheres between the two glass plates limit visualization to only 
one side because they are three-dimensional objects. As such, measurements for 
saturation or interfacial area will not be accurate enough and some assumptions 
regarding the symmetry of menisci must be made. 
All manufacturing methods requiring a mask are highly affected by the preciseness of 
the mask used to form the network on the material. If the mask is of low resolution, 
then the actual network will be of low resolution too. 
Various ways of visualizing events occurring in a micro-model include using a camera, 
combination of a microscope and a camera, and laser-induced fluorescence. The use of 
a microscope, with or without a camera, is a purely optical way of visualizing flow 
through the micro-models. The accuracy of measurement is highly dependent on the 
resolution of the recording apparatus, which is always lower than the diffraction limit. 
Laser-induced fluorescence methods are more accurate. With their use, three-
dimensional images can be reconstructed, which cannot be done with optical means. 
However, these methods are restricted in their acquisition time and their field of view. 
Thus, they can be used only under static, or nearly static, conditions. In the case of front 
light optical microscopy, the flow network can be formed in silicon and sealed with 
glass, or another transparent material. However, this would introduce wettability 
issues, as the phases involved will experience the presence of two different materials 
with different wetting properties, something that is not desired. Evidently, deciding on 
the appropriate micro-model for a specific application is complicated.  
Micro-models have been and will continue to be a very powerful tool to study flow and 
transport phenomena on the micro-scale.  However, further research is needed to 
improve their properties, the existing techniques of manufacturing and visualization, as 
well as the development of new materials and techniques. For instance, one of the 
limiting factors in the use of micro-models in two-phase flow is the optical visualization 
of flow and the distribution of fluids in three dimensional micro-models. This is 
important in the sense that single-layered micro-models are considered to be quasi-
two-dimensional porous media. This raises some questions regarding their 
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correspondence to real porous media. The improvement of etching methods so as to 
create channels that have a rectangular cross section at depths higher than 40 μm is 
also a challenge. Another important issue is the development of micro-sensors for 
measuring local phase pressure, within the flow network of a micro-model; this will be 
a major advantage in two-phase flow studies. Also, the development of new materials, 
or the modification of the existing ones is needed to meet certain experimental 
requirements. For example, for reliable and accurate experimental results, it is 
important to have micro-models with stable wetting properties. Finally, the ultimate 
goal would be to have the ability to produce cheap, easy to make micro-models, that 
represent a real porous medium well, and to be able to take measurements that can be 
trusted, independently of the nature of the model, in terms of their dimensions.   
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Chapter 3 
 

Quasi-static, two-phase flow pore network model 
 
3.1 Introduction 

The conventional theory of two-phase flow is based on a macro-scale equation derived 
empirically by Henry Darcy (1856). Darcy’s equation for the case of slow flow of two 
immiscible fluids can be written in the following form:  

( )rk Kq P gα
α α α

α

ρ
µ
⋅

= − ⋅ ∇ −


 
   (1), 

where q is the Darcy velocity vector, krα is the relative permeability of α-phase, K is the 
intrinsic permeability tensor, μα is the fluid viscosity of α-phase, Pα is the α-phase 
pressure, ρα is the α-fluid density and g is the gravitational acceleration vector. In two-
phase flow, the pressures of the two fluid phases are different because of the capillary 
pressure induced by the interfaces. In current theories, this is modeled by introducing 
capillary pressure, and assuming that it is a function only of saturation (Bear et al., 
1968):  

( )n w c wP P P S− =         (2) 
where Pc is the capillary pressure, Pn is the pressure of the non-wetting phase, Pw is 
the pressure of the wetting phase and Sw is the saturation of the wetting phase. Thus, 
while the traditional theory does take into account the capillary pressure, which is the 
result of the presence of fluid-fluid interfaces, it does not explicitly include these 
interfaces as an independent variable. This has resulted in the fact that Pc is not a 
unique function of Sw but it is hysteretic. Computational and experimental works (Chen 
and Kibbey, 2006; Cheng et al., 2004; Held and Celia, 2001; Joekar-Niasar et al., 2007; 
Reeves and Celia, 1996) have shown that in fact Pc is not only a function of Sw but also 
depends on the specific interfacial area, awn (area of the fluid-fluid interface per unit 
volume of porous medium.  
A rigorous derivation of governing equations for two-phase flow in porous media, 
based on principles of mass, momentum and energy conservation and the second law of 
thermodynamics, has resulted in the following extension of Darcy’s law for two-phase 
flow (Hassanizadeh and Gray, 1993a; Hassanizadeh and Gray, 1993b):              
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1 2( )wnrk Kq P g S aα
α α α α α α

α

ρ λ λ
µ
⋅

= − ⋅ ∇ − − ∇ − ∇


 
  (3) 

where λα1  and λα2 are new material coefficients that are related to the rate of change of 
free energy of α-phase due to a change in saturation and interfacial area, respectively. 
Thermodynamic theories have also led to the following generalized equation for 
capillary pressure (Hassanizadeh and Gray, 1993a):      

( , )wn
n w c wP P P S a− =   (4) 

which indicates that the capillary pressure is not only a function of saturation, but also 
of the specific interfacial area, awn. This is in line with results of computational and 
experimental results [Chen and Kibbey, 2006; Cheng et al., 2004; Held and Celia, 2001; 
Pyrak-Nolte et al. 2008; Chen et al., 2006; Niessner and Hassanizadeh, 2008; Joekar et 
al., 2008). Introduction of specific interfacial area into the theory for two-phase flow 
makes it possible to model hysteresis in Pc - Sw relationship and to account for driving 
forces specific to two-phase flow. Equations (3) and (4) must be supplemented by 
equations of conservation of mass and interfacial area.  
In order to study two-phase flow in a porous medium, an artificial porous medium with 
known properties had to be manufactured. This artificial porous medium is called a 
micro-model.  Even though there is no definition of a micro-model, one may state that a 
micro-model must satisfy two major requirements. It should be a representation of a 
porous medium. Thus, it should allow flow through it and this flow should be in the 
micro-scale. This means that the dimensions of the features of the flow network, like 
pore bodies and throats should be on the micro scale. It should also provide the ability 
to visually observe the flow. Taking these requirements into consideration, we could 
say that a micro-model is a construct with the following general characteristics. It is 
made of a transparent material, usually glass, but it could also be polymeric. In this way, 
visual observation is possible. The flow pattern is a network of pores and throats with 
their dimensions up to the millimeter scale. This requirement is essential for two-phase 
flow studies as capillary effects are inversely proportional to the pore size. The overall 
size of a micro-model is on the centimeter scale. There must be also an inlet and an 
outlet area for the introduction and removal of the wetting and non- wetting phase. The 
flow network lies in a channel between the inlet and outlet area. Given the fact that 
there is no way to visualize optically the effects on the third dimension of the micro-
model, it is considered to be a two-dimensional porous medium.  
In this work, an elongated, glass-etched micro-model with dimensions 5x35 mm2 was 
manufactured and used as a representation of a real porous medium. The fluids 
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involved were inked water as the wetting phase, and fluorinert as the non-wetting 
phase. With the use of an innovative setup designed for optical microscopy for 
elongated samples, the distribution of fluids in the flow network during drainage, and 
its evolution in time, could be visualized and recorded. The experimental results 
obtained for drainage under quasi-static conditions were compared to the results 
obtained from a pore network model.  The flow network of the micro-model was 
designed based on the pore network generated from the pore network model. In this 
way, the comparison between experiment and model referred to the same geometry 
and topology for the flow network.  
In the pore network model, drainage and imbibition were modeled under quasi-static 
conditions. A number of realizations were chosen based on the number of pore bodies 
and pore throats of the flow network. With the use of the computational results for the 
flow rates versus the externally applied pressure, relative permeability of each phase 
could be calculated. Graphs between capillary pressure, saturation and interfacial area 
were constructed for drainage and imbibition. The comparison between these graphs 
showed that the inclusion of interfacial area as a separate state variable provides with 
an alternative way and more effective way of modeling the hysteretic behavior of the 
system. 

 
3.2 Model description 

3.2.1 Structure 

The elongated pore network topology was generated by using Delaunay triangulation, 
as it is considered to be a good representation of a real porous medium (Heiba et al., 
1992).  
The pore network was represented as a collection of pore bodies and throats. In 
Delaunay triangulation, points are connected to their neighbors by non-intersecting 
bonds. Connected points form triangles that are as equilateral as possible.  The co-
ordinates of the triangulation points were generated in MatLab. These points were 
considered to be the centers of the pore bodies. The connections between the centers of 
two neighboring pore bodies were considered as the pore throats of the network.  
The pore bodies were considered to be circular (planar view) while pore throats were 
rectangular. Both pore bodies and throats were considered to have a rectangular cross-
section.  The co-ordination factor of the network is not fixed, varying from 4 to 6 for the 
2000-points network and from 6 to 9 for the 6000-points network.  
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The planar radius of the pore bodies was assigned by using a random number 
generator. For the number generator, log-normal distribution has been employed. The 
mean pore size was selected to be equal to 40 μm, 50 μm and 70 μm, with a variance of 
12 μm, 15μm and 21 μm respectively, independently of the pore bodies’ number. The 
length of the pore throats was defined as the distance between the centers of the 
neighboring pore bodies minus the summation of their radii.  The width of a pore throat 
was assigned by using the following set of equations (Joekar-Niasar et al., 2010):  
     

1 1
( ) , 0nn n

ij i j i jr nρ ρ ρ ρ −= +     ,     ,
,

i j
i j

RR d=  , ,
,

,
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R
R

π
ρ

π
=

−




  (5) 

 
where rij is the dimensionless radius of the pore throat ij and d is the distance between 
the two centers. In this way, there is an extra tuning parameter for the network, n. Pore 
throats become broader or thinner when n becomes smaller of bigger respectively. In 
case the width of the pore throat becomes larger than the diameter of the smallest 
connected pore, then the width of the throat is automatically assigned to be 90% of the 
diameter of the smallest connected pore. 
Special attention was paid to the fact that the distribution of sizes for pore bodies and 
pore throats should overlap to an extent. It has been reported in many papers that if 
there is some overlapping, then imbibition is facilitated. In figure 1 the distribution of 
sizes between pore bodies and pore throats for log-normal distribution can be seen. 
The depth of the network was assumed to be constant and equal to the mean pore size. 
This assumption had to be made for two reasons. The first reason was that if the depth 
of the model was close to the mean pore size, then it would be safer to assume that the 
interface in the third dimension, that is not observable, is approximately the same as 
the one seen in the other two. The second reason is that the smallest dimension in a 
pore throat determines the entry capillary pressure, as it will be shown later. If the 
depth is much smaller that the width of a throat, then this will be the dominant 
dimension with respect to the value of the entry capillary pressure. 
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Figure 1. The distribution of sizes for pore bodies and pore throats for log-normal size 
distribution. 
 
In figure 2, the image of the whole network, as well as a magnified part of it, can be 
seen.  

 

         
 

Figure 2. (1) Image of the pore-network with 2000 pore bodies and 6000 pore throats 
and a mean pore size of 40 μm. The void space is represented in black. (2) Image of a 
part of the pore-network with 2000 pore bodies and 6000 pore throats. The geometry 
of the pore bodies and the pore throats can easily be seen. 

 

(1) 

(2) 
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The porosity of the network has been defined as the summation of the volumes of the 
pore throats and the pore bodies, divided by the total volume of the domain. The pores 
at the edges are assumed to be directly connected to the reservoirs, one (reservoir) per 
phase.  

 
3.2.2 Numerical experiments 

Our intention was to simulate under quasi-static conditions drainage and imbibition for 
two-phase flow. In a few words one can say that drainage is the process where a porous 
medium that is fully saturated with the wetting phase starts to get filled with the non-
wetting phase, with the aid of an externally applied pressure. In this way, the wetting 
phase is pushed out of the porous medium. Imbibition is the inversed process where 
the wetting phase invades back into the network spontaneously by lowering the 
externally applied pressure on the non-wetting phase. In this work, the fluids used 
were water as the wetting phase and fluorinert as the non-wetting phase. The entry 
capillary pressure of a pore throat is defined from equation 6 (Joekar-Niasar et 
al,2009). 
 

2 2

1
( ) cos ( ) cos 4 ( 2 cos ( )cos )

4 4( )
4( 2 cos ( )cos )

4 4

entry nw
c

a b a b ab
P

π πθ θ θ θ θ θ
σ

π πθ θ θ θ

−
− + + + + − − +

=
− − +

    (6)

 

Where σnw is the interfacial tension between phases, a and b are the width and the 
depth of the throat respectively and θ is the contact angle between the fluid-fluid 
interface and the solid surface.  
Modified Young-Laplace equation had to be employed in order to calculate the entry 
capillary pressure, given the rectangular cross-section of the pore throats. It is a 
straightforward assumption that the entry capillary pressure of the pore bodies is 
always lower than the one of the pore throats as they always have a bigger cross-
sectional area.  
In the case of overlapping, the same equation has been employed but the dimensions of 
the pore throat are assumed to be 1nm in length and its width is given by the following 
formula based on figure 3. 
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Figure 3. Schematic of two overlapping pore bodies forming a two-dimensional pore 
throat. 

2 2
1 1 22 ( )W R R R d= − + −      (7) 

The width of the pore throat is taken from equation 3, while the depth of the throat is 
still the depth of the network.  
Some trapping assumptions have been made. For drainage, two different concepts have 
been employed. One concept is that the wetting phase can be trapped inside the 
network, if two neighboring pore bodies can be filled with the non-wetting phase, or if a 
wetting phase cluster gets disconnected from the wetting phase reservoir. The other 
concept is that the wetting phase cannot be trapped under any circumstances.  
For imbibition, again two different concepts for trapping have been employed. The first 
is that the system can imbibe only through the pores that are directly connected to the 
wetting phase. If two pores that are connected with a throat can imbibe while the 
throat does not, the non-wetting phase can be trapped inside this throat.  The other 
case is that if there is corner flow, any pore can imbibe at any time and it is not required 
that this pore is in direct contact with the wetting phase. Snap off has been taken into 
account. Our network is a spatially correlated network so it was expected that snap-off 
mechanism would be significant given the small contact angle. 
 

3.2.3 Drainage-Imbibition 

In order to study drainage in two-phase flow, the whole network is assumed to be 
initially totally filled with the wetting phase. In our case the wetting phase is water. The 
pressure of the wetting phase reservoir is assumed to be zero at all times. All the pores 
that are filled with the wetting phase and are connected to the wetting phase reservoir 
have pressure equal to zero. Drainage was assumed to be over as soon as the non-
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wetting phase broke through the network or when the whole wetting phase was 
pushed out of the system. The later can happen experimentally with the use of a 
membrane at the end of the network. During imbibition both concepts for the non-
wetting phase trapping were employed.  
 

3.2.4 Relative permeability 

Relative permeability is assumed to be a function of saturation. During drainage and for 
given saturation of the wetting phase, relative permeabilities for the two-phases are 
determined. By repeating the procedure for a sequence of saturations, the curve that 
describes the relation between saturation and relative permeability can be constructed. 
This can be done by solving the pressure field in the flow network. By calculating the 
flow rate with respect to each phase in every pore throat, relative permeability can be 
calculated. In order to calculate the flow rate in every pore throat, Poiseuille’s law had 
to be employed. For a circular cross section, Poiseuille’s law is shown in equation 5. 

 
4

8
i j

ij ij
ij

P P
q r

l
π
µ

−
=     (8) 

 

Where qij is the discharge along the pore throat ij, Pi and Pj are the pressures at the i, j 
pore bodies respectively, and lij is the throat’s length. 
 
Given the fact that in our case the cross sectional area was not circular but rectangular, 
Poisueille’s laws for the wetting phase can be written as in equation 9 (Patzek and 
Kristensen, 2001). 
 

2
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G, that is called shape factor, is defined in equation 10. 

2

AreaG
Perimeter

=    (10)  

and is dimensionless. 
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For the non-wetting phase many approximations for Poiseuile’s law have been 
employed but they do not differ much from the following. From the rectangular cross-
sectional area, the equivalent circular one can be assigned to any pore throat. This 
means that for a cross-sectional area equal to a∙b, with a and b being the width and the 
height of a pore throat respectively, the equivalent circular cross-section will have a 
radius equal to: 

abr
π

=      

After this assumption for the non-wetting phase, Poiseuille's law has been used in its 
original form for a circular cross sectional area with a radius as mentioned earlier. 
The volume balance for each pore body demands that  
 

1
0

iN

ij
j

q
=

=∑    (11) 

Relative permeability can be obtained by solving the linear system of equations for 
every pore. This system of equations has the form A.B=X. B is known as it carries the 
pressure of every pore body that is connected to the reservoirs for both phases. A is 
also known as its elements can be calculated through the conductance of the pore 
bodies that are inter-connected and are filled with the phase studied. In this way total 
flow rate and intrinsic permeability can be calculated.  The non-wetting phase is free to 
move as soon as there is connectivity of the phase in the network something that does 
not happen until breakthrough. After breakthrough, there is no reason for saturation to 
change as there is a flow path formed and preferred. For this reason, it has been 
assumed that as soon as the non-wetting phase breaks through the first REV, then 
calculations for this REV start.  Since for the whole domain there is no breakthrough 
yet, saturation in this REV can change. This is in a way equivalent to the assumption 
that the whole domain is a part of a bigger conceptual domain. In this way, even after 
breakthrough our domain is considered to be an REV in a bigger domain. 

 
3.2.5 REV determination 

One of the things of great importance that had to be determined was the smallest size of 
the network that the network becomes insensitive to its size. This volume of the 
network that has this property is called Representative Elementary Volume. The REV 
size of the network has been determined based on changes in the (Pc,S) curve and the 
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relative permeability of the network for each phase. The determination of REV is of 
great importance as the purpose of the relevant to this work experiment is based on the 
statistical results from the whole domain divided in REVs. For the 2000-pores network 
we have 11.42 pore bodies per square millimeter on average. Tests have been run for 
networks of approximately 100, 150, 200, 250, 350 and 400 pore bodies with sizes 5x2, 
5x3, 5x4, 5x5, 5x7 and 5x7 square millimeters respectively and the same boundary 
conditions were imposed as the ones imposed to the whole domain. The graphs 
acquired from the simulations for various numbers of pore bodies and various sizes for 
the domain were compared to the graph taken from the whole network.  
For the networks with approximately 400 pore bodies and the whole domain, relative 
permeability curves for the wetting phase have been obtained in order to be compared. 
These curves are presented in Figure 4.  
  

 

  
 

Figure 4. Relative permeability vs saturation curves for 400 pore bodies (left) and the 
whole network (right). 

 

Based on the results for (Pc,S) curves and relative permeability versus saturation 
curves for various numbers of pore bodies and various domain sizes,  it was safe to 
assume that the size of an REV covers an area of  5x7 square millimeters, for the 2000-
pore bodies network. This means that in the whole domain of 5x35 square millimeters 
we have five REVs. Similar results were obtained for all the networks. 
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3.3 Numerical results 

3.3.1 Pc-S curves 

In figure 5, Pc-S curves during drainage and imbibition for a 2000-pore network can be 
seen. This network had approximately 6000 pore throats and a mean pore size equal to 
40 μm. On the left side of figure 5, Pc-S curves are obtained assuming that there is no 
corner flow and no residual saturation for the wetting phase so that the system is 
eventually totally drained. In addition to this, the only pores that can imbibe are the 
ones that are directly connected to the wetting phase reservoir. On the right side of 
figure 5 is the same network again assuming corner flow for the wetting phase but this 
time calculations stop as soon as the non-wetting phase breaks through the flow 
network. Snap-off was assumed for imbibition and that is the reason that the wetting 
phase saturation did not become equal to unity again. Because of snap-off, big clusters 
of isolated non-wetting phase were formed in the network, putting a limit in the 
saturation of the wetting phase. 

  
Figure 5. Pc-S curve for a 2000-pores network. a)  it is assumed that a membrane is 
present at the output of the network. b) calculations stop right after breakthrough. 
 
The situation that the image on the left hand describes can be obtained experimentally 
by applying a membrane at the end of the network. This membrane should have pores 
that are smaller than the smallest pore in the flow network.  

 
3.3.2 awn - S curves 

Specific interfacial area has been calculated during drainage and imbibition. It has been 
calculated for both cases, with or without corner flow, for the wetting phase.  
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Figure 6. a) Specific Interfacial Area versus Saturation curve for drainage and 

imbibition. b) It is assumed that there is corner flow for the wetting phase.  

 

In figure 6, specific interfacial area versus saturation curve can be seen. In this case it 
has been assumed that drainage stops at breakthrough and snap-off takes place. This 
means that any pore in the network that is directly connected to the wetting phase 
reservoir can imbibe at any time. For drainage, specific interfacial area presents a 
maximum value at wetting phase saturation close to 60%. During imbibition snap-off 
takes place. Interfacial area increases as some isolated or connected pores gradually get 
isolated from the non-wetting phase and they form new interfaces with the 
surrounding wetting phase. Specific interfacial area reaches to a plateau at saturation 
close to 64%. This happens because some clusters full of non-wetting phase are formed 
and they are cut-off from the non-wetting phase reservoir. These clusters are isolated 
thus saturation cannot get lower and specific interfacial area remains the same at all 
times. 
 
3.3.3 Relative permeability 

Relative permeability for each phase has been calculated for different saturations of the 
wetting phase during drainage. In figure 10 the graphs for relative permeability of both 
phases during drainage are presented. 
 As it can be seen in the graph, wetting phase relative permeability starts from a value 
equal to one and as the wetting phase saturation decreases, relative permeability also 
decreases. It does not become zero though as there is some residual saturation 
providing some mobility to the wetting phase. On the other hand, the non-wetting 
phase is not moving until it breaks through the first REV. This happens at a saturation 
of close to 77% for the wetting phase. As saturation decreases, relative permeability 

a b 
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increases. This happens because the mobility of the non-wetting phase increases. The 
intrinsic permeability of the network with 6000 pore bodies has been found to be equal 
to Kin=1,04.10-10 m2. 
 In figure 7, relative permeability for both phases versus saturation during drainage can 
be seen. 

 
Figure 7. Relative permeability of both phases with respect to saturation. 

 

3.3.4 Pc- Sw-awn surfaces 

Using the data points that have been acquired from the simulation runs for drainage 
and imbibition we were able to plot the surfaces relating capillary pressure, saturation 
and interfacial area. The data presented were acquired from the 2000-pores network.  
 

              
 

            Figure 8. Pc-S-awn surfaces for imbibition (left) and drainage (right). 
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In figure 8, the surfaces for imbibition and drainage are presented, after performing 
second order fitting to the obtained data. In order to be able to compare the two 
surfaces acquired, it was important that fitting would take place by using only the data 
acquired. First, the average value between the surfaces had to be determined. Then, the 
relative difference between each surface and the average has been calculated. In this 
way the absolute relative difference between the two surfaces was found to be close to 
10%. As it can be seen in Figure 1, the size distribution between pore bodies and pore 
throats overlap to some extent but not extensively. In the case when the size 
distribution employed is beta and the overlapping between the size distribution is 
more extensive (not presented here), then the difference between drainage and 
imbibition is 1%. As it has been shown in the work of Al-Raoush and Willson (2005a, 
2005b), when there is large overlap between the distribution of sizes for pores and 
throats, it is very hard to distinguish between them in a real porous medium. Thus, the 
difference between drainage and imbibition surfaces should be less. 
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Chapter 4 

Part 1: Reservoir-on-a-Chip (ROC): A new paradigm in 

reservoir engineering 
 

Abstract 
 

In this study, we design a microfluidic chip, which represents the pore structure of a 
naturally occurring oil-bearing reservoir rock. The pore-network has been etched in a 
silicon substrate and bonded with a glass covering layer to make a complete 
microfluidic chip, which is termed as ‘Reservoir-on-a-chip’ (ROC). Here we report, for 
the first time, the ability to perform traditional water-flooding experiments in a ROC. 
Oil is kept as the resident phase in the ROC, and water-flooding is performed to displace 
the oil phase from the network. The flow visualization provides specific information 
about the presence of the trapped oil phase and the movement of the oil/water 
interface/meniscus in the network. The recovery curve is extracted based on the 
measured volume of oil at the outlet of the ROC. We also provide the first indication 
that this oil-recovery trend realized at chip-level can be correlated to the flooding 
experiments related to actual reservoir cores. Hence, we have successfully 
demonstrated that the conceptualized ‘Reservoir-on-a-Chip’ has the features of a 
realistic pore-network and in principle is able to perform the necessary flooding 
experiments that are routinely done in reservoir engineering. 
 

4.1.1 Introduction 

A typical oil field (or reservoir) extends a few hundred meters below the earth’s surface 
and is porous in nature, containing oil and water phases in an interconnected three-
dimensional (3D) network of pores. When extracting oil by normal pressurization is no 
longer possible from these reservoirs, secondary and tertiary extraction methods 
involving injection of a second phase are generally followed. Water-flooding is one such 
principal method (secondary extraction), where water is the injected fluid phase in 
order to displace the resident oil phase in the reservoir rock.1 Traditional lab-scale 
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flooding experiments use a core from a sample reservoir-rock for experimentation and 
collection of recovery data,2 known as core-flooding experiments. However, the fluid 
transport processes in a reservoir occur at a pore-scale, the smallest structural feature 
in such reservoirs (in order of nanometer to millimeter). In order to develop efficient 
recovery methods, one needs to understand the underlying physical processes that 
occur at the pore-scale. 
A large body of literature exists regarding the investigation of multi-phase fluid flow in 
pore-scale. The extensively employed technique in such investigations is pore network 
modeling (network simulators)3–5. Pore network models need a complete description of 
geometrical and topological information of pore space and a complete understanding of 
physical processes occurring at pore-scale3,4. The geometrical and topological 
information of pore space of rock is represented with a network of pores (large void 
spaces) connected to throats (small constrictions)3,4,6. This type of representation of 
porous media with a network of pores was first developed by Fatt in the 1950’s7. Heiba 
et al.8 used percolation theory to explain the multi-phase transport properties. 
Lenormand et al.9,10 studied the pore scale displacement mechanisms for both drainage 
and imbibition directly using etched ordered networks in glass. These etched networks 
are known as micro-models. The results obtained in experiments are correlated and 
included in the pore-network models to compute multiphase transport properties.3 

However, these estimated properties are limited to a simplified network of pores and 
do not represent the actual pore space4. With the improvement of high-resolution 
digital imaging and computerized image analysis, researchers have been able to 
quantify rock microstructure5,6,11,12. It is now possible to reconstruct the 3D pore space 
using micro-computed tomography (micro- CT),5,6,11–14 focused ion beam-scanning 
electron microscope (FIB-SEM),13 nuclear magnetic resonance (NMR) imaging15,16 or 
ultrasonic scanning17. Multiphase flow properties are calculated with direct numerical 
simulations on 3D reconstructed pore space using the finite element method (FEM),18,19 
finite volume method (FVM),20,21 finite difference method (FDM)22 or lattice Boltzmann 
method (LBM)23–27. However, these types of simulations are computationally expensive, 
limited to small sample sizes and not possible to scale-up to actual field scale3,4. Hence, 
physically realistic pore-network structures representing the actual pore space is 
extracted to simplify the simulations and improve the conventional pore network 
models12,28,29. This physically realistic representation provides a direct mapping of pore 
bodies and throats. Various multiphase transport properties are computed using these 
physically realistic network models. It is possible to scale up the sample sizes using 
stochastic random network generators to estimate the multiphase properties30,31. 
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However, in numerical modeling, the properties are predicted with arbitrary wetting 
characteristics3–5. Experimental investigations at pore-scale are required to validate or 
improve the numerical studies. Direct visualization of the multiphase transport process 
is difficult because of the non-transparent nature of the porous media32. Oren and 
Pinczewski33 have performed three-phase flow experiments in oil-wet micro-models 
and Van Dijke et al.34,35 have extended such experiments for water-alternating gas 
injection in oil-wet glass micro-models. Sohrabi et al.36 have also studied water 
alternating gas injection using high pressure micro-models in both oil-wet and mixed-
wet systems. Polymer flooding in glass micro-models37,38 has been studied as well, and 
Meybodi et al.,39 Jamaloei and Kharrat40–42 have performed detailed investigations of 
displacement behaviors in this context. Perrin et al.43 have even investigated the 
quantitative information of the velocity field inside such pore network micro-models 
using micro- PIV (particle image velocimetry). The studies mentioned here do not use 
actual realistic pore spaces of rock samples and are limited to two-dimensional (2D) 
representations. However, Bowden et al.44,45 and others33,34 have represented the 
porous medium in the form of packed beds to study the multiphase flows. They even 
demonstrated flooding experiments to determine recovery efficiency in such packed 
beads44. Recently, Sen et al.46 computed the velocity components in a packed bed 
mimicking porous media using micro-PIV. These experiments are limited to engineered 
porous media which often include random or orderly packed granular systems without 
having a realistic representation of pore connectivity. In a more recent effort, Berejnov 
et al.47 has represented the porous medium as a structured microfluidic network with 
prescribed geometries. In their experiments, they have performed investigations of 
fluid flow parameters and wettability in such networks, by tuning surface properties. 
Aktas et al.48 and Buchgraber et al.49,50 have conducted displacement experiments in 
etched glass micro-models represented by a repeated pattern of a SEM image of 
sandstone. A single SEM image of sandstone still lacks the connectivity of actual pore 
space. 
In this study, we demonstrate a novel method for the design and fabrication of a porous 
medium, where a pore network representation of the porous medium has been 
replicated in a microfluidic chip. Conceptually, the entire porous reservoir pertaining to 
oil/gas recovery has been miniaturized, without losing the pore-scale characteristic of 
its complex features. To the best of the authors’ knowledge, for the first time water-
flooding experiments are attempted on such a microfluidic chip to obtain the desired oil 
recovery curves. Hence, we coin a new term ‘Reservoir-on-a-Chip’ (ROC) to refer to this 
unique microfluidic chip, which is believed to be the first of its kind. It is to be kept in 
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mind that the word ‘‘reservoir’’ traditionally refers to the inlet and outlet fluid storage 
spaces in a typical LOC. Here the intent is to extend the traditional concept of LOC to 
reservoir engineering and hence the term ‘‘reservoir’’ refers to the natural occurring 
porous media (geological formation) in which oil/ water/gas phases co-exist. 
 

4.1.2 Reservoir-on-a-chip: ROC 

4.1.2.1 Introduction 

Here, we describe the conceptual map for fabricating a Reservoir- on-a-Chip. The 
advent of modern imaging techniques has made it possible to describe the pore 
architecture of the porous medium directly51–54. Bera et al.13 have demonstrated the 
characterization of reservoir-rock cores using methods such as microcomputed 
tomography (micro-CT) and focused ion beam-scanning electron microscopy (FIB-
SEM). They quantified the pore space in terms of porosity, pore connectivity between 
pores of various shape and size, as well as pore-volume distribution. These well-defined 
methods are followed for investigating the pore space in a sandstone/carbonate 
dolomitic core13, some of the principal oil-bearing rock specimens. FIB-SEM can be used 
to characterize the internal micro-structure, and then the obtained pore-structure data 
can be reconstructed by using image analysis software (for e.g., Avizo, Tomography, Fiji, 
Simpleware Scan IP etc.). The obtained 3D reconstructed pore space is a result of 
extensive image-processing steps, which capture the most realistic representation of a 
reservoir. Using maximal ball algorithm,28,29 medial axis algorithm12 or triangulation, 55 
this pore-space is converted to a network containing pores and throats. Proper care has 
been taken to extract the information without losing any microstructural details. Such 
network representation of the porous reservoir is more realistic than adhoc attribution 
of pores and throats to a pore network model or representing the porous medium as 
packed bed of spheres or sand grains33,34. The microstructural information is extracted 
from the 3D reconstructed images by direct mapping of pores and throats. The 
extracted microstructural information is used to represent the 2D pore-network using 
stochastic random network generators30,31 or Delaunay triangulation56. In this way, 
percolation of phases was ensured. This stochastic method can also be used to produce 
bigger sample sizes with realistic pore space information. Then taking this network 
image, one can etch the features in silicon or glass using photolithography processes. 
Appropriate microfluidic connections can be made on the microfabricated chip for 
subsequent experiments related to water flooding. Thus, keeping intact the essence of a 
real reservoir-rock, the pore-network is fabricated on a silicon substrate based on the 
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state-of-art microfabrication techniques. A covering glass layer with inlet-outlet ports is 
bonded with the network layer, making it a complete microfluidic device. We call this 
novel chip ‘Reservoir-on-a-chip’ (ROC). Fig. 1 illustrates the conceptual mechanisms of 
converting a reservoir-rock specimen to an ROC, which facilitates the investigation of 
the pore-scale transport pertaining to oil recovery processes in reservoir engineering. 
 
4.1.3 Experimental section 

4.1.3.1 Pore network design  

A key step in the microfabrication process is to fabricate a mask which has the 
appropriate features replicating a porous medium. 

 
 

Figure 1. The conceptual flow-map for “Reservoir on a Chip”. 
 
To this effort, a 2D pore-throat network has to be designed based on the realistic 
reconstructed pore space of reservoir-cores, as explained in the previous section. 
Details of the network design are described by Karadimitriou et al.56. It is observed that 
Delaunay triangulation is a suitable way to represent a typical porous medium in terms 
of the number of pores, throats and their connectivity55. In the present study, the 2D 
network was designed with 2000 pores and 6000 throats using Delaunay triangulation. 
In this type of triangulation, the length of a throat is defined as the difference between 
the distance separating the pore-centers and the summation of the individual pore 
radius. The width of a throat is assigned such that it is always less than (not more than 
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90%) the smallest pore it is connected to. The mean pore size of the network is 40 mm 
and a log-normal distribution is adopted for pores and throats. The smallest pore in the 
present network is 25 mm. A Delaunay triangulation routine in Matlab (Mathworks Inc., 
Natwick, MA, USA) is used for generating the network. Based on the triangulation steps, 
the co-ordinates of the pore centers are chosen, and the network is created. The output 
from the Matlab routine, in the form of a pore–throat network, was then imported into 
AutoCAD (Version 2010, Autodesk Inc., San Rafael, CA), using LISP (list processing 
language). Furthermore, the AutoCAD file containing the imprint of the network is 
modified to accommodate the inlet and outlet ports and suitable entrance and exit 
regions located at either side of the original pore network.  
As shown in Fig. 2(a), the final design of the pore network, which is transferred to a 
glass substrate (acting as a mask in the microfabrication step), consists of the pore–
throat structure (35 mm in length and 5 mm in width), rectangular entrance and exit 
regions (5 mm length and 5 mm width) and circular inlet-outlet regions (10 mm 
diameter). Fig. 2(b) illustrates the nature of the distribution of pores and throats in the 
network. 

 
4.1.3.2 Fabrication and characterization of ROC 

In this section, we provide some key steps involved in fabricating the ROC on a silicon 
substrate. The microfluidic chip is fabricated on a 4’’ diameter circular silicon substrate 
(0.5 mm thick, Silicon Valley Microelectronics Inc., Santa Clara, CA). After cleaning the 
substrates in a standard piranha solution (H2SO4 and H2O2 in 3 : 1 ratio; 30 min) and 
drying, a standard photolithography technique is used for transferring the designed 
pore network from the patterned mask to the substrate. We used a positive photo mask 
on a glass wafer (125 mm by 125 mm square plate and 2 mm thick) with a chrome 
coating. The detailed patterned structure of the mask is shown in Fig. 2(a). A 2.5 mm 
thick layer of UV sensitive photo-resist HPR 506 (Fujifilm Electronic Materials Inc., 
Mesa, Arizona) on the silicon substrate is used during this process. Inductively coupled 
plasma reactive ion etching (ICPRIE) is used for dry-etching the substrate with the 
desired pattern on silicon (STS, Newport, UK). An etch-rate of 4.95 mm min-1 is selected 
in this step. The covering layer with inlet-outlet ports is fabricated on glass (Borofloat, 
100 mm by 100 mm square, 1 mm thick). Abrasive water-jetting (2652 JetMachining 
Center, OMAX, Kent, WA) is used for drilling these holes on a covering glass layer, and 
bonded with the silicon layer using SUSS bonder (CB6L, SUSS Microtec, Garching). The 
average depth, roughness and pore–throat sizes of the fabricated ROC is measured 
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using scanning electron microscopy (ZEISS, Germany) along with a surface 
profilometer (Ambios XP 300, Ambios Technology Inc, Santa Cruz, CA). The average 
depth of the etched silicon network is 40.93 mm. The roughness of the ROC is in the 
order of 4–6 nm, which is negligible, compared to the depth of the fabricated channel. 
SEM characterization shows that almost vertical wall-profile (Fig. 2(c)) in the ROC has 
been achieved, which ensures the proper replication of the pore network in the 
fabricated ROC. Fig. 2(e) shows the complete ROC (containing 2000 pores and 6000 
throats), in which subsequent experiments are performed. The fabricated ROC is water-
wet due to the following reasons: (1) Piranha cleaning of silicon and glass layers before 
bonding, results in the formation of a very thin layer of oxide film on the surface of the 
silicon. This can contribute to a minor modification of the silicon surface wettability 
towards water wet57. During anodic bonding of silicon to glass, silicon is oxidized at 315 
oC, which forms a solid film of silicon dioxide. This caused the ROC to exhibit a 
permanent water-wet behavior. 
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Fig. 2 Reservoir-on-a-Chip (ROC) (a) pore network patterned on glass mask, along with 
inlet-outlet and entrance-exit regions; (b) the pore and throat distribution of the 
network in the mask; (c) near-vertical wall-profile obtained in the network, fabricated 
on silicon; (d) pore–throat distribution of network in etched silicon; (e) complete ROC 
obtained in etched silicon after covering with glass layer. 
 
4.1.3.3. Water-flooding experiments 
 
A complete realization of the ‘Reservoir-on-a-Chip’ can be achieved once the fabricated 
ROC is used to perform recovery experiments, analogous to those done in traditional 
core-flooding and reported micro-model experiments. In this section, we describe the 
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water-flooding experiments with a ROC, and discuss the subsequent recovery data. The 
experimental set-up for water-flooding with ROC (Fig. 3) includes a microscope (180_ 
magnification, 1.3 Mpixel CMOS image sensor, ViewSolutions GE-5, Howard Electronic 
Instruments Inc., El Dorado, KS) for the visualization of oil/water phases in the 
‘Reservoir-on-a-Chip’. The ROC is placed inside a custom-made casing, with microfluidic 
connectors attached, for controlling fluid flow and efficient visualization. We 
illuminated the ROC using a light source from the top to capture high-resolution videos 
and images of fluid transport within the network. M1 lubricant oil (L.S. Starrett 
Company, Athol, MA; specific gravity 0.788 at 15.5 oC, viscosity _2.2 cSt) has been used 
as the oil phase to be displaced by water. This lubricant oil is representative of light oils, 
which can be obtained from crude oils after refining. Hadia et al.2 used paraffin oils 
(light and heavy) for their study of core flooding experiments. The oil used in the 
present work has similar properties to that of the light paraffin oils used by Hadia et al.2 
This clean M1 lubricant oil is employed in the present work to demonstrate water-
flooding. 

 
Fig. 3 Schematic of the experimental set-up used in performing water-flooding 
experiments with ROC; inset illustrates the magnified image of ROC housed in a casing, 
placed under the microscope for flow visualization experiments. 
 
For properly distinguishing the oil/water interface during the fluid transport, a blue 
tracer dye (Bright Dyes, Promag Enviro systems Inc., Burnaby, BC) is mixed with 
deionized water. Two syringe pumps (Harvard Apparatus, MA) have been used for 
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controlling oil/water flow rates in this experiment. A 3-way valve is used to connect the 
syringe pumps to the inlet port of ROC, for selective injection of oil/water phases. For 
collecting the volume of displaced oil, a precision volumetric glass cylinder (Corning 
Inc., NY) is connected to the outlet of ROC for measuring the displaced oil from the ROC 
during water-flooding. Using the syringe pump, oil is introduced in the ROC at a 
constant injection rate of 50 ml min-1 and continued until the chip is completely filled 
with oil. Various ‘dead volumes’ in relation to the microfluidic connections and tubing 
are calculated. 
Dead volume was calculated by summing up the volumes in the inlet and outlet tubes, 
inlet and outlet ports, entrance and exit reasons and 3-way valve. Proper care has been 
taken while measuring the dead volume. Errors are estimated based on the least count 
of the instruments used for measurements. From the error analysis, it is found that the 
major source of error is from the precision volumetric glass cylinder. The total dead 
volume for the chip is calculated to be 816 ml _ 54 ml. The total quantity of resident oil 
in the ROC is calculated by subtracting the dead volumes from the total injected oil 
volume. In the next step, DI water containing the tracer dye is injected at a rate of 100 
ml min-1 into the ROC. In this process, water displaces the resident oil from the ROC. 
The volume of displaced oil is measured in the collecting cylinder and compared to the 
original volume of resident oil present in the ROC. The choice of the flow rate is based 
on the current experimental constraints. In actual reservoir water-flooding case, a 
typical injection rate of 60 ml h-1 translates to an average pore velocity of 1 ft per day in 
typical oil fields. Such a high flow rate (1000 ml min-1) can cause leakage and the flow 
transients will be too fast to be captured with the current optical set-up. 
 
4.1.4 Results and discussion 

The displacement of non-wetting fluid (oil) by wetting fluid (water) is investigated in 
the fabricated ROC. Wetting fluid (water) fills pores or throats with the highest 
threshold capillary pressure. The images of the water-flooding experiment have been 
taken at various places in the network and at different magnifications, in order to 
understand the average trend of fluid transport at these locations. Fig. 4 shows a series 
of images at one such specific network location taken before and during water-flooding. 
Fig. 4(a) shows the network completely filled with the oil phase (denoted by the green 
color). Once water-flooding is initiated, oil slowly gets displaced due to the injection 
pressure and the water phase enters the network. Fig. 4(b) is the image at the same 
location of the network at a later instance of time (5 min from the start of water-
flooding), with the oil/water interfaces visible due to the optical contrast between the 
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oil and blue tracer dye. The green color in the image represents the oil phase, while the 
blue color represents water. Oil seems to be present in some pore-throats although the 
invading water phase had already passed these locations. Hence, water is not able to 
displace oil from each pore and throat uniformly, which mimics the natural water-
flooding process one observes in the reservoir scale. The oil/water interfaces at the 
same network location but at a later instance of time (13 min from the start of water-
flooding) is shown in Fig. 4(c). In this image, we notice the presence of similar 
characteristics of the oil/water phases as in the previous figure. The detailed 
displacement process captured in a video shows that the velocity of oil displacement 
from throats has reduced with time. There are certain throats under observation, 
where the movement of the fluids is no longer occurring and stagnant phases of 
oil/water are noticed. Interested readers can refer to the video.† The stagnant phases 
imply that those pockets of resident oil phases will not be displaced by water flooding 
alone and they require other tertiary or enhanced recovery schemes, as observed in a 
practical oil reservoir. The first drop of water at the ROC outlet is observed at the time 
instance, which corresponds to Fig. 4(c). This process is often referred to as 
‘breakthrough’ in reservoir engineering. From that time onward, both water and oil 
phases are found at the outlet of ROC. Fig. 4(d) represents the oil/water phases present 
at another location in the network during the experiment, at a time instance of 10 min 
from the start of water-flooding. Similar characteristics of displacement as those of the 
previous location can be observed, such as, stagnant phases in throats, etc. 
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Fig. 4 Distribution of the oil phase (green color) and water phase (blue color) in the 
pore network during water-flooding experiments. (a) The presence of the oil phase at 
the start of the water-flooding process (t ¼ 0); (b) Relative positions of the oil and 
water phases at t ¼ 5 min; (c) Relative positions of the oil and water phases at t ¼ 13 
min. The presence of trapped oil is observed at the later part of the water-flooding 
process; (d) A different section of the pore network capturing the same dynamics of the 
oil and water phases at t ¼ 10 min. 
 
It is observed that (from Fig. 4) the non-wetting phase (oil) was trapped primarily in 
the largest pore spaces, the pores with the highest aspect ratios (ratio of pore size to 
throat size), and the pores with the highest coordination numbers (number of throats 
connected to pores). Capillary forces are responsible for oil trapping. The capillary 
number (relative effect of viscous forces versus surface tension acting across an 
interface between oil and water) is very low (6.10-7) based on the present experimental 
conditions. This low capillary number causes the discontinuous water phase flow in the 
network within 10 to 15 min of injection. The reduction in the capillary force results in 
reduced trapped oil in pore spaces. Based on the volume data of total displaced oil, the 
fraction of recovered oil is calculated. A characteristic curve comparing the fraction of 
oil recovered with the injected water volume is presented in Fig. 5. This plot is similar 
to a recovery curve in traditional core-flooding experiments. In this case, original oil in 



89 
 

place (OOIP) denotes the volume of oil inside the ROC, before water-flooding starts. We 
observe a linear pattern at the beginning of water-flooding (up to about 500 ml of 
water injection), implying that the invading water phase displaces the resident oil at 
the same rate as its injection. However, as more water is injected with time, the fraction 
of oil recovered is comparatively less, which has been explained in terms of the trapped 
volume of oil. The maximum fraction of oil recovered by this stimulated water-flooding 
process is about 65%, which corresponds to values obtained in typical core flooding 
experiments.2 
Proper care must be taken to extrapolate the results obtained from this ROC to the 
core-scale flooding and eventually to field scale. Still, the ROC has numerous advantages 
over existing micro-models, since it uses the microstructural information of actual 3D 
reconstructed pore-spaces, which provides a better representation of the pore-
structure of rock with pore connectivity. In addition, the ROC provides a better 
visualization of complex fluid flows and displacement mechanisms at the pore scale. 

 
Fig. 5 Fraction of oil recovered in terms of original oil in place (OOIP) by injecting water 
at a constant flow rate of 100 ml min_1, which is analogous to the recovery curve used 
in reservoir engineering by Hadia et al.2 Insets show images of oil (green color)/water 
(blue color) phases corresponding to different time instances during the water-flooding 
process. 
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4.1.5 Conclusion 

A novel concept for the miniaturization approach towards reservoir engineering and 
the study of water-flooding techniques on a chip related to oil recovery has been 
presented in this work. Instead of the usual approach of core-flooding or 
experimentation in micro-models containing random pore network representing 
porous medium, a methodology has been described where reservoir-rock is converted 
to a microfluidic chip for the pore-scale study of oil displacement experiments. 
The sample core of such rock-specimens is characterized and reconstructed using 
advanced microscopy such as FIB-SEM, micro-CT, etc. Based on the reconstructed pore-
space, a realistic pore network is designed and fabricated on silicon. Various 
parameters such as mean pore size and depth of the network have been designed in a 
manner such that this network is the most precise representation of an oil reservoir, 
and we coin the term ‘Reservoir-on-a-Chip’ (ROC) for this fabricated microfluidic 
device. Water-flooding experiments have been performed in this ROC. It is observed 
that, the invading water phase cannot displace oil from all the pore-throats in the chip 
and oil remains as a stagnant phase at different locations due to capillary trapping. The 
analysis of the recovery curve based on the fraction of oil recovered reveals a similar 
type of oil displacement pattern as obtained in a core-scale flooding experiment, which 
underlines the realization of the concept addressed in this study. 
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Part 2: A novel Deep Reactive Ion Etched (DRIE) glass 

micro-model for two-phase flow experiments 

 
Abstract 

In the last few decades, micro-models have become popular experimental tools for two-
phase flow studies. In this work, the design and fabrication of an innovative, elongated, 
glass-etched micro-model with dimensions of 5 x 35 mm2 and constant depth of 43 
micron is described. This is the first time that a micro-model with such depth and 
dimensions has been etched in glass by using a dry etching technique. The micro-model 
was visualized by a novel setup that allowed us to monitor and record the distribution 
of fluids throughout the length of the micro-model continuously.  
Quasi-static drainage experiments were conducted in order to obtain equilibrium data 
points that relate capillary pressure to phase saturation. By measuring the flow rate of 
water through the flow network for known pressure gradients, the intrinsic 
permeability of the micro-model’s flow network was also calculated. The experimental 
results were used to calibrate a pore-network model and test its validity.  
Finally, we show that glass-etched micro-models can be valuable tools in single and/or 
multi-phase flow studies and their applications.  
 

4.2.1 Introduction 

An efficient way to study two-phase flow in a porous medium is through the 
development of an artificial transparent porous medium with known properties, 
commonly referred to as “micro-model”. An extensive review of micro-models use in 
two-phase flow studies (including fabrication methods and materials and visualization 
techniques) can be found in Karadimitriou and Hassanizadeh1.      
Up to now, most micro-models that have been used to study flow and transport in 
porous media are small domains of square, or nearly square, dimensions2-7. Therefore, 
one may interpret them as being one Representative Elementary Volume (REV). An 
REV is the volume of a homogeneous porous medium above which the system 

http://pubs.rsc.org/en/content/articlelanding/2012/lc/c2lc40530j
http://pubs.rsc.org/en/content/articlelanding/2012/lc/c2lc40530j
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properties are insensitive to the averaging domain’s size.  In this work, an elongated, 
glass-etched micro-model with dimensions 5x35 mm2 was manufactured. The pore 
network was designed such that the REV size was around 5×7 mm2. So, our micro-
model was considered to be five times the REV size. The REV size was determined 
through pore-network modeling. Simulations were run for the whole extent of the 
micro-model. Then, capillary pressure-saturation curves were obtained for a sequence 
of gradually increasing sub-domain sizes and compared to each other. The subdomain 
size beyond which the capillary pressure-saturation curve remained unchanged was 
considered to be the REV. 
In the work of Naga Siva et al.8, the micro-fluidic device was also elongated, but it was 
made of two different materials. The flow network was created in a silicon substrate, 
and the whole model was sealed with a glass slide. This was needed because silicon is 
translucent and the model had to have a transparent side so that it could be visualized. 
However, that created a mixed-wettability system with undesirable and uncontrolled 
effects in two-phase flow processes.  
In this work, we describe the design and fabrication of an elongated all-glass Deep 
Reactive Ion Etched (DRIE) micro-model. We have replicated a flow network that on 
average has the properties of an oil rock reservoir in a microfluidic chip. Comparative 
studies between pore-network modeling and micro-model experiments of the same 
flow network were made in order to investigate the efficiency of the use of such micro-
models in two-phase flow studies. Properties of the flow network, such as intrinsic 
permeability, the relationship between phase saturation and capillary pressure, as well 
as phase flow rates, were measured and modeled.  
The advantages of this micro-model were the following. First, the micro-model had a 
uniform wettability given that it is made of one material, namely glass. Second, the 
micro-model was totally transparent. In this way, direct optical visualization was made 
possible with the use of an innovative optical setup that will be described later.  
To the best of our knowledge, this is the first time that two-phase flow studies are 
performed with such a uniformly wetting and elongated microfluidic glass chip with 
realistic pore sizes. The optical setup is also a breakthrough in real-time visualization 
methods for elongated samples.   
 

4.2.2 Pore-network model description 

The pore network was represented by an assembly of pore bodies (large pores) 
connected to each other by smaller pores, called pore throats. The pore network 
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topology was generated using Delaunay triangulation, as it is considered to provide a 
good representation of a real porous medium9. In Delaunay triangulation, points are 
connected to their neighbors by non-intersecting bonds. Connected points form 
triangles that are as equilateral as possible.  The coordinates of the triangulation points 
were generated in MatLab. These points were considered to be the centers of the pore 
bodies. The overall dimensions of the network were 5 x 35 mm2. In figure 1, the image 
of the whole network, as well as a magnified part of it, are shown. 
 

 

 
 

Figure 1. (a) Image of a pore-network with 2000 pore bodies and 6000 pore throats 
and a mean pore size of 70 μm. The void space is shown in black. (b) Zoom-in image of 
the network. 
 

The pore network had a quasi-three-dimensional nature. It comprised a two-
dimensional network of pores, but each pore was a three-dimensional element as it had 
a depth. The pore bodies had a cylindrical shape (they were circular in planar view; see 
Figure 1b) while pore throats had a parallelepiped shape (i.e, rectangular in planar 
view). Both pore bodies and pore throats had a rectangular cross-section. The SEM 
image of a typical cross section is shown in Figure 7. The coordination number, which is 

35 mm 

     5 mm 

(a) 

(b) 
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the number of connections of a pore body, varied from 4 to 6, depending on the total 
number of pore bodies.  
The sizes of pore bodies were assigned from a truncated log-normal distribution. The 
mean pore size was selected to be equal to 70 μm. This value was selected in order for 
the visualization setup to be effective, as it will be explained later.   
The length of a pore throat was defined as the distance between the centers of the 
neighboring pore bodies, d, minus the sum of their radii.  The width of a pore throat 
was assigned such that it would always be smaller than the diameters of two 
neighboring pore bodies. This was given by a number of formulas used by Joekar-
Niasar et al.10.      
Special attention was paid to the fact that the statistical distribution of sizes for pore 
bodies and pore throats should overlap to some extent, as this is the case in real porous 
media11-13. The depth of the network was chosen to be constant and close to the mean 
pore size.  

 

  

4.2.3      Experimental setup and procedure 

 Micro-model 

In the introduction of this manuscript, a general description of the micro-model was 
given. In the following sections, some more details are given regarding the construction 
of the micro-model. 
 

Flow network 
 
As mentioned earlier, the micro-model’s flow network was exactly the same as the one 
that was used for numerical simulations.  With the use of LISP14 the network was 
converted to an Autocad sketch.  Two reservoirs were added the same sketch and 
connected to the ends of the flow network. The Autocad sketch was then used for the 
production of a mask that was needed for the etching process.   
 

 Construction of the micro-model 
        
In order to construct a glass-etched micro-model with DRIE, a chromium mask had to 
be prepared first (Compugraphics Intl. Ltd, Scotland). The mask was made of a glass 
plate coated with a thin layer of chromium. The flow network and the two reservoirs 
were created in the chromium layer. Areas of the mask that corresponded to the void 
space were transparent, while the rest was covered by chromium.  In order to increase 
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the efficiency of the procedure and the maximum achievable depth, a layer of 
photoresist was applied on the glass slide in which the micro-model was to be created. 
First, the flow network was etched in the photoresist layer, over its full thickness, with 
the use of photo-lithography as an intermediate step15,16. Then, the glass slide was 
etched and flow network and the two reservoirs were created in it.   
The pore network was printed on the by a laser-printing equipment at a resolution of 
0.7 micron/pixel, which is quite high. It was essential for the resolution of the mask to 
be much higher than the resolution of our visualization setup. In this way, the 
rasterization of the mask would not be visible within the features of the flow network. 
The etching was done using the Deep Reactive Ion Etching (DRIE) method17-19. This 
method was chosen as it is very accurate. Also, because it is highly anisotropic, it 
provides almost vertical walls. This was essential for the needs of the visualization 
setup, as explained shortly. However, there are some known issues (fabrication limits, 
accuracy of the process, etc.) with the maximum achievable depth20,21. In our case, we 
achieved a depth of 43 μm; this is the first reported microfluidic device made of glass 
with such a large depth.  
Inflow and outflow reservoirs were also etched in the glass plate containing the flow 
network. They were etched with the use of wet-etching techniques and not with DRIE 
method, as the needs for detail were relaxed. A second glass plate was used to cover 
and seal the model with the help of chemicals and a large mechanical pressure. At the 
center of each reservoir, a hole was drilled in the cover glass plate for the introduction 
and removal of fluids.     
The micro-model shown in Figure 2 has 3000 pore bodies and 9000 pore throats with a 
mean pore size of 70 μm. This micro-model was used to perform the experiments. 
 

 
 Figure 2. Picture of a micro-model with 3000 pore bodies and 9000 pore throats with a 
mean pore size of 70 μm. The two round reservoirs and the holes for introduction and 
removal of the two fluids are visible too.  
 

 

5mm 
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Flow Visualization. 

In most micro-model studies, a microscope has been used for visualization and a 
camera for recording images. As explained before, the main objective of this work was 
to design and fabricate an elongated micro-model for the study of two-phase flow 
under dynamic as well as quasi-static conditions. So, it was important for the 
visualization setup to allow simultaneous monitoring of flow throughout the whole 
micro-model as a function of time. For this reason, the use of a microscope was not 
applicable. The observation frame of a microscope is usually square. The smallest 
dimension of the object under observation and the required resolution always 
determine the size of this frame. In our case, the smallest dimension of the micro-model 
was the 5 mm. For the results of image processing to be reliable, the resolution had to 
be such that the smallest feature in the flow network could be visualized with at least 
10 pixels.  . Given that the narrowest throat had a width of 28 μm, the resolution of the 
visualization setup had to be at least 2.8 μm/pixel. This meant that only a frame of 5 x 5 
mm2 could be visualized, without being able to monitor the rest of the micro-model. 
One option would be to move the camera or the microscope. However, this procedure 
would take time, so the images obtained would not refer to the same time frame. Also, it 
would take too much time to process these images in order to eliminate any 
overlapping. Moreover, the movement of the model could introduce new, unknown 
forces that would affect the fluids distribution. For this reason, an alternative 
visualization method had to be developed.  
 

Visualization setup 

To visualize the whole micro-model, an innovative optical setup had to be designed and 
materialized. This setup involved an optical table, a collimated light source, a prism, an 
objective lens with a long focal length, three beam splitters, four cameras, and a 
computer for data acquisition. A schematic representation of the visualization setup can 
be seen in figure 3, with a photo shown in figure 4.  
A beam splitter splits a light beam into two identical perpendicular ones. In theory, the 
intensity of the two beams would be half the intensity of the initial one. In practice, the 
intensity of the two beams was close to 47% of the initial value, due to energy losses in 
the beam splitter. 
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Figure 3. Schematic representation of the visualization principle of the experimental 
setup. 
  

As shown in figure 3, a LED light source with tunable intensity emitting at 570 nm 
(Jenoptik) was used as the illumination source. The light source was put exactly at the 
focal point of a lens that had a focal length of 135 mm with respect to infinity. This 
arrangement provided a highly collimated light beam, at least for our working distance, 
with a diameter of 50 mm. This light beam, after passing through the glass micro-
model, passed through a prism, so that its orientation would become parallel to the 
optical table. A Zeiss Sonnar T135mm f/1.8 ZA objective lens with a focal length of 135 
mm was used to magnify the image. Right after the objective lens, three beam splitters 
(Edmund Optics) were combined in a way that they gave four identical reproductions of 
the initial light beam. The beam splitters were cubic with a side length of 35 mm. They 
were put inside a black box and their sides were covered with black paper in order to 
prevent internal reflections that would produce “ghost” images. These four images 
were captured by four GC-2450 Prosilica Ethernet cameras at a resolution of 5 Mpixels. 
The cameras were connected to a computer through Ethernet cables for data 
acquisition. They could record sequential pictures at a rate of 15 frames per second at 
the maximum resolution. By eliminating some lines from the sensor with the use of the 
appropriate software, the frame rate could reach 18 frames per second. The cameras 
were positioned such that they were focusing on four sequential parts of the initial 
image, visualizing most of the micro-model’s length. 
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The design of this setup and the magnification was based on the micro-model size, the 
size of the camera sensor, and the requirement that the width of the smallest pore 
throat should be at least 10 pixels long. This meant that a minimum resolution of 2.8 
μm/pixel was needed. Given the fact that the actual pixel size of the sensor of a GC-2450 
camera is 3.45 μm, the magnification factor of the optical setup had to be 1.25. Thus, the 
initial size of the micro-model of 5 x 35 mm2 would become 6.25 x 43.75 mm2 after 
magnification. Given that the actual size of the sensor of each camera was 7.072 x 8.445 
mm2, a total area of 7.072 x 33.78 mm2 could be monitored simultaneously at a 
resolution of 2.8 μm/pixel by the four cameras. That was 80% of the whole length of the 
micro-model. With a small compromise of reducing the resolution to 3.0 μm/pixel, an 
even bigger area could be covered, close to 85% of the total area. 
The fact that the objective lens had an external filter diameter of 77 mm and a 
maximum aperture of f/1.8 provided the ability to produce images with minimal 
aberration and uniform light intensity. Its focal length of 135 mm provided the needed 
space for position the cameras within the boundaries of the optical table.   
 

Pressure measurement and control 

The micro-model was placed on a stage and it was directly connected to two external 
reservoirs, one for each phase. At exactly the same level as the level of the micro-model, 
two pressure transducers were installed to measure the pressure in the reservoirs. 
These transducers were connected to the controlling unit of a Bronkhorst differential 
pressure controller. The differential pressure controller had an RS-232 interface that 
was connected to a computer. In this way, it was possible to set, measure, and control 
the differential pressure between the two reservoirs at any instant. The controller was 
calibrated in a way that at its maximum span, the measured pressure would be 35 kPa 
with an accuracy of 35 Pa. The pressure controller was used to adjust the pressure in 
the non-wetting phase reservoir by increasing or decreasing the flow delivered to the 
non-wetting phase reservoir. . By increasing the pressure of the non-wetting phase 
reservoir, drainage could be initiated. The pressure in the wetting phase reservoir was 
always atmospheric. 
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Figure 4. The experimental setup: 1) illumination, 2) wetting phase reservoir, 3) non-
wetting phase reservoir, 4) prism, 5) lens, 6) box with beam-splitters, 7) cameras, 8) 
leak valve. There is another camera behind the box with the beam splitters that cannot 
be seen from this angle. 
 
4.2.4 Two-phase displacement experiments 

For our displacement experiments, dyed water was used as the wetting phase, and 
Fluorinert FC-43 as the non-wetting phase. The interfacial properties of dyed water and 
fluorinert, such as interfacial tension and contact angle, were measured. The interfacial 
tension between dyed water and fluorinert was found to be 55 mN/m, and the contact 
angle was 26 degrees.  The dye was added to the water for increasing the optical 
contrast between the two phases and their easy identification in the images. In our 
preliminary experiments, the model was initially filled with the wetting phase. Drainage 
was initiated by gradually increasing the non-wetting phase pressure incrementally 
until it entered the micro-model. After each pressure step, the system was left for 20 
minutes to reach equilibrium. Incremental pressure increase and the invasion of the 
non-wetting phase were continued until it reached the end of the model.  
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4.2.5 Results 

During displacement experiments, images of the micro-model were acquired at various 
times and stored. In this part of the study, only equilibrium results were analyzed. In 
figure 5, sequential images taken from part of the network are shown. 

                            

                                     
 

                           
Figure 5. Images obtained from the micro-model during drainage. Initially the model is 
filled with the wetting phase (shown in dark color). Drained model at three sequential 
equilibrium states (b), (c), and (d). The non-wetting phase is shown in light color. 
 
After image processing and calculation of average saturation, and with the use of the 
recorded values of the applied pressure, the Pc-S curve for drainage could be 
constructed. In figure 6, the measured data are shown along with the results obtained 
from the pore-network model for the same flow network. Results showed satisfactory 
agreement. 

a b 

c d 
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Figure 6. Pc-S data obtained from the experiment and the numerical model. 

 
In order to measure the intrinsic permeability of the network, water was introduced 
into the micro-model at an imposed pressure. With the use of a Bronkhorst flow meter, 
the corresponding flow rate was measured at the outlet of the micro-model. Then with 
the use of Darcy’s law22 for single-phase flow, equation 1, Kin could be calculated 

( )inKq P gρ
µ

= − ⋅ ∇ −
 

     
(1) 

        By repeating this measurement for different applied pressures and the 
corresponding flow rates, a mean value for the intrinsic permeability of the network 
was calculated, and found to be equal to Kin=6.10-12 m2.  
 
4.2.6 Discussion and Conclusions 

In this work, a novel Deep Reactive Ion Etched, micro-fluidic device made of glass, with 
a depth of 43 μm, pre-defined properties, and suitable for single and/or multi-phase 
flow studies, was presented.          
The data that were obtained experimentally for the Pc-S curve for the micro-model with 
3000 pore bodies and 9000 pore throats, and a mean pore size of 70 μm, were 
compared to those obtained from the simulation for the same flow network. Intrinsic 
permeability was also calculated as an extra means of validating the correspondence 
between the experiment and the numerical model.  

0,6 0,8 1,0
3000

3500

4000

4500

 Experiment
 Model

Pr
es

su
re

 (P
a)

Saturation (%)



106 
 

The comparison between the experimental results and the results obtained by the 
numerical model showed that there was a very good agreement between them. Pc-S 
curves collapsed onto each other, and the value obtained for intrinsic permeability was 
accurately estimated by the numerical model.  
We observed that at a wetting-phase saturation of around 60%, all measured data 
points fell on top of each other. This happened because drainage was fully developed as 
soon as the non-wetting phase broke through the network. Additional drainage was not 
possible because the remaining wetting phase existed in isolated domains.  However, in 
the numerical model the system was allowed to be fully drained.   
Despite the fact that DRIE is highly anisotropic and can produce vertical walls, when the 
depth becomes large, for instance more than 20 μm, the walls become slightly sloped. 
This is visible in SEM images shown in figure 7.   
 

 
Figure 7. A SEM image showing the cross section of a pore throat formed in the micro-

model. 

 

In addition to the wall slope, the bottom surfaces of the channels were not smooth. In 
order to account for this slope and the roughness of the bottom and top surface in the 
numerical model, the parameters that affected the size distribution have been 
accordingly tuned. The slope on the walls of the network channels introduced some 
problems in the visualization efficiency. When there is a slope on the walls, light that 
comes from the illumination source gets refracted and never reaches the camera’s 
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sensor. As a result, the two-dimensional projection of the slope appeared in black. 
Given that the slope was not high, its effect was not significant in the visualization 
setup. 
The displacement of two fluid phases in the model could be directly visualized and 
recorded as a function of time. The agreement between the results obtained from 
micro-model experiments and pore-network model simulations were satisfactory. This 
agreement verified that a glass micro-model with uniform properties is a useful tool for 
studying and understanding two-phase flow processes.  
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Chapter 5 

In situ surface treatment of PDMS to enhance natural 
hydrophobicity 

 
 

Abstract 
 

 
Micro-models have been increasingly employed in various ways in porous media 
research, to study the pore-scale behavior of fluids. Micro-models have proven to be a 
valuable tool by allowing the observation of flow and transport at the micron scale in 
chemical, biological, and physical applications. They have helped to improve our insight 
of flow and transport phenomena at both micro- and macro-scales.  
Up to now, PDMS has not been a favorable material to make micro-models from, for 
two-phase flow studies, due to its wettability issues. For two-phase flow studies, it is 
very important that the micro-model has stable and well controlled wetting properties.  
In this work, we present an easy and inexpensive way of making PDMS strongly and 
uniformly hydrophobic, so as to be reliably used in two-phase flow studies. 

 
5.1 Introduction 

In porous media research, micro-models have been increasingly applied in various 
ways to study the behavior of fluids inside micro structures. Studies have included 
chemical, biological, and physical applications. Micro-models have proven to be a 
valuable tool for the observation of flow and transport on the micron scale. They have 
helped to increase our ability to describe flow and transport phenomena on pore and 
larger scales. 
An overview of various issues related to micro-models (such as network generation, 
fabrication materials and methods, visualization methods, and various applications) 
was given in Karadimitriou and Hassanizadeh [1]. They define a micro-model as “an 
artificial representation of a porous medium, made of a transparent material. This 
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fluidic device bears a flow network, with features on the micro-scale, and an overall size 
of up to a few centimeters”.  
One of the materials widely used in making micro-models is Poly-dimethyl-siloxane 
(PDMS). It is a viscoelastic, silicon-based organic polymer. It is optically transparent, 
inert, non-toxic, and nonflammable. Given its mechanical and chemical properties, 
PDMS could be suitable for manufacturing micro-models for the study of two-phase 
flow. PDMS is hydrophobic in its natural state. However, its intrinsic hydrophobicity is 
not strong and not uniform. This can be changed by exposing the surface of the material 
to air or oxygen plasma radiation, or to ultra-violet light. This process makes the 
material highly hydrophilic, but only for limited time. The material will return to its 
initial and natural hydrophobic state after some hours. This gradual change in the 
hydrophobicity of the material makes it unsuitable for experiments that take many 
hours to complete.  
For instance, in two-phase flow studies under quasi-static conditions, experiments can 
last for more than 12 hours. During this period, the material hydrophobicity changes, 
and it becomes variably hydrophobic (also called mixed wettability). This is 
undesirable as it makes the experimental results difficult to interpret, if not impossible. 
An extensive review on the recent developments in PDMS surface modification for 
micro-fluidic devices can be found in the work of Zhou et al. [2].  They state that there is 
an abundance of literature on the topic of silanization of plasma-based oxidation, but 
comparatively little on in situ wet-chemical oxidation, which is our point of interest in 
this work. 
For two-phase flow studies, we usually need stable and (and well-controlled) 
hydrophobicity (or hydrophilicity). We have developed a novel procedure for making 
PDMS uniformly and permanently hydrophobic. In this process, 
Trichloro(1H,1H,2H,2Hperfluorooctyl) silane (Sigma-Aldrich), from now on called TCP-
silane, is dissolved in ethanol. The solution is usually called silane. We introduce the 
solution into the flow network of a micro-model in order to change its surface 
properties and make it strongly and uniformly hydrophobic. This process is called 
silanization. Silanization has been mostly employed for the surface treatment of silicon 
wafers before performing soft lithography, so as to prevent PDMS from bonding with 
the wafer. In this process, vapors of TCP-silane interact in vacuum with the surface of 
the silicon wafer. 
In our two-phase flow studies, we used a PDMS micro-model. The flow network had 
dimensions of 5 x 30 mm2. It consisted of 3000 pore bodies and 9000 pore throats, with 
a mean pore size of 40 microns, and a depth equal to the mean pore size. For the two 
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immiscible liquids, we used Fluorinert FC-43 (from 3M) as the wetting phase 
(colorless), and water dyed with ink as the non-wetting phase. Fluorinert is a colorless 
(refraction index, n=1.291), fluorine based, and inert liquid. It is 4.7 times more viscous 
(μ=4.7*10-3 Pa*s) and 1.86 times heavier than water (ρ=1860 Kgr/m3). The interfacial 
tension between water and Fluorinert is 58 mN/m. Further details on the flow network 
of the micro-model, like geometry, pore size distribution, etc., can be found in 
Karadimitriou et al. [3]. 
 
5.2 Silanization process 

For the silanization process, a solution of TCP-silane in 96% pure ethanol was prepared 
in a 2-ml beaker. The beaker was air-proof, and the components of the solution were 
introduced in the beaker using a syringe with a needle. The solution was thoroughly 
mixed with an electrical stirrer. In order to determine the most suitable concentration 
of TCP-silane in ethanol, flat PDMS slabs were treated with different concentrations. 
They were coated with the solution and then put into the oven to dry out. Then, a glass 
beaker was completely filled with fluorinert and a droplet of dyed water was carefully 
placed on the surface of fluorinert. As water is lighter, the droplet remained at the 
surface of fluorinert. Then, the beaker was covered with a dry slab of treated PDMS (as 
shown in Figure 1), making contact with both water and fluorinert. The contact angle 
shown in figure 1 was then measured using the ImageJ software.  
 

 

Figure 1. A droplet of dyed water in fluorinert, in contact with a treated PDMS slab. The 
indicated angle was measured with ImageJ software. 

Treated PDMS slab 

Water 

Fluorinert 
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Then, the measured contact angle was plotted against the volumetric concentration of 
TCP-silane in ethanol (ratio of TCP-silane volume to ethanol volume, vs/ve), as depicted 
in figure 2. This plot was used to determine the optimal concentration of TCP-silane in 
ethanol for the silanization process. The most suitable concentration was considered to 
be the one for which the contact angle was the largest. 
 

 

Figure 2. Dyed water contact angle on a PDMS surface silanized with different 
concentrations of TCP-silane in ethanol. 
 

The concentration that was used in every silanization process was 0.018 vs/ve, which 
made the PDMS surface more hydrophobic in the presence of fluorinert. From now on, 
the solution of TCP-silane in ethanol is referred to as “silane”. 
We tried two different ways of introducing silane into the micro-model: i) direct 
injection of silane liquid and ii) injection of silane vapors and subsequent condensation. 
For the direct injection of silane, one milliliter of the solution was taken out of the 
beaker with the use of a Terumo 1-ml syringe with a needle. Then, the needle was 
removed and a filter was placed at the tip of the syringe. The filter was a Millex filter, 
with a pore size of 0.45 microns. It was used in order to hold back any micro particles in 
the solution. The syringe was then put in a syringe pump, and the solution was pumped 
through the filter into the initially empty flow network, at a rate of 3μl/minute. The 
injection and flow of silane through the micro-model was continued for half an hour. 
Then, the model was put in an oven to dry and be ready for two-phase flow 
experiments. 
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For the injection of silane vapors, a needle was punched into the rubber cap of the 
beaker containing silane. We made sure that the needle tip would stop in the beaker 
headspace and would not contact the solution. The other end of the needle was 
connected by a very short tube to the inlet of the micro-model. The beaker was then 
placed on a hot plate at 1150 Celsius; silane vapor started to flow into the pore 
network. After some time, it was observed that a mixture of gas and liquid formed in 
the network and then flew through it. This process was continued for half an hour, and 
then the micro-model was detached from the tubing and put into an oven to dry out. 
Results of these two silanization methods are discussed in the next section. 
 
5.3 Post-treatment observations 

The injection of silane liquid caused the hydrophobicity of the material, in the presence 
of fluorinert, to increase significantly. This can be seen in figure 3, where two pictures 
of the network before and after silanization are shown. In dark shade is water dyed 
with ink, while the colorless wetting phase is fluorinert FC-43. Before silanization, the 
material was only weakly hydrophobic, and not uniformly. The contact angle for water 
was measured with the ImageJ software, with an accuracy of around 4°. It was found to 
vary from 900 to 1200; so, it was weakly hydrophobic. After treatment, the material 
became strongly hydrophobic. Most contact angles were found to vary between 1720 
and 1800; in some areas, even as low as 1650. So, although the micro-model had become 
strongly hydrophobic, the effect was not uniform.  

         

Figure 3. Results of treatment of micro-model with silane liquid: before treatment (left), 
and after treatment (right). Pores are filled with the non-wetting phase (darker 
regions) and the wetting phase (lighter regions). 
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So, this method of treatment of PDMS was not considered to be successful in making it 
as hydrophobic as needed. Moreover, the interaction of the solution with (tiny 
amounts) of moisture present either in ethanol, or in the flow network, produced some 
“flakes” within the micro-model. These flakes, which had varied in size from 2 to 15 
microns, could block the channels of the flow network, rendering the micro-model 
useless. Another problem was that we noted that the surface of the flow network in 
some areas seemed to be corroded. The reason for this corrosion is discussed shortly. 
The corrosion would roughen the PDMS surface and locally change the properties of the 
flow network, and introduce unknown effects in the experiments. The presence of 
flakes and some corroded areas can be seen in figure 4. 
 

 

Figure 4. Part of the flow network with flakes blocking the flow path. The flakes are 
marked with a red circle. The corroded areas of the material are indicated with arrows. 
 

Our second silanization method, namely the injection of silane vapors, gave excellent 
results. This process resulted in a strongly and uniformly hydrophobic PDMS surface, 
with contact angle varying between 1760 and 1800. This hydrophobic behavior was 
uniform throughout the whole network, and remained unchanged with time even after 
months of use. We still found a few flakes in the network, but their sizes were much 

Surface 
  

flakes  
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smaller than in the first method, and we did not observe any blocking of the network. 
Also, there was no corrosion on the surface of the flow network. 
 
5.4 Discussion 

As mentioned before, the volumetric ratio of TCP-silane in ethanol was chosen to be 
0.018 vs/ve. We found that higher concentrations would create more flakes in the flow 
network, in the case of direct injection of liquid silane into the micro-model. 
A question that came up was why the silanization with silane vapor created much fewer 
flakes, if any, and there was no corrosion of the surface, as was the case when we 
silanized with silane liquid. In order to give an answer to this question, we explain the 
reactions occurring in the two silanization processes. 
In the case of silanization of PDMS with silane liquids, four consecutive reactions occur 
[4],[5], which are explained below.  
First, TCP-silane reacts with the alcohol producing alcoxysilane and HCl: 
 

 
 
Hydrogen chloride, which is in gaseous state when produced, forms hydrochloric acid 
when it comes in contact with traces of water in ethanol, water absorbed by the PDMS 
surface, or the air humidity inside the micro-model. Hydrochloric acid is highly 
corrosive. This explains the corrosion on the PDMS surface when silane liquid is 
injected into the micro-model. 
 

a) A second reaction takes place between the alcoxysilane and the water present 
in ethanol or in the micro-model. This reaction is called hydrolysis and creates silanol 
groups and ethanol: 
 

 

The silanol group is also shown as RSi(OH)3, where the tail group R denotes 
CF3(CF2)CH2 CH2.  
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b) The produced silanol groups bond with each other to form siloxane polymers 
(poly-silanols, involving Si-O-Si); this is called alcoholic condensation. An example of 
simplified forms of these groups is the pentomer shown below: 
 

 

The actual structures of molecules may be far more complex since the tri-functionality 
of silane (three functional groups of –OH) can lead to many possible structures. The 
molecular size increases as a result of this alcoholic condensation of silano-triols (three 
–OH molecules) and oligomeric silanes.  Also, the solubility decreases with increase in 
the molecular weight. Oligomers heavier than a trimer do not remain dissolved but 
form precipitates in the solution [10]. They are responsible for the flakes (of about 2-15 
microns) that are formed in the flow network. 
 
c) Finally, hydrogen bonding occurs between silano-triols produced in step (b) 
and hydroxyls on the PDMS surface: 
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The result of these reactions is the formation of a monolayer of silane. However, the 
quality of this monolayer is very sensitive to the amount of water in the system. If there 
is not enough water, only the monolayer is not formed everywhere; some parts of 
PDMS surface remain uncovered. If there is too much water, the organosilanes may 
polymerize (to form precipitates) and the monolayer is not formed at all. This can 
result in heterogeneous surface properties (see [4]-[8]), which explains the variation of 
the contact angle in the flow network. 
In our second treatment method, namely the injection of silane vapors, the PDMS 
surface modification occurs under anhydrous conditions (as there is no water present). 
The condensed silane vapor reacts with the PDMS surface and forms a monolayer of 
silane due to chemisorption with the following mechanism: 
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Extended reaction time (4 – 12 hours) and elevated temperatures (50 – 120 0C) [9] are 
typically involved. The heat treatment of treated PDMS is necessary to prevent 
formation of flakes. This is because the reactivity of the above reaction is lower than the 
alcoholic condensation of silanol groups (explained as reaction (b) and (c) above). 
Heating accelerates the chemisorption instead of reactions (b) and (c), and thus 
polymerization does not occur. In our initial attempts, a small number of flakes was 
produced because the heating was not done long enough. Corrosion of the PDMS did 
not occur because reaction (a) took place under anhydrous conditions, so there was no 
HCl in the vapors that were injected into the flow network. 
The hydrophobicity of the tail group (R=CF3(CF2)5CH2CH2 ) along with the length of the 
molecule and tightness of the layer packing have a significant role in the overall 
hydrophobicity of the self-assembled monolayer. Increased contact of the fluids flowing 
in the flow network with the tail group and reduced contact with the hydroxylated 
PDMS surface result in a more hydrophobic surface. Indeed, hydrophobicity is not only 
dependent on the length of the molecule, but also on the density of the monolayer 
packing. Of great importance is also the tilt of the angles on the hydrocarbon chain [10]. 
With the use of heat, a closely packed monolayer is achieved, as well as a better surface 
coverage, which leads to a more hydrophobic surface. 
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5.5 Summary and conclusion 

PDMS is a popular material for constructing hydrophilic micro-models used in two-
phase flow studies. However, its wettability is not stable in time. We have developed a 
novel silanization procedure for making the flow network of a PDMS micro-model 
uniformly, stably, and strongly hydrophobic. This is done through delivering the silane 
into the micro-model in vapor form instead of liquid. Silane vapors injected into the 
micro-model condense on the PDMS surface of the flow network and form a monolayer 
of organosilane. This process causes PDMS to become stably and uniformly 
hydrophobic. Contact angles were found to vary between 176 and 180 degrees. 
Moreover, contrary to the use of the liquid silane, no flakes were produced in the 
process. Also, the surface of PDMS remained unharmed form corrosion, since no HCl 
was produced in the vapor treatment method. 
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Chapter 6 

On the fabrication of PDMS micro-models by rapid 

prototyping, and their use in two-phase flow studies 
 

Abstract 
 

Micro-models have been increasingly employed in various ways in porous media 
research, to study the pore-scale behavior of fluids. Micro-models have proven to be a 
valuable tool by allowing the observation of flow and transport at the micron scale in 
chemical, biological, and physical applications. They have helped to improve our insight 
of flow and transport phenomena at both micro- and macro-scales.  
Up to now, most micro-models that have been used to study flow and transport in 
porous media were small square or nearly square domains. In this work, an elongated 
PDMS micro-model, bearing a flow network with dimensions 5x30 mm2 was 
manufactured. The pore network was designed such that the REV size was around 5×7 
mm2. So, our flow network was considered to be nearly four times the REV size. Using 
such micro-models, we established that the inclusion of interfacial area between the 
wetting and the non-wetting fluids models the hysteretic relationship between capillary 
pressure and saturation in porous media. 
In this paper, we first present the procedure for manufacturing PDMS micro-models 
with the use of soft lithography. Then, we describe an innovative and novel optical 
setup that allows the real-time visualization of elongated samples. Finally, we present 
the results obtained by quasi-static, two-phase flow experiments.  
 

6.1 Introduction 

In porous media research, micro-models have been increasingly employed in various 
ways, to study the pore-scale behavior of fluids. Micro-models have proven to be a 
valuable tool by allowing the observation of flow and transport at the micron scale in 
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chemical, biological, and physical applications. They have helped to improve our insight 
of flow and transport phenomena at both micro- and macro-scales.  
An overview of various issues related to micro-models, such as network generation, 
fabrication materials and methods, visualization methods, and different applications, 
was given in Karadimitriou and Hassanizadeh (2012). They defined a micro-model as 
“an artificial representation of a porous medium, made of a transparent material. This 
fluidic device bears a flow-network, with features on the micro-scale, and an overall 
size of up to a few centimeters.”  
Micro-models have been mostly used in studying displacements of two immiscible fluid 
phases in porous media (Chang et al., 2009; Corapcioglu et al., 2009; Avraam et al., 
1994; Baouab et al., 2007, NagaSiva et al., 2011). Processes of drainage and imbibition, 
as well as the mechanisms that dominate them, like viscous or capillary fingering, snap-
off, etc., have been studied using micro-models (Zhang et al. 2011; Ferer et al., 2004; 
Grate et al., 2010; Gutiérrez et al., 2008; Hug et al., 2003; Huh et al., 2007).  
Recently, two-phase flow studies were performed using photo-resist micro-models that 
had flow patterns based on stratified percolation (Cheng, 2002; Pyrak-Nolte et al., 
2008; Cheng et al., 2004;  Chen et al., 2007; Liu et al., 2011). In these studies, 
distributions of the two phases in the flow network during quasi-static drainage and 
imbibition were visualized. Phase saturation and interfacial area could be determined 
using image processing and relationship between phase saturation, capillary pressure, 
and specific interfacial area was investigated.  
Micro-models have been made of different materials with their advantages and 
disadvantages. A detailed account of these issues can be found in Karadimitriou and 
Hassanizadeh (2012). One important property of micro-models is wettability. Glass or 
quartz micro-models are uniformly and stably hydrophilic, which is a major advantage. 
Also, vertical pore walls can be created (which is usually desired) using deep reactive-
ion etching method. But, then the pores cannot be made more than 30 micron deep 
(Ohara et al., Yeom et al., 2005 2010; Karadimitriou et al., 2012).   Deeper pores can be 
created in glass using chemical etching (Johnston, 1962; Wegner and Christie, 1983; 
McKellar and Wardlaw, 1982; Er et al., 2010), but then pore walls will be curved at the 
bottom, as the erosion process is highly isotropic. Silicon micro-models have the 
disadvantage that the pore walls are made of two materials. The pore network is 
created in silicon but, because silicon is not transparent, the micro-model is usually 
covered by a glass plate (NagaSiva et al., 2011; Baumann and Werth, 2004; Willingham 
et al., 2008). This results in a mixed wettability. Photo-resist micro-models have the 
advantage that they are relatively easy to make, but only in a special clean room 
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environment. Also, they are sensitive to ultra violet light; so that nitrogen is produced 
under regular light, which eventually destroys the network. Moreover, photo-resist 
micro-models gradually degenerate after a number of uses.  
A transparent material often used for micro-fluidic devices is Poly-Di-Methyl-Siloxane 
(PDMS). PDMS is a viscoelastic, silicon-based organic polymer. It is optically 
transparent, inert, non-toxic, and non-flammable. PDMS is hydrophobic in its natural 
state. But, this hydrophobicity is variable in time and space (Murakami et al., 1998; 
Fritz and Owen, 1995). This is a major disadvantage. However, we have developed a 
treatment process in order to make PDMS surface wettability uniform and stable. A 
solution of Trichloro-perfluoro-octyl-silane (silane in short) in 96%-pure ethanol was 
injected through a filter into the micro-model, so as to change its surface chemistry and 
make it uniformly and strongly hydrophobic. 
 PDMS is a material which is easy and safe to use in a normal laboratory environment. 
PDMS micro-models are relatively cheap to make and are reusable almost without limit. 
Finally, the geometrical characteristics of the features of the micro-model can easily be 
very well controlled, as it will be shown later in this paper. 
Up to now, most micro-models that have been used to study flow and transport in 
porous media were small, (nearly) square domains, so that they could be visualized 
under a microscope. Therefore, one may interpret them as being one Representative 
Elementary Volume (REV). An REV is the volume of a homogeneous porous medium 
above which the system properties are insensitive to the averaging domain size.  Often, 
only one average value for porosity, saturation, or capillary pressure is given for the 
whole micro-model. In the present work, an elongated micro-model with dimensions 
5x30 mm2 was manufactured. The pore network was designed such that the REV size 
was around 5×7 mm2 (the determination of REV size is explained in Sec. 2.2 below). So, 
our micro-model was considered to be nearly four times the REV size. A long micro-
model is similar to a column experiment; one can determine gradients in saturation, 
capillary pressure, and interfacial area. But, then a microscope is not suitable for real-
time visualization of a long micro-model under transient flow conditions. Therefore, we 
have designed and constructed an innovative and novel optical setup using digital 
cameras, for observing and imaging fluids distribution along the whole model at any 
given time. 
Through performing experiments in such micro-models, we investigated the role of 
fluid-fluid interfaces in the hysteretic relationship between capillary pressure and 
saturation in porous media. With this work, we provide experimental evidence to 
support the theories which propose that for a complete description of two- or multi-
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phase flow, interfacial area should be included as one of the state variables, in addition 
to pressure and saturation (Hassanizadeh and Gray, 1990, 1993a, 1993b).  
In this paper, we first present the procedure for manufacturing PDMS micro-models 
with the use of soft lithography (Xia and Whitesides, 1998; Duffy et al., 1998). Then, we 
describe our visualization setup that allowed the real-time visualization of elongated 
samples. Finally, we present the results obtained from quasi-static, two-phase flow 
experiments.  
 
6.2 Construction of the Micro-model 

6.2.1 Main steps  

A micro-model is commonly composed of two slabs. One slab contains the pore 
network and the other slab, which is featureless, is used as a cover. This creates a 
closed network of pores. The manufacturing process of our PDMS micro-model 
consisted of a number of steps, which are briefly mentioned here and explained in 
detail in the following subsections. First, the flow network was designed, as well as the 
inlet and the outlet areas. This design was transferred to a mask. The mask was a 
plastic transparency sheet with the flow network and reservoirs being transparent and 
in their actual dimensions, and the solid phase being black. It was used in the process of 
creating a patterned silicon wafer that would serve as a mold. This wafer, usually called 
the “master”, was used for the preparation of a PDMS slab with the network and the 
two reservoirs formed in it. Another PDMS slab without any features was then used to 
cover the micro-model. Finally, the micro-model was treated in order to acquire a 
uniform wettability. These manufacturing steps will be explained in detail shortly.  
 
6.2.2 Design of the flow network and the reservoirs. 

An elongated pore network with an overall size of 5 x 30 mm2 was designed. The pore 
network was represented by an assembly of pore bodies and pore throats with a wide 
distribution of sizes. The network topology was generated using Delaunay 
triangulation, which is considered to provide a good representation of real porous 
media (Heiba et al., 1992).  In the Delaunay triangulation, points are connected to their 
neighbors by non-intersecting bonds. Connected points form triangles that are as 
equilateral as possible.  The co-ordinates of the triangulation points were generated by 
the use of a fixed routine in MatLab. These points were considered to be the centers of 
pore bodies. The number of pore bodies directly connected to a pore body, which is 
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usually called the co-ordination number, was not constant throughout the whole 
network; it varied from 4 to 6 for the 2000-points network, from 5 to 8 for the 3000-
points network, and from 6 to 9 for the 6000-points network.  
Pore bodies were cylinders and the pore throats were parallelepipeds. In planar view, 
pore bodies were circular while pore throats were rectangular. They had the same 
depth and had a rectangular cross section.   
Pore body sizes were assigned from a truncated log-normal distribution. The length of a 
pore throat was defined as the distance between two connected pore bodies, minus the 
sum of their radii.  The width of a pore throat was assigned by using the following set of 
equations (Joekar-Niasar et al., 2010a):      
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where Ri is the radius of pore body i, wij is the width of the pore throat ij, and d is the 
distance between the two centers. In this formula, n is an extra tuning parameter for 
specifying the pore throat size. It also makes sure that the width of the pore throat 
would always be smaller than the diameter of the smallest pore body that it is 
connected to. 
In figure 1, the whole network as well as a magnified image of part of it can be seen. . 
The pore network was designed such that the REV size was around 5×7 mm2. So, our 
micro-model was considered to be nearly four times the REV size. The REV size was 
determined through pore-network modeling as follows. Simulations were run for the 
whole extent of the micro-model. Then, capillary pressure-saturation curves under 
quasi-static conditions were obtained for a sequence of gradually increasing sub-
domain sizes and compared to each other. The subdomain size beyond which the 
capillary pressure-saturation curve remained unchanged was considered to be the REV 
size. 
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Figure 1. (a) Image of the pore-network with 2000 pore bodies and 6000 pore throats 

and a mean pore size of 40 μm. The void space is shown in black. (b) Zoomed-in image 

of a part of the network. 

 
For the introduction of each phase into the flow network, two reservoirs, one for each 
phase, were designed at the beginning and the end of the flow network. Special 
attention was paid to the design of the reservoirs. They were much bigger than the size 
of a single pore body, whereas their height was the same as the rest of the model. This 
created a very high ratio between the width and the height of the reservoir. This 
consequently led to the collapse of the top surface and blocking of the flow in an earlier 
design of the micro-model. In fact, Bietsch and Michel (2000) have shown that there is a 
maximum ratio between the distance separating two sequential features in PDMS, and 
their height, as well as between the void space between these features and their own 
volume. So, pillars were added to support the reservoir’s top surface and prevent it 
from collapsing. In figure 2, the reservoir can be seen, where the void space is shown in 
black and the PDMS pillars are in white. The large difference in the size of pores of the 
micro-model and the reservoir are also evident in this figure.  

30 mm 

     5 mm 

(a) 

(b) 
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Figure 2. The schematic of the reservoir with the supporting pillars. The void space is 

shown in black and pillars in white. 

 

The Autocad drawing of the flow network with the two reservoirs, was then sent to the 
CAD/Art Company (Oregon, U.S.A.), in order to create a mask at a resolution of 20,000 
dots per inch.  
 
6.2.3 Preparation of a patterned silicon wafer with photo-lithography.  
 
A necessary step in the manufacturing process of PDMS micro-models was the 
preparation of a silicon wafer that bore the features of the micro-model (flow network 
and reservoirs) and would be used as a mold. This wafer is usually called the “master”.  
For this purpose, first, the silicon wafer was put in an oven for 15 minutes, at 120 
degrees Celsius. This was done in order to remove any moisture from the surface of the 
wafer that might harm the adhesion process later on in the process.  The wafer was 
then spin coated with SU8 2025 photo-resist. It was put on a spin-coater and a small 
portion of photo-resist was poured on it. The choice of rotation speed and time depends 
on the desired depth of the photo-resist layer, which had to be the same as the depth of 
the flow network.. Calibration curves were provided by the supplier of the photo-resist. 
For example, to achieve a thickness of 40 μm, the wafer was put to spin for 90 seconds 
at a rotation rate of 2000 rounds per minute. Then, the wafer was put on a hotplate and 
was soft-baked at 65 degrees Celsius for 3 minutes, and immediately after that at 95 
degrees Celsius for 6 minutes. In this way, the photo-resist became harder and 
degassed, photo-sensitive, but not yet solid. Right after this step, the wafer and the 
mask (which contained the flow network and the two reservoirs), were put under an 
aligner, where they were illuminated by ultra-violet light. Parts of the photo-resist-
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coated surface of the wafer that were visible through the mask open areas were 
exposed to the light. Depending on the height of the photo-resist layer, the energy level 
of the light beam had to be tuned to penetrate the thickness of the photo-resist layer, 
according to the specifications of the photo-resist supplier. As soon as this step was 
finished, the wafer was hard baked on a hot plate at 65 degrees Celsius for 1 minute 
and immediately after that at 95 degrees Celsius for 6 minutes to allow cross-linking of 
the exposed photo-resist. The wafer was then put in a glass petri dish and was covered 
with Mr-dev 600 developer liquid (micro resist technology GmbH). By gently moving 
the petri dish with the wafer in it for approximately ten minutes, the photo-resist areas 
that were not exposed to the ultra-violet light were dissolved. This led to the features of 
the network and the reservoir to be formed on the wafer.  
In this way, a wafer was made that could be used as a mold to make replicates of the 
same network (as explained in the next section). This part of the process of the 
manufacturing of PDMS requires a clean room environment. The whole operation was 
performed in the class-10000 clean room facility of the Kavli Institute of Nanoscience 
Delft. The rest of the process was carried out in our regular laboratory. 
In our regular laboratory, the master was then put in a vacuum chamber and was 
silanized. A droplet of silane was put in the vacuum chamber; it evaporated and formed 
a monolayer on the surface of the master that prevented the PDMS from adhering to the 
master’s surface. In this way, PDMS could be easily peeled off the wafer, without leaving 
any residues. If an unsilanized master is used, then the photo-resist features on the 
master would be peeled off together with the PDMS slab. 
 
6.2.4 Fabrication of a PDMS micro-model 

The raw materials that were needed to make a PDMS micro-model were a silicon 
elastomer base (Dow Corning Slygard 184), and the corresponding elastomer curing 
agent. The silicon elastomer base, which was in liquid state, was mixed with the 
elastomer curing agent at a mass ratio of 10:1. The two components were mixed 
thoroughly by stirring them in a cup for a few minutes. The quantity of PDMS that was 
used, determined the thickness of the slabs created. In our work, typical values for the 
weights of the two components were 50 gr and 5gr, respectively. The resulting amount 
of PDMS would make sure that the PDMS slabs were thick enough to create a relatively 
rigid micro-model. Also, it was thin enough for the inlet and outlet holes to be punched 
without creating cracks in the material.  
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After mixing, the mixture was full of trapped air bubbles. So, the cups with the mixture 
were put into a vacuum chamber to remove the trapped air. It was important not to use 
the same vacuum chamber that was used for the silanization of the master, as it was 
already contaminated with silane. We released the vacuum suction periodically for two 
reasons. First, the degassing of the material was faster in the first five minutes of the 
process, and then it became slow. Second, the rising trapped air would raise the level of 
the liquid in the cup. If the vacuum was not released, it would have spilled over the cup. 
After degassing, the content of one cup was poured over the master silicon wafer in a 
petri dish, with the design of the micro-model pointing upward. The material had to be 
poured as slowly as possible in order to avoid having too much trapped air. It was also 
important not to pour PDMS directly on top of the features of the master wafer, but on 
the blank surface of the wafer, allowing the liquid PDMS to flow slowly into and over 
the flow network. Otherwise, there was a chance that dust particles become trapped in 
the main structure of the flow network, resulting in a defective micro-model. 
Next, a layer of PDMS was poured in another petri dish to form a plain slab without any 
features. This PDMS slab was used as the sealing layer of the micro-model. Then, the 
two petri dishes were put in the vacuum chamber to remove any trapped air. 
After degassing, the two petri dishes were put in an oven at 68 degrees for at least two 
hours in order to cure and solidify liquid PDMS. In general, various combinations of 
temperature and curing time can be employed. The limit combinations are: more than 
48 hours in ambient temperature and 10 minutes at 200 degrees. For the latter case, a 
glass petri dish should be used, as a plastic one will deform because of the heat. 
However, longer curing times and less curing temperature is favorable to avoid creating 
stresses in the material. Ambient temperature is not a very good option as it takes too 
much time, and the material may be exposed to dust particles that may stick on its 
surface before it solidifies. 
After curing, the PDMS slabs were allowed to reach ambient temperature before 
bonding them. In this way permanent distortions because of excessive stress on the 
material could be avoided. 
The PDMS slab had to be separated from the silicon wafer in a way that it would not 
destroy the wafer’s features. First, with the use of a scalpel or sharp pointy knife, PDMS 
was cut around the wafer’s edges and was gently removed from the petri-dish. The 
wafer was gently separated from PDMS.  It was essential that this procedure was as 
slow as possible, so that the features on the wafer would not be detached from the 
wafer. The petri dish that had only plain PDMS slab was much easier to handle. One just 
had to cut the edges and remove the PDMS slice from the petri dish. 
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Microscope glass slides (Menzel-Glaser) with dimensions of 76 mm x 26 mm were used 
as guides to cut the parts of PDMS slab containing the flow network and the two 
reservoirs. Pieces of the same size were also cut from the plain PDMS slab, which was to 
be used for sealing the micro-models. Inlet and outlet holes were punched into the 
middle of the reservoir areas of the slab with features using a leather hole punching 
tool. 
The two PDMS slabs had to be put together and bonded. The plain PDMS slab was 
placed in such a way that its surface that was in contact with the petri dish would form 
the inner side of the micro-model. This ensured that the surface would be smooth and 
free of dust particles. 
There are various bonding techniques (Eddings et al., 2008). These techniques involve 
oxygen plasma (Duffy et al., 1998, 1999), corona discharge (Haubert et al., 2006), 
partial curing of PDMS in an oven (Go and Shoji, 2004; Eddings and Gale, 2006), use of a 
curing agent (Samel et al., 2007), and stamp/stick (Satyanarayana et al., 2005). We 
tried two techniques: oxygen plasma and corona discharge. A discussion of these 
bonding methods and related issues is given below. 
For the oxygen plasma bonding, an Expanded Tabletop Plasma Cleaner (Sigma-Aldrich) 
was used. Typical values for control parameters of the oxygen cleaner were a vacuum 
pressure of 0.3-0.4 mbar, output power of 30 W, and exposure time of up to three 
minutes.  
There is no known recipe for an effective use of the corona treater. For this reason, a 
number of measurements were carried out to determine the optimal exposure time and 
distance between the specimen and the treater. In this case, optimal meant that after 
bonding, the micro-model would withstand the highest possible applied pressure 
without any leakage. It was observed that the tolerance to applied pressures was 
related to the contact angle of a droplet of water on top of PDMS after treatment, in air. 
The lowest contact angle seemed to create a bonding with the maximum tolerance to 
the applied pressure (see figure 3). A typical value of 15 kV of voltage was used. It was 
found that if the distance between the specimen and the treater was less than 4 cm, the 
bonding effect was more or less insensitive to the distance. For a distance of 1.5 cm, 
different exposure times were tested and the contact angle was measured. Results of 
the measured contact angle for different exposure times are shown in figure 4. 
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Figure 3. A water droplet in contact with PDMS and surrounded by air. Contact angle 
between air and PDMS is shown.  
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Figure 4. The air contact angle versus time of exposure to corona discharge. Note that 
because the contact angle is measured in the air, a contact angle of zero means that the 
surface is completely hydrophobic. 
 

These results show that the smallest contact angle is achieved at an exposure time of 25 
second. So, this was the exposure time used in our treatments of micro-models. 
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In both cases of oxygen plasma or corona discharge treatment, after exposure, the two 
parts of the micro-model were put together and a gentle mechanical pressure was 
applied to them until chemical bonding was achieved. Special attention was paid to 
removing the air trapped between the contacting surfaces of the two slides. This was 
achieved simply by applying some extra pressure on the relevant areas and expelling 
the air.  
In order to make the micro-model more rigid, using the same bonding procedure, a 
microscope glass slide (Menzel-Glaser) was bonded to the side of the micro-model that 
did not have inlet and outlet holes. 
For the bonding to mature, the model was left to rest for a few hours or, even better, 
put in the oven overnight at a moderate temperature (±68 degrees). This step was 
particularly important for the corona discharge bonding. Otherwise, bonding could be 
reversed. 
 
6.3 Issues with PDMS models 

In this section we will explain how to solve a number of known issues related to the use 
of PDMS material in two-phase flow experiments. 
 
6.3.1 Wettability issues 

One of the most important properties of a micro-model is the wettability of its material. 
In two-phase flow studies, it is very important to have a uniform and stable wettability 
throughout its flow network. In our experiments, it did not matter whether the micro-
model was hydrophobic or hydrophilic, as long as it remained uniformly and 
permanently in the same state. Hereunder, we describe the wettability problems of 
PDMS micro-models and explain how we achieved stable and uniform wettability 
properties.  
PDMS is hydrophobic in its natural state. But its wettability properties change during, 
and as a result of, the bonding process. For example, the oxygen plasma technique, 
introduced by Duffy et al. (1998), causes PDMS to become hydrophilic. Duffy et al. tried 
to enhance the bonding strength by activating layers of cross-linked PDMS, through 
surface oxidation. It is believed that surface oxidation exposes silanol groups (Si-OH) at 
the surface of the PDMS layers and, when brought together, they form covalent siloxane 
bonds (Si-O-Si). This process makes PDMS even more hydrophilic. However, the 
material returns to its original state when exposed to the atmosphere for some time (a 
few minutes to a few hours) (Bodas and Khan-Malek, 2007). The corona discharge 
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technique has an opposite effect, compared to oxygen plasma treatment. It makes the 
material more hydrophobic than its natural state. But also in this case, PDMS returns to 
its original hydrophobicity level. Our PDMS micro-models, which were bonded by the 
oxygen plasma treatment technique, originally had a hydrophilic behavior, as expected. 
However, within a relatively short time (around 12 hours after bonding), their 
wettability started to change gradually. After roughly three days, the material was 
hydrophobic with non-uniform wettability. In figure 5, a magnified part of the network 
filled by two immiscible fluids can be seen. The snapshot was taken at equilibrium, so 
there is no further movement of the fluid-fluid interfaces. It is evident that there is 
mixed wettability even within a very small area. The contact angle between the phases 
was measured under static conditions with ImageJ software, and was found to vary 
from 80 to 60 degrees.  Even days after bonding, in some parts of the network, a mixed 
wettable condition was visible. This showed that the wettability of PDMS is a function 
of time, and is dependent on the initial wettability condition.  
 

                    
 

Figure 5. Snapshot taken from a part of the flow network filled with two immiscible 
liquids. In dark color is the non-wetting phase. The wetting phase is colorless. The 
contact angles varied from 80 to 60 degrees.  
 

Similar observations were made after treating the micro-model with corona discharge 
bonding, where the material was more hydrophobic than in its natural state. 
The wettability problem was solved by employing and improving a silanization 
technique. In this technique, a solution of silane in 96%-pure ethanol was injected 
through a filter. The pores of the filter were 0.45 microns wide. In this way, silicon, 
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which a by-product of the reaction of TCP with water in ethanol and in the air, was kept 
out of the flow network, preventing blockage.  
A total volume of 1 ml of a 0.018 v/v solution was introduced into the micro-model at a 
pumping rate of 3 μl/min. Then, the model was put in an oven at 68 degrees Celsius 
overnight to dry out. After that, the micro-model was ready for use. 
After this silanization procedure, the micro-model network was uniformly hydrophobic 
everywhere.  The phases used in this study were fluorinert as the wetting phase, and 
water dyed with ink as the non-wetting one. Fluorinert is a colorless (refraction index, 
n=1.291), fluorine based, and inert liquid. It is 4.7 times more viscous (μ=4.7*10-3 
Pa*s) and 1.86 times heavier than water (ρ=1860 Kgr/m3). The interfacial tension 
between water and Fluorinert is 58 mN/m.  
In figure 6, a magnified part of the network can be seen during drainage. It is a snapshot 
taken under quasi-static conditions. Fluorinert is seen in light color and water in dark 
color. It is obvious that the water is the non-wetting phase, and fluorinert is the wetting 
one. The contact angles are clearly small everywhere. That was also cross-checked with 
the use of ImageJ software to measure the contact angle from the image. Values 
between zero and 4° were found. 
 

 

Figure 6. A magnified image of the network during drainage. The curvatures of the 
interfaces show a strong wettability of the medium to fluorinert (seen in light color).  
 
The contact angle was also measured under pressure-free conditions as follows. A 
droplet of water was dropped in a beaker filled with fluorinert. As water is much 
lighter, it stayed on the surface. Then, a silanized PDMS slab was put on top of them. 
The contact angle between water, fluorinert, and PDMS was measured. We found it to 
be equal to 4°.  
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6.3.2 Deformation of micro-model  

An issue that needs attention is the possibility of swelling of PDMS due to contact with 
organic liquids and its deformation under the pressures of liquids. PDMS swells when it 
comes in contact with non-polar organic solvents, like hydrocarbons, toluene, and 
dichloromethane,. Lee et al. (2003) examined the compatibility of organic liquid with 
PDMS. They stated that the problem of liquid compatibility has three aspects: 1) the 
absorption of the liquid in PDMS, and potential swelling of PDMS, 2) the diffusion of 
liquid components in PDMS, and 3) the dissolution of oligomers (swelling oils) in PDMS. 
In the work of Dangla et al. (2010), the dynamics of penetration of solvents in PDMS 
and its relation to volume dilation were studied in a model experiment, allowing a 
precise measurement of the diffusion coefficients of oils in PDMS. The two liquids that 
we used, water and fluorinert, do not cause swelling of PDMS. In general, alcohols, polar 
solvents, and fluorine-based fluids do not have a swelling effect on PDMS. 
In the work of Gervais et al. (2006), the effect of liquids pressure on the deformation of 
shallow micro-fluidic channels was examined. Such deformation can, in turn, affect the 
laminar flow profile and pressure distribution within the channels. They came up with 
a dimensionless number for assessing the significance of this deformation, depending 
on the pressure drop along a channel, its width and height, and the Young modulus of 
PDMS. Based on this dimensionless number, we determined that the deformation of 
PDMS in our experiments can be neglected.  
 
6.4 Experimental setup 

6.4.1 Visualization setup 

In most micro-model studies, conventional microscopy is employed for visualization of 
pore-scale processes.  But, this method would be inadequate for the visualization of our 
elongated flow network. The reasons are that with a conventional microscope, only a 
square part of the flow network can be visualized at a high resolution, at any given time. 
The rest of the model would be outside the field of view of the microscope.  For this 
reason, we designed an innovative optical setup which allowed us to visualize and 
record images of the whole micro-model at any given time.  
A picture of the experimental setup is shown in figure 7. Major components of the 
optical setup were: (1) a collimated LED light source mounted with an objective lens F 
3.2/105 mm, (2) a prism (Edmund Optics) with dimensions of 50 mm x 50 mm, (3) a 
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SONY Sonnar F1.8/135 mm magnifying lens, (4) a box containing three beam splitters 
(Edmund Optics) with dimensions of 35 mm x 35 mm, and (5) four 5-Megapixel 
Prosilica GC-2450 cameras. The micro-model (A) was placed horizontally on a stage 
between the light source and the prism. The input and output holes of the micro-model 
were aligned with the holes of an inflow reservoir (B) and an outflow reservoir (C), 
respectively. The whole setup was placed on a vibration-free optical table (Standa 
Opto-Mechanics). In figure 8, a schematic representation of the visualization setup is 
shown.  

 
 
Figure 7. The experimental setup for the visualization of the elongated micro-model: 1) 
LED light source mounted with an objective lens. 2) Prism. 3) Magnifying lens. 4) Box 
with three beam splitters. 5) High resolution CMOS cameras. The micro-model is 
labeled A and the inflow/outflow reservoirs are designated by B and C, respectively. 
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Figure 8. A schematic representation of the visualization setup 

 

The working of the visualization setup was as follows. The collimated light passed 
through the micro-model, and it was bent by the prism to become parallel to the optical 
table. The beam splitters reproduced four identical images in four perpendicular 
directions. In each direction, there was a camera placed such that each camera received 
a different part of the image. By adding the images of all four cameras, the whole extent 
of the flow network could be visualized. The distance between the optical parts of the 
setup, as well as their optical properties (like focal length, numerical aperture of the 
lens, etc.) where carefully chosen, so that the final image that every camera would 
receive, could fit exactly in the camera’s sensor. The part of the micro-model recorded 
by each camera was about 5x7 mm2. This corresponded to one REV. 
We confirmed this by determining the porosity over domains of 5 mm in width and 
increasingly larger length, starting with a domain length of 56 microns (equivalent of 
20 pixels). We obtained a porosity value of 50% for domain sizes of 5x7 mm2 (figure 
10). 
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Figure 9. Porosity of an increasingly growing in one direction domain in the micro-
model. The other direction was equal to 5 mm, which was the width of the model. 
Porosity reaches a constant value of 50% when the domain size is 5 x 7 mm2. 
 

A detailed explanation of the visualization setup can be found in Karadimitriou et al. 
(2012). In figure 10, images from the four cameras of a network with dimensions of 5 
mm x 30 mm are shown.  

        

      

1 2 

4 3 
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Figure 10. The four images of the flow network numbered according to their sequence 
in the micro-model. In total, the pictures cover an area of 5 x 30 mm, visualized at a 
resolution of 2.8 μm/pixel. 
 

6.4.2 Pressure measurement and control 

The inflow and outflow of fluids were controlled through the two external reservoirs B 
and C. At exactly the same level as the level of the micro-model, two pressure 
transducers (Kulite XTL-190M-0,7B-D) were installed, one in each reservoir, to 
measure the fluid pressures. These transducers were connected to a differential 
pressure controller (Bronkhorst). The differential pressure controller had an RS-232 
interface that was connected to a computer. In this way, it was possible to set, measure, 
and control the differential pressure between the two reservoirs at any instant. The 
controller was calibrated in a way that the maximum pressure difference would be 27 
kPa with an accuracy of 25 Pa. The pressure controller could adjust the pressure in the 
non-wetting phase reservoir by increasing or decreasing the through-flow rate. The 
pressure in the wetting phase reservoir was always atmospheric. By increasing the 
pressure of the non-wetting phase reservoir, drainage could be initiated. At the end of, 
or during, a drainage event, imbibition could be brought about by reducing the pressure 
of the non-wetting phase reservoir. 
  

6.5 Quasi-static experiments  

The micro-models used in this set of experiments had 3000 pore bodies, nearly 9000 
pore throats, and the mean pore size was 40 μm. Their depth was equal to 40 μm. The 
micro-model was initially saturated with the wetting phase, which was Fluorinert FC-
43. The non-wetting phase was water dyed with ink. The pressure of the non-wetting 
phase was increased, until it was just high enough for the non-wetting phase to enter 
the flow network. The spatial configuration of the fluids in the micro-model was 
continuously monitored and when there was no change (usually after 20 minutes), we 
assumed that equilibrium was reached. By stepwise increase of the non-wetting phase 
pressure with 50 Pa, subsequent stages of drainage were achieved. At every 
equilibrium step, a snapshot of the fluids configuration in the network was acquired. 
The drainage experiment was over once the non-wetting phase reached the end of the 
micro-model and entered the outflow reservoir (i.e. breakthrough). Then, quasi-static 
imbibition experiment was carried out by stepwise decrease of the non-wetting phase 
pressure. All experiments were conducted in a constant-temperature room at 21 ± 1 0C. 
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6.6 Results 

The acquired images were analyzed with IDL software package (IT&T Visual 
Information Solutions) to calculate saturation and the specific interfacial area between 
Fluorinert and dyed water at an imposed capillary pressure. Results were used to plot 
capillary pressure-saturation curves as well as capillary pressure-saturation-interfacial 
area surfaces.  
In figure 11, data points for capillary pressure and saturation for a series of drainage-
imbibition cycles are shown. It is obvious that the capillary pressure-saturation 
relationship is highly hysteretic. These results clearly show that the knowledge of 
pressure and saturation is not enough to fully specify the state of the system.  

 

Figure 11. Capillary pressure as a function of Fluorinert saturation for primary 
drainage, main imbibition, and scanning curves. 
 

The hysteretic behavior of the system can also be seen in figure 12, where two images 
from the same part of the network. Left image is from imbibition and the right one is 
from drainage. The phase saturation is nearly the same in both images, but the capillary 
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pressure is significantly different. In the left picture, the capillary pressure is 4833 Pa, 
while in the right picture the applied pressure is 2160 Pa. But, also the interfacial areas 
of the two images are significantly different (2.8*10-7 m2 and 7.4*10-7 m2 respectively).  
 

               
 
Figure 12. Images from a small part of the network at drainage (left) and imbibition 
(right). In both images, the wetting phase saturation is 72%. In the left picture, the 
capillary pressure is 4833 Pa, while in the right picture the applied pressure is 2160 Pa.    
 

In quasi-two-dimensional micro-models, like the one that we used in our experiments, 
there is very limited corner flow of the wetting phase. The only parts of the network 
where the wetting phase stays connected with the wetting phase reservoirs are the 
corners along the upper and lower side boundaries of the network. The wetting phase 
in all other corners remains isolated due to the two-dimensional nature of the micro-
model. The flow through these side boundary corners was quite limited, because of 
their limited volume, and the system exhibited a highly hysteretic behavior. As soon as 
the pressure was low enough for the non-wetting phase to free the upper and lower 
boundaries of the network, then imbibition was very fast. 
As it was mentioned above, theoretical, numerical, and experimental results have 
shown that it is crucially important to include interfacial area for a complete 
description of two-phase flow in porous media (see e.g., Hassanizadeh and Gray, 1990, 
1993b; Held and Celia, 2001; Cheng et al., 2004; Joekar-Niasar et al. , 2010b;; Joekar-
Niasar and Hassanizadeh, 2011, 2012). 
In figure 13a, all equilibrium data of saturation, capillary pressure, and specific 
interfacial area from imbibition and drainage experiments are plotted.  In figure 13b, a 
surface fitted to these date points is shown. The fitted surface can be described by the 
following function (after Joekar-Niasar and Hassanizadeh, 2012):       
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Figure 13. From left to right, the surfaces that were formed by data points obtained 
during drainage and imbibition, both interpolated and fitted, are presented. 
  

(1 )wn
ca S S Pβ γα= ⋅ ⋅ − ⋅  

 The choice of such a fitting function was made so that at a wetting phase saturation of 
zero, there will be zero interfacial area. Specific interfacial area and capillary pressure 
are measured in S. I. units. In the table that follows, the values for the fitting 
parameters, their confidence levels, as well as R2 values are given. 
 

Parameter Value Confidence levels 

α 2538,59 2315,79 – 2759,65 

β 1,185 1,165 – 1,205 

γ 0,004594 -0,005873 – 0,01506 

R2 0.991548 

 

As it can be seen in the table, there was a very good match for the fitting of all data 
points by a single surface. 
We also fitted individual surfaces to drainage and imbibition data points separately. 
The maximum difference between the two surfaces was found to be about 8%, while on 
average, the mean difference was around 4%. The reason for the difference between 
the two individual surfaces, one for drainage and one for imbibition was the creation of 
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disconnected non-wetting phase after primary drainage. The disconnection of the non-
wetting phase created interfaces that in future steps, a part of it would get reconnected, 
and a part of it would remain disconnected. 
 It can be seen in figure 14, where snapshots of the same part of the micro-model during 
primary drainage (left image) and main imbibition (right image) are shown, that the 
disconnection of the non-wetting phase created many interfaces. A big part of the 
disconnected phase would get reconnected, but not all of it. The wetting phase 
saturation was almost the same in the two situations (83.4 % and 84.0%, respectively). 
But, the values of capillary pressure and interfacial area were significantly different. For 
the left image, the pressure was 4833 Pa and the interfacial area was roughly 2.8*10-7 
m2. For the right side, the pressure was 1080 Pa (thus lower) whereas the interfacial 
area was around 2.1*10-6 m2 (i.e., much higher). 
 

 
Figure 14. The configuration of fluids in drainage (left) and imbibition (right) in the 
same part of the flow network.  
 
 
6.7 Discussion 

The experimental results showed that the relation between capillary pressure and 
saturation for drainage and imbibition is hysteretic; we have many possible equilibrium 
curves. However, the inclusion of interfacial area as a new state variable can eliminate 
hysteresis. Instead of many curves, we get one unique surface, which is the locus of all 
drainage and imbibition data points. This also means that we can estimate a unique 
value of interfacial area for every capillary pressure-saturation pair. This surface is 
unique for a given set of fluids and solid phases and a given percolation pattern. In fact, 
after repeating the experiment many times, for the same pressure steps, the same 
percolation patterns were obtained. When the pressure steps were slightly increased, 



146 
 

then the distribution of fluids in the network were different. But, we still obtained the 
same Pc-S-awn surface. When the experiment was repeated with different pairs of 
liquids (we used perfluorodecalin and water), the pattern was different than the one 
with fluorinert and water, but still reproducible under the same conditions. Of course, 
we got a different Pc-S-awn surface than for water and fluorinert.  
Finally, we verified our initial claim that our flow domain comprised four REVs. We 
divided the flow domain into four sub-domains and compared the capillary pressure-
saturation–specific interfacial area surfaces of subdomains with each other as well as 
with the surface for the whole domain.. The results showed that the fitted surfaces 
matched well, with the highest mismatch being less than 4%. 
 

6.8  Conclusions 

We have developed a relatively simple and highly effective method for constructing 
PDMS micro-models. Through a series of steps, which in total take less than a week, we 
can construct a fully functional micro-model. The most time-consuming part is the 
production of the master wafer, which takes almost six days, including the preparation 
of the mask and shipping. After that, the micro-model can be ready in four to five hours. 
Up to now, PDMS micro-models were not considered to be suitable for well-controlled 
two-phase flow experiments because of their mixed wettability, and the fact that it 
changes with time. We have developed a reliable procedure for making PDMS micro-
models that are uniformly and stably hydrophobic. This is a major improvement in 
addressing wettability problems of PDMS and makes it a very attractive alternative to 
other materials, like photoresist, silicon, glass or quartz. In comparison to previous 
experimental work on the significance of the inclusion of interfacial area as a separate 
variable, we may make the following observations. It is the first time that an elongated 
micro-model is being used. This offered the ability to study the concept of REV, and to 
verify its average properties related to interfacial area experimentally. It was observed 
and verified that corner flow is not present in a two-dimensional micro-model, except 
from the upper and lower boundaries of the flow network. This made the capillary 
pressure–saturation curve to be highly hysteretic.  The network configuration allowed 
for the existence of residual saturation for, wetting and non-wetting phases. Because 
we did not have corner flow, the lowest wetting phase saturation we could reach was 
around 60%. Therefore, we could not reach maximum values of the specific interfacial 
area. So, in comparison to other two-dimensional micro-models, the interfacial area 
that we measured was smaller than    
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We have shown that the visualization setup, using four cameras, can provide dynamic 
images of the distribution of two immiscible liquids over the whole length of the micro-
model. By performing quasi-static experiments, we have shown the validity of the 
hypothesis that capillary pressure- saturation-interfacial area data points form a 
unique surface for all drainage and imbibition processes.  
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Chapter 7 

Micro-model study of Specific interfacial area - Capillary 

pressure - Saturation relationship under transient 

conditions in two-phase flow 

 
Abstract 

One of the main relationships used in two-phase flow modeling is the capillary pressure 
– saturation relationship. It is well known that this relationship is process dependent. 
One will obtain different capillary pressure – saturation curves for drainage and 
imbibition. This effect is called hysteresis. A theory derived through rational 
thermodynamics (Hassanizadeh and Gray, 1993a) suggests that the introduction of a 
new state variable, called specific interfacial area, can result in a unique relation 
between capillary pressure, saturation, and specific interfacial area. Specific interfacial 
area is defined as the ratio of the total area of interfaces between two phases to the 
total volume of the porous medium. 
This study investigates whether the relationship between capillary pressure-saturation 
and specific interfacial area is different when obtained under steady-state and transient 
two-phase flow in an elongated PDMS micro-model. Experimental results show that the 
relationship between capillary pressure and saturation depends on the displacement 
process (drainage or imbibition). It is also different under quasi-static and dynamic 
conditions. In addition to this, we provide experimental evidence to support the 
extended theories of two-phase flow, where specific interfacial area should be included 
as a separate state variable.  
 
7.1 Introduction 

7.1.1 Specific interfacial area and two-phase flow  

A corner stone of theories of two-phase flow in porous media is the capillary pressure-
saturation relationship. It actually relates the difference in macro-scale pressures of 
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two immiscible fluids to the saturation of one of the fluids. Almost always, it is 
measured under static conditions, and then it is used to model transient conditions. It is 
well known that this relationship is hysteretic, and does not explicitly include any 
information on the dynamics of the interfaces formed between the two phases. One 
may get many capillary pressure – saturation curves, for the same porous medium, for 
the same set of phases, but for different initial conditions and for different displacement 
processes. Following an approach based on volume averaging and rational 
thermodynamics, Hassanizadeh and Gray (1990, 1993b) developed a macroscale 
theory of two-phase flow. They postulated that the hysteretic behavior of Pc-Sw 
relationship can be modeled by introducing fluid-fluid specific interfacial area as an 
additional state variable. Based on this theory capillary pressure-saturation-specific 
interfacial area data points from drainage and imbibition processes under equilibrium 
or/and non-equilibrium conditions would fall on a unique surface. This can be 
formulated as follows: 

( , , ) 0c w wnF P S a =                                 (1) 

 
A growing number of numerical and experimental works show that under quasi-static 
conditions, drainage and imbibition Pc-Sw-awn surfaces (formed by data points from 
drainage and imbibition experiments, respectively) coincide with each other, within the 
margin of experimental error. The earliest studies were done by Reeves and Celia 
(1996), and Held and Celia (2001), who performed quasi-static pore-network modeling. 
The first experimental evidence for the uniqueness of Pc-Sw-awn surface was provided 
by Cheng et al (2004) and later by Chen et al (2007) and Pyrak-Nolte et al. (2008). They 
performed two-phase flow experiments in a micro-model. However, all these studies 
have one thing in common; they considered equilibrium conditions only. Under 
equilibrium (quasi-static) conditions, the interfaces were not moving in the porous 
medium.  A combination of pore-network modeling and micro-model experimental 
results was performed by Joekar-Niasar et al. (2009), Porter et al (2009) and 
Karadimitriou et al (2013). 
The question one may ask is whether the relationship obtained under equilibrium 
conditions for Pc-Sw-awn would be applicable under dynamic conditions too. This 
question was addressed by Joekar-Niasar and Hassanizadeh (2012) using a dynamic 
pore-network model. They determined the macroscale capillary pressure, saturation, 
and interfacial area for an elongated averaging domain during transient flow. The 
capillary pressure was calculated as the average of local-scale capillary pressure 
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(within the pores) at any given time. Such a study cannot be done experimentally. One 
needs to obtain macroscale capillary pressure under dynamic conditions. One can 
measure macroscale fluid pressures (by using selective pressure transducers, as e.g, in 
Bottero et al., 2011). But, under dynamic conditions, capillary pressure is different from 
fluid phase pressures. This was clearly shown by Joekar-Niasar et al., 2010. So, an 
important question is how to measure macroscale capillary pressure in an experiment.  
In our micro-model experiments, we are using images from dynamic displacement 
experiments in order to determine macroscale capillary pressure. This allows us to 
examine how capillary pressure – saturation – interfacial surfaces changes under 
dynamic conditions. 
In the extended theories of two-phase flow proposed by Hassanizadeh and Gray (1990), 
there are also terms related to the average velocity of interfaces and their rate of 
production. Pop et al. (2009), and Niessner and Hassanizadeh (2008), proposed that 
the interfacial area production term (Ewn) should depend on saturation and its rate of 
change. Joekar-Niasar et al., (2010a) studied the dependence of interfacial area 
production term on dynamic parameters, like viscosity ratio and different global 
pressure difference, using a dynamic pore network model. However, the size of their 
network was nearly one REV.  Joekar-Niasar and Hassanizadeh (2011) used an 
elongated flow network in their dynamic pore network model. In this work, we use 
experimental data to investigate the dependence of the production term, as well as the 
interfacial velocity (wwn), on saturation and its rate of change. 
 
7.1.2 Micro-models and two phase flow 

 
An overview of various issues related to micro-models and their use in two-phase flow 
studies, such as network generation, fabrication materials and methods, visualization 
methods, and different applications, was given in Karadimitriou and Hassanizadeh 
(2012b). They defined a micro-model as “an artificial representation of a porous 
medium, made of a transparent material. This fluidic device bears a flow network, with 
features on the micro-scale, and an overall size of up to a few centimeters.”  
Micro-models have been mostly used in studying displacements of two immiscible fluid 
phases in porous media (Avraam et al., 1994; Baouab et al., 2007; Chang et al., 2009; 
Corapcioglu et al., 2009; NagaSiva et al., 2011). Processes of drainage and imbibition, as 
well as the mechanisms that dominate them, like viscous or capillary fingering, snap-
off, etc., have been studied using micro-models (Zhang et al. 2011; Ferer et al., 2004; 
Grate et al., 2010; Gutiérrez et al., 2008; Hug et al., 2003; Huh et al., 2007).  
Recently, two-phase flow studies were performed using photo-resist micro-models that 
had flow patterns based on stratified percolation (Cheng, 2002; Pyrak-Nolte et al., 
2008; Cheng et al., 2004;  Chen et al., 2007; Liu et al., 2011). In these studies, 
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distributions of the two phases in the flow network during quasi-static drainage and 
imbibition were visualized. Phase saturation and interfacial area could be determined 
using image processing and the relationship between phase saturation, capillary 
pressure, and specific interfacial area under equilibrium conditions was investigated.  
Under static conditions, the pore pressure of each phase can be assumed to be constant 
everywhere and equal to the pressure of its corresponding boundary reservoir. This 
means that the local capillary pressures at all fluid-fluid interfaces – and thus the 
average capillary pressure – are all equal to the difference in boundary reservoirs 
pressures. But, this cannot be assumed under transient flow conditions. There is 
pressure gradient within the pores that is a function of time and space. Capillary 
pressures at interfaces will be different from each other and will not be any more equal 
to the difference in boundary reservoirs pressures. Currently, there is no easy way of 
measuring local pressure within the pores. But, we can determine the local capillary 
pressure at each interface from its curvatures using Young-Laplace equation. This 
requires knowing the radii of principal curvatures of the interface. But, our 
visualization method provides planar images only. So, only the planar curvature can be 
determined from image processing. There is no optical way of visualizing the micro-
model in depth. So, the in-depth curvature cannot be determined. Commonly, 
researchers have assumed the in-depth radius of curvature to be equal to half the depth 
of the micro-model (Cheng et al., 2004; Chen et al., 2007; Pyrak-Nolte et al., 2008). This 
contribution to the local capillary pressure was assumed to be the same for all 
interfaces. But, this is an approximation that can be too gross for wider pores. In this 
work, we determine the hidden curvature differently, with the only assumption being 
that the contact angle is the same in both directions, as explained shortly. 
 
7.2 Experimental setup 

The details on the materials used and the manufacturing process of the micro-model, as 
well as the topology of the flow network, the fluids used as the wetting and the non-
wetting phase, the visualization setup used to monitor flow in the micro-model, and 
finally how pressure was measured and controlled, can be found in Chapter 6, in 
sections 6.2 and 6.4.  
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7.3 Dynamic experiments 

7.3.1 Experimental process 

The micro-model was initially saturated with the wetting phase, namely Fluorinert. As 
mentioned before, the non-wetting phase was water dyed with ink. The pressure of the 
non-wetting phase reservoir was increased to a specific value, namely 6300 Pa. The 
flow induced by this pressure corresponded to a maximum capillary number equal to 
2.10-5. The non-wetting phase started to enter the flow network, displacing the wetting 
phase. As soon as breakthrough of the non-wetting phase took place, its pressure at the 
outlet dropped to zero. As a result, the wetting phase then started to go back into the 
network, displacing the non-wetting phase. The spatial configuration of the fluids in the 
micro-model was continuously monitored, and it was recorded at a frame rate of 1 
picture per second. After primary drainage and main imbibition, a number of scanning 
measurements was performed for intermediate steps. All experiments were conducted 
in a constant-temperature room at 21 ± 1 0C. 
 

7.3.2 Data processing 

7.3.2.1 Pc-Sw-Awn  

The acquired images were analyzed with IDL software package (IT&T Visual 
Information Solutions) to calculate local capillary pressure, saturation, and the specific 
interfacial area between fluorinert and dyed water. All interfaces were identified as 
two-dimensional arcs. For each fluid-fluid interface, the position of the apex, and the 
two points where it touched the walls of the flow network, were identified. Then, a 
circle was fitted to these three points. The radius of the fitted circle was considered to 
give the radius of planar curvature of the interface. The width of the flow channel was 
calculated as the chord of the fitted circle. The length of the interfaces was calculated in 
two ways; either as the arc-length of the circle with respect to the opening angle, or as a 
line element with a sequence of pixels, identified directly in the image. These two 
lengths were compared so as to have an extra way of testing the accuracy of fitting. The 
contact angle between the meniscus and the wall was also determined. In figure 6, the 
identified interfaces are shown. 
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Figure 6. Image from a part of the flow network where the interfaces are identified and 
identified with a number. 
 
According to Young-Laplace equation, capillary pressure pc is equal to:  

1 2

1 1( )cp
r r

σ= ⋅ +     (2), 

where r1 and r2 are the principal curvature radii and σ is the interfacial tension. In our 
case, we identified the r1 and r2 as the planar and in-depth curvature radii. For the 
planar curvature we have:  

1 2 cos
wr

θ
=

⋅  (3), 

where w is the pore and θ is the contact angle.  

Similarly, the radius of in-depth curvature is: 

2 2 cos
dr

θ
=

⋅
 (4), 

where d was the depth of the flow network. 
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Equations (2), (3) and (4) can be combined to obtain the following expression for local 
capillary pressure in terms of known parameters: 

1

1 1( )c wp
w d r

σ= ⋅ + ⋅  (5) 

The area of an interface is calculated from the following equation:   

2 2
1 2 24

cos
w dA r r θ θ

θ
⋅

= ⋅ ⋅ ⋅ = ⋅ (6) 

 

where ϴ can be obtained by inverting equation (3):  

1
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2
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θ −=

⋅  (7) 

Then, the average capillary pressure of a collection of interfaces was calculated as 

follows: 
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7.3.2.2 Interfacial area production term and velocity 

The net rate of production of interfaces is given by equation (9). 

( )
wn

wn wn wna a w E
t

∂
+∇ ⋅ =

∂


(9) 

where αwn is interfacial area, wwn is the interfacial velocity, and Ewn is the net 
production term of interfaces.  
The rate of change of interfacial area was calculated within an averaging moving 
domain, with dimensions of 5 x 7 mm2. At any given time, the averaging domain was 
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moved along the flow network by 300 pixels, equal to 840 microns. In this way, average 
values for interfacial area and saturation, as well as their rate of change, were obtained. 
The formulation used in the calculation of average quantities was the one followed by 
Joekar-Niasar and Hassanizadeh (2011). The macroscopic velocity of the interfaces was 
determined based on the time rate of change of the apexes (as the center of mass) of the 
interfaces, within the averaging domain.  

 

7.4 Results 

7.4.1 Pc-S-Awn surface 

The results obtained by image processing were used to plot average capillary pressure-
saturation curves as well as average capillary pressure-saturation- specific interfacial 
area surfaces. In figure 7, data points for average capillary pressure and saturation for a 
series of drainage-imbibition cycles are shown. It is obvious that the capillary pressure-
saturation relationship is highly hysteretic. These results clearly show that the 
knowledge of pressure and saturation is not enough to fully specify the state of the 
system.  

 

Figure 7. Average capillary pressure as a function of wetting phase saturation for 
primary drainage, main imbibition, and scanning curves. 
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As it was mentioned above, theoretical, numerical, and experimental results have 
shown that it is crucially important to include interfacial area for a complete 
description of two-phase flow in porous media (see e.g., Hassanizadeh and Gray, 1990, 
1993b; Held and Celia, 2001; Cheng et al., 2004; Joekar-Niasar et al. , 2010;Joekar-
Niasar and Hassanizadeh, 2011, 2012). In particular, if capillary pressure, saturation, 
and specific interfacial area data points are plotted, they will form a surface which 
would be the locus of both imbibition and drainage data points.   
In figure 8, all data for saturation, average capillary pressure, and specific interfacial 
area from imbibition and drainage experiments under dynamic conditions are plotted.  
The surface is rough because we simply connect the data points to each other.   

 
 
Figure 8. The interpolated surface that was formed by data points obtained during 
drainage and imbibition are presented.  
 
7.4.2 Production term and interfacial velocity 

The application of equation 9 within a moving domain, in combination with the 
experimental data, lead to the calculation of the net production of interfacial area, as 
well as the interfacial velocity. For the same averaging domain, average saturation and 
its rate of change was calculated. By using these measurements, surfaces for the 
production term and interfacial velocity as a function of saturation and its rate of 
change were plotted.  
In figure 9, the interpolated surfaces for the production term (9a) and interfacial 
velocity (9b), versus saturation and its rate of change for a maximum capillary number 
of 2.10-5 are plotted.  
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Figure 9. Production term (9a) and interfacial velocity (9b) plotted versus saturation 
and its rate of change. 
 
The experimental data for the production term were fitted to a first order polynomial 
equation. 

( , ) 00 10 01
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∂ ∂
 (11) 

In table 1, which follows, the values for the fitting parameters for the production term, 
their confidence levels, as well as R2 value are given. 
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Parameter Value Confidence levels 

p00 3.885e-006   3.606e-006, 4.164e-006 

p10 -5.07e-006   -5.456e-006, -4.684e-006 

p01 -0.0003185   -0.0003211, -0.0003158 

R2 0.9948 

 
Table 1. The fitting parameters for the production term, along with R2 fitting factor for a 
maximum capillary number of 2.10-5 are shown. 
 
The experimental data for the interfacial velocity were also fitted to a first order 
polynomial equation. 

( , ) 00 10 01
w w

wn w wS Sv S p p S p
t t

∂ ∂
= + ⋅ + ⋅

∂ ∂


 (12) 

In table 2, which follows, the values for the fitting parameters for interfacial velocity, 
their confidence levels, as well as R2 value are given. 
 

Parameter Value Confidence levels 

p00 1.766e-005 1.342e-005, 2.19e-005 

p10 -0.005692   -0.005735, -0.005648 

p01 -1.766e-005   -2.407e-005, -1.126e-005 

R2 0.9953 

 

Table 2. The fitting parameters for interfacial velocity, along with R2 fitting factor for an 
externally applied pressure of 6300 Pa are shown. 
 

7.5 Discussion 

The experimental results showed that the relation between capillary pressure and 
saturation for drainage and imbibition under dynamic conditions is hysteretic, as 
expected. However, the inclusion of interfacial area as a new state variable can 
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significantly eliminate hysteresis. Instead of many curves, we get one unique surface, 
which is the locus of all drainage and imbibition data points. This also means that we 
can estimate a unique value of interfacial area for every capillary pressure-saturation 
pair, given the initial conditions. This surface is unique for a given set of fluids and solid 
phases, a given percolation pattern, and given boundary conditions. In comparison to 
the quasi static case studied in Karadimitriou et al. (2013), where the same micro-
model was used, we can make the following observations. The average capillary 
pressure under dynamic conditions is lower than the one under quasi-static, while the 
average capillary pressure under dynamic conditions during imbibition is higher than 
the one in the quasi-static case. The lowest saturation for the wetting phase under 
dynamic conditions is lower than this in the quasi-static case. Finally, the highest value 
of specific interfacial area under dynamic conditions is lower than this in the quasi-
static case, and it goes to even lower values for higher capillary numbers. In figure 10, 
the surface constructed from data obtained under quasi static conditions, and the 
experimental data obtained for two maximum capillary numbers are shown. The green 
dots correspond to a maximum capillary number of 2.10-5, while the dark ones 
correspond to a capillary number of 6.10-5.  
 

 

Figure 10. The surface constructed from quasi-static data cross-shown with the 
experimental data obtained under dynamic conditions 
 
As it can be see the spread of the dynamic data and the quasi-static ones are very 
different. The two major reasons for this difference are the following. Capillary 
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pressure measured under quasi-static conditions was the one applied at the boundaries 
of the flow network, while under dynamic conditions it was locally (within a single 
pore) measured. The second reason was that the in the quasi static experiment there 
was more disconnected phase than in the dynamic ones. This lead to higher values for 
interfacial area, since the more the disconnected phase is, the higher the interfacial area 
is.  
The comparison between two dynamic experiments, for two maximum capillary 
numbers, led to the following observations. The maximum interfacial with respect to 
wetting phase saturation was decreasing, by increasing pressure. The highest capillary 
number led to remobilization of the non-wetting phase, causing the lowest wetting 
phase saturation to decrease. Finally, even though the external pressure was 
significantly increased, the average capillary pressure was only increased by nearly 300 
Pa.    
In figure 11 the dynamic surfaces for two capillary numbers are plotted together. They 
show a relatively good match, but very different from the quasi-static case. 

 

Figure 11. Dynamic surfaces for two capillary numbers (2.10-5 and 6.10-5) 

 

The relative difference between the two surfaces obtained from the two dynamic cases 
is nearly 30%. However, if only the data obtained from the experiments are used, and 
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not the interpolated points, then the average difference are reduced to nearly 15%. This 
difference happens because of the empty space between interpolated data points. 
One would expect that the average capillary pressure under primary drainage would be 
at least equal, if not higher, to the average entry capillary pressure of the pores and 
throats of the flow network. Instead, the average capillary pressure measured for 
primary drainage is lower than the one under quasi-static conditions. The actual case is 
that the interfaces which are at the front of the non-wetting phase have curvatures 
which correspond to higher pressures than the entry pressure of the throats. However, 
a front cannot easily be defined in this case, as the viscosity ratio of the two phases is 
0.21, which makes it unfavorable for drainage. We mostly observe a fingerous behavior 
during drainage. So, the interfaces that belong to the front are the ones where the 
wetting phase is directly connected to its reservoir. In figure 12, the average capillary 
pressure of the interfaces which are located at the front during primary drainage is 
plotted versus saturation, for a capillary number of 2.10-5.  

 

Figure 12. Capillary pressure at the front of the non-wetting phase plotted versus 
wetting phase saturation. 
 

As the non-wetting phase is propagating inside the flow network, interfaces are formed 
that do not belong to the front. All these interfaces that are behind the front have lower 
curvatures which correspond to lower capillary pressures.   
During main imbibition, the interfaces that are located at the invading front can relax, 
while the interfaces which are located away from the front do not yet feel this change 
since the high viscous forces will not let the reach relax. Eventually, parts of the non-
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wetting phase become disconnected, and form interfaces which are under pressure.  
This leads to an average capillary pressure under main imbibition which is higher than 
the one under equilibrium conditions. 
During drainage steps after main imbibition, the disconnected non-wetting phase 
reconnects quite fast. As soon as the non-wetting phase reconnects, the wetting phase 
saturation decreases, but the average capillary pressure does not increase drastically. 
Because of reconnection, the non-wetting phase propagates into the flow network 
while it is growing in volume, but the reconnection is faster than the volume growing.  
So, the non-wetting phase is present and connected in the pores and throats without 
having to overcome the entry pressures. In a short time it reaches the wetting phase 
reservoir, and then there is no reason for further increase of the average capillary 
pressure, since there is a connecting path to an area many times bigger than the size of 
the throats.  
In reference to the interfacial area production term, we make the following 
observations. The production term depends linearly both with saturation and its rate of 
change. However, the coefficient for dS/dt is at least one order of magnitude higher 
than this for saturation. Furthermore, it reaches the maximum value in the range of 
intermediate saturations. This is due to the increased possibility for the creation of 
invasion sites at intermediate saturations. When saturation is close to one, or to the 
residual wetting phase saturation, there are not many pores available to be invaded, 
thus the production term goes to zero. As saturation starts to become lower than one, 
more pores become available to be filled with the non-wetting phase. This causes the 
production term to increase. At intermediate saturation, it reaches its maximum value. 
As saturation continues to decrease, fewer pores become available to be invaded. This 
causes the production term to decrease, eventually reaching zero. When the applied 
pressure is increased, the net rate of interfacial area production increases, since the 
process is faster. The rate of change of wetting phase saturation increases too. The 
overall behavior though, stays qualitatively the same.  
In reference to average interfacial velocity, we can make the following observations. It 
shows a similar behavior to this of the production term. It shows a linear dependency 
on saturation and its rate of change. But, as in the case of the production term, it is 
mostly a linear function of dS/dt, and less of saturation. Average interfacial velocity is 
zero for wetting phase saturation equal to one. As the saturation decreases, average 
velocity increases, reaching its maximum value at intermediate saturations. As 
saturation continues decreasing, interfacial velocity decreases too, eventually reaching 
zero. The experimental results obtained for interfacial velocity and interfacial 
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production term, are qualitatively in accordance with the findings from Joekar-Niasar 
and Hassanizadeh (2011).With the use of a dynamic pore network model for an 
elongated flow network, Joekar-Niasar and Hassanizadeh showed similar results.  
 
7.6 Conclusion 

 
This work is the first experimental work on the significance of the inclusion of 
interfacial area as a separate variable in two-phase flow under transient flow 
conditions. With the use of an elongated, PDMS micro-model, we have shown the 
validity of the hypothesis that capillary pressure- saturation-specific interfacial area 
data points form a unique surface for drainage and imbibition under transient flow 
conditions, and for given initial conditions. We have also shown that this surface is 
representative, within experimental error, not only for all four REVs, but also for any 
area within the flow network with dimensions equal to 5 x 7 mm2.   
However, when this surface is compared to the surface obtained under equilibrium 
conditions, there is a mismatch. This means that one surface cannot describe well 
enough two-phase flow under dynamic and quasi-static. This cannot be accounted as a 
result questioning the validity of the initially proposed theory by Hassanizadeh and 
Gray, since in this theory it is assumed that both phases are connected, something that 
is not valid in the experiments.  
 
7.7 Suggested future work 

A series of dynamic two-phase flow experiments for different capillary numbers, as 
well as different viscosity ratios between phases, will provide great insight into the 
factors that affect Pc-Sw curve and Pc-Sw-Awn surface. The results from these 
experiments can be used to fill the right-hand side of equation 1, so that this equation 
will describe two-phase flow under any flow conditions, even when the phases get 
disconnected. 
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Chapter 8 

 
Visualization of pore-scale two-phase displacement 

mechanisms 
 

8.1 Introduction 

In the last 25 to 30 years, micro-models, as artificial representations of natural porous 
media, have been increasingly used to study the behavior of fluids at the pore scale. 
They have been proven to be valuable tools by enabling us to observe the flow of fluids 
and the relevant mechanisms that take place during flow. Micro-models are of great 
value in improving our understanding of (multiphase) flow and transport in porous 
media. In the work of Karadimitriou et al. (2012), an extensive review of micro-models 
and their use in two-phase flow studies is presented. In this article, methods for 
generating networks of pores are described, as well as the means for manufacturing a 
micro-model. Various visualization setups are presented along with their advantages 
and limitations. The major applications of micro-models in two-phase flow, along with 
the necessary experimental parameters are also presented. In the work of 
Karadimitriou et al. (2013) the procedure for manufacturing PDMS micro-models with 
the use of soft lithography is presented. Then, an innovative and novel optical setup 
that allows the real-time visualization of elongated samples is described. Finally, they 
present the results obtained by quasi-static, two-phase flow experiments. 
In this work, we discuss a number of pore-scale mechanisms based on visualizations of 
two-phase flow in the same PDMS micro-models. Knowledge of these pore-scale 
mechanisms helps us to gain tangible insights into the dynamics of two-phase flow. 
There are two main pore filling mechanisms in two-phase flow: drainage and 
imbibition. Drainage refers to the situation where the non-wetting phase displaces the 
wetting; this can only occur under the application of an external force. The opposite 
sequence, where the wetting phase displaces the non-wetting phase, is referred to as 
imbibition. It can occur spontaneously due to capillary forces. These two mechanisms 
are affected by pore sizes and morphology, fluids and solid properties (such as surface 
tension and viscosity), and boundary conditions. While at the macroscale, we see only 
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either drainage or imbibition occurring, a host of complex phenomena occur at the pore 
scale.   
In a quasi-two dimensional micro-model, like ours, the corner flow of the wetting phase 
is very limited. It was only present in the cases where the wetting phase was connected 
through the corners of the closed boundaries of the flow network. All the other islands 
of the solid phase in the flow network have wetting phase trapped in their corners, but 
these corners are not connected, since these islands are isolated. Thus, it is possible in a 
quasi-two dimensional micro-model to have trapped wetting phase. As soon as the 
wetting phase gets trapped, any further increase of the pressure does not have any 
effect on the local saturation of the system. This can be seen in Figure 1. 

 
Figure 1. Part of the network with the inlet of the non-wetting phase. During drainage, 

in some parts of the network, the wetting phase gets disconnected from the reservoir, 

due to the absence of corner flow. These areas are marked in red. 

 
The fact that corner flow was limited only to the closed boundaries of the flow network 
also led to a very slow response of the system to the pressure drops while imbibing. As 
soon as the upper and lower boundaries of the network were free from the non-wetting 
phase, a piston-like movement of the wetting phase was observed.  
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8.2  Experimental setup 

The mechanisms reported here were observed during two-phase flow experiments. 
These experiments were carried out in a hydrophobic PDMS micro-model. The 
dimensions of the flow network were 5 x 30 mm2. The fluids used were Fluorinert FC-
43 as the wetting, and water dyed with ink as the non-wetting phase. Flow in the micro-
model was visualized with the use of an innovative setup, which allowed the 
visualization of elongated samples. Pressure was applied and measured at the 
reservoirs of the two-phases. The details on the materials used and the manufacturing 
process of the micro-model, as well as the topology of the flow network, the fluids used 
as the wetting and the non-wetting phase, the visualization setup used to monitor flow 
in the micro-model, and finally how pressure was measured and controlled, can be 
found in Chapter 6, in sections 6.2 and 6.4.  
 
8.3  Mechanisms during drainage 

8.3.1 Haines jump  

One of the most well-known, pore-scale phenomena is the Haines jump, which was first 
described by Haines (1930). It occurs when a meniscus passes through a pore 
constriction during drainage. After filling one pore, usually the non-wetting phase has 
to go through a constriction in order to invade the next pore. So, the non-wetting phase 
pressure, and thus the capillary pressure, has to build up as the meniscus moves into 
the constriction, in order to overcome the entry capillary pressure. Typically, this is a 
slow process. The capillary pressure reaches a maximum value at the narrowest section 
of the constriction, where the meniscus curvature also reaches its maximum value. 
Immediately after that point, the pore opens up into the next pore. The meniscus is then 
unstable, the non-wetting phase pressure is relatively high, and there is little resistance 
to its movement. So, the non-wetting phase fills the next pore and new menisci are 
formed at its exit openings. This process occurs very fast. So, it appears that the 
meniscus jumps from one constriction to the other constriction. In fact, it may break 
into more menisci during this jump. In our experiments, as we were monitoring the 
real-time movement of menisci, we could clearly see Haines jumps during drainage. 
Some are shown in figure 2. With the red arrow, flow direction of the non-wetting 
phase is designated.  
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Figure 2. Parts of pictures taken during drainage. The four images were taken in a 
sequence of 0.5 seconds. Pressure is building up at the constriction, and eventually 
floods a number of pores. 
 
Figure 2 shows parts of sequential pictures taken from the flow network during 
drainage. The time step between the pictures was is 0.5 seconds. In images a-c, 
pressure is building up at the constriction. From picture (a) to picture (c) the interface 
between the two-phases had moved only for a few microns. In picture (d) the interface 
has overcome the constriction, and it flooded a number of pores in 0.5 seconds.   
 
 
8.3.2 Capillary end effects. 

A laboratory experiment is almost always carried out in a relatively small domain. This 
may cause the inflow and out flow boundaries to have a significant effect on what 
happens within the domain. Especially during two-phase drainage experiments, the 

a b 

c d 
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outflow boundary can affect processes taking place in the domain, once the non-wetting 
phase reaches it. During drainage, for the non-wetting phase to continue invading the 
domain, its pressure (and thus the capillary pressure) has to increase progressively. As 
the non-wetting phase reaches the outflow boundary, which is filled with the wetting 
phase, the capillary pressure reaches its highest value. This means that fluid-fluid 
interfaces have a large curvature. As soon as these interfaces pass the outflow 
boundary and enter the larger space of the outflow reservoir, they can relax and attain 
a much smaller capillary pressure. This means that the non-wetting phase drops as 
soon as it reaches the wetting phase reservoir. As the non-wetting phase is continuous 
(and thus the capillary pressure) its pressure drops everywhere in the vicinity of the 
outflow reservoir. This means that the interfaces within the domain become relaxed, 
and local imbibition takes place, with the wetting phase re-entering from the outflow 
reservoir. These processes could be much more pronounced in micro-models, as they 
are usually small. Even though our micro-model was relatively long, end effects could 
be clearly observed. In Figure 3, images (a) and (b) are taken just before and right after 
the non-wetting phase enters the outflow reservoir. We clearly see that the non-wetting 
phase recedes in regions which are shown in red circles. Our computations showed that 
both saturation and macroscale capillary pressure, averaged over the end section of the 
micro-model, decreased right after the breakthrough. 
 

               
Figure 3. Image taken from a micro-model just before breakthrough (a), and right after 
(after 1 second) (b). In the right image, the relaxed and retreated interfaces are marked 
with red circles. 
 

8.3.3 Local imbibition – mobilization of the non-wetting phase 

It was often observed that during drainage, in some parts of the network, imbibition 

was taking place. During drainage, there were many interfaces competing. As soon as 

a b 
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one of them could pass through a throat and the leading interface was found in a bigger 

void area, the remaining interfaces receded. Local imbibition was then observed. This 

was the case mostly when there was a Haines jump in the vicinity of the competing 

interfaces.  

Another case where local imbibition could be observed is during main or secondary 

drainage, right after an imbibition event. In this situation, there are many areas of 

disconnected non-wetting phase. The front of the invading non-wetting phase would 

push the wetting phase forward. This causes local rise of the wetting phase pressure in 

pores filled by a disconnected cluster of the non-wetting phase. This causes local 

imbibition in those pores. The downstream end of the cluster of disconnected non-

wetting phase would move forward causing local drainage. These events are shown in   

Figure 4. Images (a) and (b) are taken by the first camera and (c) and (d) are taken by 

the second camera. Images (c) and (d) are from the same instances as (a) and (b) 

respectively.  In picture (a), the flow network is visualized immediately after the 

completion of imbibition step. In picture (b), drainage has started. In the areas within 

the red circles, local imbibition has taken place. In the same time, picture (c) is taken 

from the second part of the flow network when imbibition was complete. In picture (d), 

and within the red ellipse, local drainage has taken place. This is an immediate 

consequence of the lack of corner flow in the micro-model. As the non-wetting phase is 

introduced back into the network, displacing the wetting phase, some disconnected 

parts of the non-wetting phase may get mobilized, so as for the wetting phase to move. 

With the red arrow, flow direction of the non-wetting phase is designated. 
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Figure 4. Images (a) and (b) are taken by the first camera, next to the non-wetting 
phase reservoir. Images (c) and (d) are from an adjacent part of the network, taken by 
the second camera. In image (a), the flow network is shown immediately after the 
completion of imbibition. In image (b), drainage has started again. The areas within the 
red circle indicate local imbibition during drainage. The same observed in images (c) 
and (d).   
 

The latter kind of local imbibition during drainage usually takes place close to the non-

wetting phase reservoir. 

 

8.4 Mechanisms during imbibition 

8.4.1 Snap-off 

Snap-off is an imbibition mechanism during which, the non-wetting phase gets 
disconnected within a pore, due to the wetting phase invading it locally. This is a direct 
outcome of the drop in capillary pressure (due to a drop in the non-wetting phase 
pressure, or rise of the wetting phase pressure). The fluid-fluid interface curvature 
decreases (i.e. the interface becomes flatter), the non-wetting phase local thickness or 
diameter becomes smaller, and eventually it snaps off and retreats into neighboring 
pores. This is clearly shown in Figure 5, where the non-wetting phase at three places 
becomes thinner and thinner and then breaks off. This may also result in the non-
wetting phase forming disconnected clusters. 
Snap-off may also occur if there is corner flow of the wetting phase. In that case, the 
wetting phase enters a pore that is still filled by the non-wetting phase, via its corners. 
Due to wall roughness, or variation in pore width, it can accumulate somewhere within 
the pore and eventually fill up the whole width of the pore and cause the snap-off of the 
non-wetting phase. This mechanism was not often observed in our micro-model, 
because we have very limited corner flow, as explained in the introduction.  

c d 
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Figure 5. Consecutive images from a part of the flow network during imbibition. With 
the red arrows the local flow direction of the wetting phase is shown. The areas where 
snap-off occurred are designated with a red circle. It can also be seen that the non-
wetting phase gets locally disconnected. 
 

8.4.2 Cooperative filling 

According to Wardlaw and Yu (1988) and Ioannidis et al. (1991), cooperative filling 
occurs when there is small variability of pore size, and small pore body to pore throat 
aspect ratio. Such local geometrical features result in a mechanism called cooperative 
filling. Cooperative filling is an imbibition mechanism that occurs in “higher porosity” 
regions of the porous medium. Commonly, a fluid-fluid interface spans the width of a 
single pore body or pore throat. This is certainly the case during drainage, where the 
radius of curvature of interfaces is small. But, during imbibition, at places where the 
capillary pressure drops (locally), the curvature becomes small (i.e. flat interface), it 
does not fit within one pore but it spans a number of pores. It may even happen that an 
interface spans the length of a pore. This case can be seen in Figure 6.  
 

 
Figure 6. Consecutive (0.5 seconds interval) images from a part of the network, where 
cooperative filling can be observed. With red arrows the local flow direction is 
designated. 
 

a b c 
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When the ratio of pore body to pore throat size is small, like in figure 6, imbibition 
phenomena are controlled by the fluid topology, and the efficiency of wetting invasion 
increases significantly (Joekar-Niasar et al., 2009; Vidales et al., 1998; Mahmud and 
Nguyen, 2006) and the effect of snap-off decreases.   
 
 
8.4.3 Capillary end effects 

At the end of drainage event, we drop the non-wetting phase reservoir pressure to zero, 
in order to initiate imbibition. One would expect that the pores filled with the non-
wetting phase, and connected to the reservoir, will start draining into it. But the 
following can occur in the area close to the reservoir. The curvature of the interfaces 
starts to relax, and a limited local imbibition occurs. This is illustrated in figure 7. 
Picture 7a was taken right after the non-wetting phase reservoir pressure was set to 
zero. The non-wetting phase started to drain into the reservoir via the connected 
pathways. Moreover, local imbibition occurs through snap-off. This is seen in Figure 7b, 
where the non-wetting phase got disconnected from the non-wetting phase reservoir.  
 

           
Figure 7.  Picture (a) was taken exactly when the external non-wetting phase pressure 
was dropped to zero. In picture (d), the non-wetting phase gets locally disconnected 
from the reservoir, leaving a residual saturation of the non-wetting phase in the flow 
network. 
 

 

8.4.4 Local drainage  

Local drainage was observed near the wetting phase reservoir, at the start of imbibition 

after drainage. This is evident in images shown in Figure 8. In the left image, there are 
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some non-wetting phase pores, at the bottom of the image, that are still connected to 

the outflow reservoir. But, there are also disconnected clusters of the non-wetting 

phase. As the wetting enters the network, it pushes the disconnected clusters of non-

wetting phase. This causes local drainage of pores in the downstream end of the cluster. 

This effect can usually be seen for capillary numbers larger than 4.10-5.   

.  

                  
Figure 8. Pictures taken from the same part of the flow network during imbibition. The 
disconnected cluster of non-wetting-filled pores is pushed forward, as indicate in red 
circles.   
 

8.5 Relative permeability 

One of the major constitutive parameters of two-phase flow is relative permeability. 
The direct measurement of relative permeability of the two phases, for our micro-
model, as a function of saturation was performed as follows. 
For the measurement of relative permeability of the wetting phase, first the micro-
model was fully saturated with the non-wetting phase. In order to make sure that no air 
remains trapped, the micro-model was first fully saturated with CO2, which displaced 
all the air out of the network. Then, the non-wetting phase (water) was injected into the 
flow network with the use of a syringe. Water dissolved CO2 completely and the flow 
network became fully saturated with it. We then connected the micro-model to the two 
external reservoirs, which were both filled with the wetting phase. A syringe filled with 
the wetting phase was mounted on a syringe pump and connected to the inflow 
reservoir. The wetting phase was injected into the flow network at a fixed flow rate. 
The pressure measured at the reservoirs was monotonically increasing, until the 
wetting phase broke into the outflow reservoir. Then the pressure started to drop, until 

w
etting reservoir 

w
etting reservoir 
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it reached a constant value. This led to steady-state flow of the wetting phase at 
constant saturation. The values for pressure difference and flow rates were recorded. 
Then, by using Darcy’s law we calculated the effective relative permeability. Knowing 
saturated permeability of the flow network (Kin = 9.27*10-11 m2), the relative 
permeability at that saturation was determined. This process was repeated, each time 
starting with the flow network fully saturated with the non-wetting phase. Each time a 
higher flow rate was established by increasing the syringe pump flow rate, and thus 
higher wetting phase saturation. This led to the determination of the wetting phase 
relative permeability as a function of saturation. 
The reason that the micro-model had to be saturated with the non-wetting phase for 
each saturation step is that once the flow of the wetting phase was established, 
saturation could not be changed by changing the flow rate. 
A similar procedure was followed for the determination of the non-wetting phase 
relative permeability as a function of saturation. The outflow and inflow reservoirs, as 
well as the syringe, were filled with the non-wetting phase. Each time, the micro-model 
was first fully saturated with the wetting phase and then the non-wetting phase was 
injected at a constant flow rate until steady-state flow was reached. This was repeated 
each time at a higher flow rate. The resulting relative permeability curve is shown in 
Figure 9. 
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Figure 9. Relative permeability of the wetting and the non-wetting phase with respect 
to wetting phase saturation. 
 
The lowest wetting phase saturation that could be reached during the measurement of 
the wetting phase relative permeability was close to 60%. Even when very high flow 
rates were applied, we could not reach a lower saturation without deforming the micro-
model. This happened for a couple of reasons. First, the wetting phase was 4.7 times 
more viscous than the non-wetting phase. There was a distinct front moving in the flow 
network. This, in combination to the fact that corner flow is only limited to the side 
boundaries of the flow network led to low residual non-wetting phase saturation. At 
high flow rates, remobilization of the non-wetting phase would take place, keeping the 
residual saturation higher than 60%. 
The highest wetting phase saturation that could be established in the measurement of 
the non-wetting phase relative permeability was about 53%. In other words, starting 
with the flow network fully saturated with the wetting phase, when we injected the 
non-wetting phase, even though its flow rate was very low, by the time steady-state 
flow was reached, the wetting phase saturation has dropped to 53%. This is because 
the non-wetting phase was much less viscous than the wetting phase, and it formed 
fingers in the flow network. Given the lack of corner flow for the wetting phase, the 
wetting phase could easily get disconnected, forming blobs in the flow network that 
blocked the flow of the non-wetting phase. For this reasons, it was impossible to have 
breakthrough of the non-wetting phase for higher wetting phase saturation.    
In future work, it would be helpful to make use of fluids with viscosity ratios close to 
unity, or with the non-wetting phase being much more viscous than the wetting phase. 
This will allow us to compare and analyze the effect of viscosity ratio on the relative 
permeability of the phases. 
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Chapter 9 
 

Summary and Conclusions 
 

9.1 Background 

It is important to understand the underlying physics in two (or multi)-phase flow in 
porous media. There is a very wide range of applications of two-phase flow in many 
fields, such as hydrogeology, fuel cells and reservoir engineering.  
So far, current theories of two-phase flow employ Darcy’s law in its original form, 
where the only driving forces are the pressure gradient and gravity. The resisting force 
is assumed to be linearly proportional to the fluid velocity relative to the solid. It would 
make sense that there should be a number of other, less evident or less effective, factors 
that affect the balance of forces in the case of two-phase flow. Hassanizadeh and Gray 
(1990, 1993a), proposed a theory for two-phase flow, where specific interfacial area 
was introduced as a separate state variable. In this extended theory for two-phase flow, 
interfaces possess mass, momentum and energy. In addition to the balance equations 
for the two phases, they also derived balance equations for the interfaces.  
The full set of equations has been studied numerically, as they do not have the physical 
limitations of measurement, but only some of them could be studied experimentally. 
For instance, so far, the significance of the inclusion of interfacial area as a separate 
state variable has been studied with micro-models under quasi-static conditions, but 
only for small domains (one REV), and not under transient conditions.  
Using computational models, it has been shown that capillary pressure and saturation 
are related to the interfacial area between the two phases in a way that hysteresis could 
be removed. But in micro-model experiments, it has only been studied under quasi-
static conditions, and for small domains as large as one REV.  
In order to obtain experimental results on the significance of the inclusion of interfacial 
area as a separate state variable under any flow conditions, an elongated PDMS micro-
model, in combination with optical microscopy, has been designed and constructed. 
From the images obtained, information on local capillary pressure, average saturation, 
and specific interfacial area were extracted and used to construct the relevant surfaces.  
Two objectives have been followed in this research. 
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9.2 Theory validation 

The role of specific interfacial area in removing hysteresis has been numerically and 
experimentally investigated under quasi-static conditions. With the use of pore 
network modeling, a network of pore bodies and pore throats was generated, as a 
representation of a natural porous medium. The pore bodies were chosen to be 
cylinders, and the pore throats parallelepipeds. The mean pore width and the flow 
network depth were set to 40 microns. The size of the flow network was 5 x 30 mm2, 
and it was approximately equal to four REVs.  The size of an REV was calculated with 
porosity measurements, and that was also numerically and experimentally verified 
with the comparison of Pc-Sw curves for every individual REV and the total flow 
network. From the numerical model it was shown that under quasi-static conditions the 
inclusion of specific interfacial area as a separate state variable could eliminate the 
hysteretic behavior. For every pair of values for capillary pressure and saturation, a 
single value for specific interfacial area could be calculated under drainage or 
imbibition. Also, the relationship between relative permeability of each phase with 
respect to the wetting phase saturation was numerically studied, during drainage.  
The same design for the flow network was converted to a mask to be used for the 
photo-lithographic step in the production of silicon, glass, or PDMS micro-models. 
Processes involved in oil recovery were studied with the use of a silicon micro-model. 
The model was sealed with a glass plate, so as to be able to visualize flow in the pores. 
Since glass and silicon have different wetting properties, the micro-model was not the 
optimal choice for two-phase flow studies, where a uniform wettability is desired. 
For this reason, an all-glass micro-model was manufactured, with uniform wetting 
properties. The micro-model was manufactured with the use of Deep Reactive Ion 
Etching technique. This technique can give excellent results in reproducing the 
geometry of the pore bodies and throats (vertical walls and little deviation from the 
original design), but only if the depth is small, namely less than 30 microns. In our glass 
micro-model, the depth was 43.5 microns, the first to be so deep and used in two-phase 
flow studies. As expected, the cross sections of the pore bodies and throats were not 
rectangular, but trapezoidal. We obtained the Pc-Sw curve for drainage and it was 
compared to the result of the numerical model. After making corrections for the cross 
section of the micro-model, there was a very good match between numerical and 
experimental curves. The phases used for the experiments in the silicon-glass and all-
glass micro-models were water, as the wetting phase, and fluorinert as the non-wetting 
phase.  
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Because of the shortcoming of the glass micro-models, we chose for the use of PDMS 
micro-models. After following the process of making micro-models with soft 
lithography, PDMS micro-models were manufactured. A number of experiments were 
performed for drainage and imbibition under quasi-static conditions. The images 
obtained from the experiments were processed, and information on local capillary 
pressure, average saturation, and specific interfacial area were extracted, for every 
individual REV, and for the whole flow network. By plotting average capillary pressure 
versus wetting phase saturation, the hysteretic behavior of the system was made 
evident. However, when the surface for average capillary pressure, wetting phase 
saturation, and specific interfacial area was plotted, the hysteretic behavior was not 
present anymore. For every pair of average capillary pressure and saturation, a single 
value for specific interfacial area was calculated. In this way, we validated that the 
inclusion of specific interfacial area as a state variable can help to eliminate or reduce 
hysteresis. After comparing the surfaces obtained from every individual REV among 
them, and in comparison to the total flow network, we verified that the flow network 
was homogeneous, since we surfaces obtained diverged for less that 8% from the total 
network. 
The same type of PDMS micro-model was used to test the validity of the proposed 
theory under transient conditions. Again, for a number of drainage and imbibition 
experiments under dynamic conditions, images from the flow network were taken at a 
rate of 3 frames per second. After processing the images, the behavior of the system 
was depicted on a Pc-Sw graph. It was observed again that the relationship was 
hysteretic, but less hysteretic than in the quasi-static case. The reason was that, as the 
non-wetting phase is propagating inside the flow network, interfaces are formed that 
do not belong to the front. All these interfaces that are behind the front had lower 
curvatures which corresponded to lower capillary pressures.   
During main imbibition, the interfaces that were located at the invading front could 
relax, while the interfaces which were located away from the front could not yet feel 
this change since the high viscous forces would not let them reach relaxation. 
Eventually, parts of the non-wetting phase became disconnected, and formed interfaces 
which were under higher capillary pressure than the ones at the moving interfaces.  
This led to an average capillary pressure under main imbibition which was higher than 
the one under equilibrium conditions. 
During the subsequent to the main imbibition drainage steps, the disconnected non-
wetting phase reconnected quite fast, decreasing the wetting phase saturation. Because 
of reconnection, the non-wetting phase propagated into the flow network and was 
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growing in volume, but the reconnection was faster than the volume growth.  So, the 
non-wetting phase was present and connected in the pores and throats without having 
to overcome the entry pressures. In a short time, it reached the wetting phase reservoir, 
and then there was no reason for the average capillary pressure to build up anymore, 
since there was a connecting path to an area many times bigger than the size of the 
throats. For this reason, the average capillary pressure was lower than this during 
primary drainage. 
After plotting the data points obtained for average capillary pressure-wetting phase 
saturation and specific interfacial area for drainage, imbibition, and the scanning curves 
for all REVs, and for the total flow network, we observed that hysteresis was 
eliminated. When comparing surfaces from all REVs to each other, and to the whole 
network, we did not observe a discrepancy of more than 10%. This validated the claim 
that specific interfacial area should be included as a separate state variable under 
transient conditions too. 
The comparison between the surfaces obtained under quasi-static and transient 
conditions, for the same flow network led to the following conclusions. The highest 
value of specific interfacial area under dynamic conditions is lower than the value in the 
quasi-static case. Overall, the difference between the surfaces obtained under dynamic 
and quasi-static conditions was found to vary up to nearly 30%. 
 
9.3 Innovation - Technical developments 

Given the elongated nature of the micro-model, it was impossible to visualize flow 
through it with the conventional means of optical microscopy. For this reason, a custom 
“microscope” which could visualize elongated samples was designed and materialized. 
With the use of such a “microscope”, it was made possible to visualize flow through the 
micro-models at a resolution of 2.8 microns per pixel. In theory, such a setup can 
visualize any sample with any width-over-length ratio. In practice, the resolution of the 
visualization setup is limited by the diffraction limit of the light. The visualized ratio 
between width and length at the highest possible resolution is limited by the cost of the 
magnifying lens(es) and the number of cameras to be used. Such an optical microscope 
can have application in any field where microscopy for elongated samples is needed, as 
long as through-sample illumination is used. 
A fully functional micro-model was manufactured from PDMS. The process was 
relatively easy, given that the master wafer was already prepared. The only part of the 
process where a clean room environment was needed was the preparation of the 
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master wafer. And as soon as the master wafer was ready, it could be used to 
manufacture multiple identical micro-models. These micro-models had very well 
controlled geometrical features, so as to be comparable to the numerical model. The 
successful salinization of PDMS micro-models, without any flakes (which could 
potentially block the flow network) and without any corrosion, was a big step towards 
the wider use of PDMS as a suitable material for the manufacture of micro-models. To 
our knowledge, the salinization method developed here is the fastest and safest for the 
user to follow, also without the need for a clean room environment. 
 

9.4 Suggestions for future work 

In our experiments, the viscosity ratio was fixed. It would be important to perform 
more experiments under dynamic conditions, for different capillary numbers, and 
different viscosity ratios. In this way, it would be possible to identify the factors which 
affect the capillary pressure-saturation-specific interfacial area surface, under transient 
conditions. This would be of value to other research field and/or industrial 
applications. 
It will be of great significance to investigate experimentally the full set of equations 
proposed by Hassanizadeh and Gray. The verification of the validity of the full set of 
equations will drastically change the way that two-phase flow is being modeled. We 
have already shown under any flow conditions that specific interfacial area should be 
included as a separate state variable. The reason why the full set of equations was not 
studied in this research project was the experimental inability to measure pore-scale 
phase pressures in the flow network of a micro-model. This is not an easy task, because 
conventional pressure transducers of micro-scale dimensions don’t exist yet. A possible 
solution to this problem would be the use of selective nano-particles, embedded in 
PDMS. The technology exists for particles which are selective in terms of the chemical 
properties of a fluid, which give an electrical signal depending on the local fluid 
pressure. The signal from the particles could be mapped, and in correlation to optical 
images, phase pressures could be identified.  
Because of the two-dimensional nature of the micro-model, corner flow was not 
present in our experiments, except along the upper and lower boundaries of the micro-
model. For this reason, the capillary pressure-saturation curve was highly hysteretic, 
and the residual saturation of the wetting phase was relatively high. A solution to this 
problem would be the use of three-dimensional micro-models. These micro-models 
should offer the ability to be optically monitored. But this is impossible with optical 
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microscopy, so far. An alternative to optical microscopy would be the use of the PVI 
technique introduced and employed by Montemagno and Gray (1995). This technique 
could be employed under quasi-static or dynamic with low capillary number 
conditions. The three-dimensionality of a micro-model could allow connectivity for the 
wetting phase, so as to be able to fully drain the micro-model, and get experimental 
data at lower saturations. Such micro-models can either be manufactured by 
performing several steps of photolithography in combination with soft lithography, or 
with the use of 3D printers. The refractive indices should be matched, so as for the 
technique proposed by Montemagno and Gray to be applicable. 
Finally, it would be of great help if an optimized, integrated software package was 
commercially available for image processing.  We managed to extract information on 
the curvature, position of the apex, chord length, arc length, etc. of all individual 
interfaces present in an image representing an REV. To get information for the whole 
flow network, additional programming had to be performed for averaging various 
quantities. The problems that came up had to do with the background illumination, the 
alignment of the images, identification of the time tag of each image, etc. Out of 
experience, we may say that an integrated software package, which could perform this 
corrections semi- automatically, will increase the effectiveness of the analysis of 
experimental work, and would be commercially successful. 
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Samenvatting 
 
 
Het doel van dit onderzoek is meer fysica te brengen in de theorie van twee–fasen 
stroming. Het belang van het betrekken van de grenszone  als afzonderlijke variabele in 
tweefase stromingsexperimenten en transportmodellen is onderzocht. 
Het proefschrift heeft vier hoofdpunten. Het eerste deel beschrijft het ontwerp van een 
porienetwerk dat afdoende tweefase stroming beschrijft onder quasis staische 
condities. Dit model is gebruikt om de benodigde parameters, zoals stroomsnelheid, 
capillaire druk en relatieve doorlatendheid per fase te leveren. 
Het tweede deel beschrijft het maken van verschillende typen micro-modellen met een 
gegeven geometrie en relatieve oppervlakte spanning (wetting capability). Dit houdt 
tevens in het optimaliseren van bestaande technieken om deze beter bruikbaar te 
maken voor het gestelde doel. Een voorbeeld hiervan is de verbetering van de 
oppervlakte behandeling (salination process) van het substraat van PDMS teneinde dit 
uniform hydrofoob te maken. 
Het derde deel behandelt het gebruik van deze modellen in tweefasen 
stromingsstudies. De uitgebreide theorieen met betrekking tot twee fasenstroming, 
waarin het grensvlak een aparte variabele is zijn experimenteel geverifiëerd onder 
quasistatische condities. 
Ten slotte zijn enige experimentele waarnemingen gedaan zoals blokkering van 
porieën, onderlinge verdringing van fasen gedurende invoer van de ene fase ten 
opzichte van de andere en de capillaire effecten aan de einden van het network die in 
numerieke modellen verondersteld worden maar nog niet waren waargenomen. Dit 
levert gegevens voor vervolgonderzoek. 
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