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Abstract 
 

The increasing demands for oil, water, and food produced in an environmentally sound manner 

have placed emphasis on the manner of their production, a major part of which is concerned 

with flow through porous media. The movement of materials through porous media is of 

interest in many disciplines: in chemical engineering-adsorption, petroleum engineering-

displacement of oil with gas, water and miscible solvents; in hydrology movement of trace 

pollutants in water systems, recovery of water for drinking and irrigation, salt water 

encroachment into fresh water reservoirs; in soil physics movement of water, nutrients, and 

pollutants into plants; in biophysics-life processes such as flow in the lung and the kidney. 

Micromodels are useful tool to study the fluid flow behavior in porous media at micron scale 

that is relevant to the petroleum recovery. During the last 30 years, micromodels have found to 

be the most precious tool, which allow the observation of fluid flow and transport at the micron 

scale in many processes related to chemical, biological, and physical fields of engineering. The 

number of research projects that employ microfluidic devices has expanded the application of 

this technique to more innovative fields of study over recent decades. Oil and gas production, 

a multidisciplinary industrial field, has benefited from the opportunities that microfluidic 

devices provide to study microscale processes, such as adhesion, interfacial tension (IFT) 

alteration and multiphase pore scale transportation. Obtaining a deeper understanding through 

the micromodel visualization experiments, the governing factors that influences the flow 

behavior inside porous media can be understood effectively.  

Micro-fluidic devices have been designed and used to investigate immiscible fluid-fluid 

displacement processes. Due to their optically transparent nature, such devices allow direct 

visualization of pore scale events using light microscopy. In this thesis, we focus on imaging 

multiphase flow phenomena at the pore scale within specifically designed micro-models using 

optical microscopy. The flow channel designs have been selected to investigate fundamental 

questions relating to fluid displacement mechanisms. 

The diversity of proposed micromodel research and the associated requirements have led 

researchers to develop new methodologies, materials and techniques to overcome challenges 

attributed to micromodel visualization experiments. In this work, the fundamentals of steady 

flow through porous media: it discusses single-fluid flow, multi fluid immiscible flow, 
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including the effects of heterogeneity, non-uniformity, and anisotropy of media in the form of 

fracture and multi porosity. 

First, this research tries to adopt an alternative procedure of fabrication of micromodel, which 

is simple and cost effective method compared to the traditional techniques like optical 

lithography, soft lithography and etching method. This modified procedure offers increased 

flexibility in size and network pattern as well as a significant reduction in the material, time 

and operation costs. Next, the fabricated prototype is applied in both single phase and two-

phase flow visualization studies to verify the applicability and reliability of the features under 

the specified experimental conditions. 

Following the fabrication of a suitable PDMS micromodel, this thesis will present the 

processing/analysis of the visual data in micromodel experiments. In this section, an image 

processing MATLAB tool (PIV lab, version 1.41) is used that quantifies the flow field. The 

availability of advanced image processing functions and the simplicity of working with PIV 

lab, provide the unique opportunity to implement it that quantifies the visual observations 

during PDMS micromodel test and single-phase and two-phase flow studies. 
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Chapter 1 
 

Introduction 
 

1.1 Motivation  

Fluid flow and displacement processes of multiphase fluids inside porous media occur in many 

subsurface systems. It has vast applications in numerous fields of science and engineering such 

as petroleum engineering, hydrology, geothermal energy development, waste disposal and 

medical science. Over the years, enormous research investigations have been exclusively 

dedicated to understand the multiphase flow and transport phenomena inside the porous and 

fractured media. Many significant multidisciplinary research have been carried out and these 

studies have advanced an understanding with the passage of time. In the past few years, many 

quantitative approach and models have been developed and successfully implemented to 

understand, describe and predict the multiphase flow physics at micron scale. Mathematical 

and numerical modelling have matured over the time and are being routinely implemented to 

investigate the flow dynamics and to optimize the field project design and operation. In many 

cases, it would not have been possible without the development of these approaches. 

Flow visualization experiments are reliable and practical tools to get the better insight of these 

phenomena that helps in developing various numerical models. However, performing 

experiments in field scale has many obstacles that can be overcome by performing experiments 

on prototype of porous media in the laboratories. Visualizing the fluid flow in soils and 

geomaterials is a challenging task as these real materials are not transparent to visible light and 

these materials do not allow visualization experiments. Therefore, most of the experimental 

analysis are based on the visualization of flow phenomena in artificial porous medium, also 

known as micromodels, owing an aim to characterize the dynamics of flow mechanism at pore 

scale. 

1.2 The Porous Medium   

In our day-to-day life, whether it is in nature or in manmade technology, porous media are 

found everywhere. Apart from few materials, almost all the substances are porous in nature up 

to some extent. For material to be considered as porous medium, it must contain spaces or pores 
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between the solid boundaries. These pores normally retains some fluid such as air, water or 

mixture of oil and other fluids. In addition, these void spaces should be interconnected up to 

some extent so that fluids can enter through one face of a sample of material and emerge on 

the other side.  

Flow through porous media has important applications in the subsurface phenomena such as 

ground water hydrology, waste water management, filtration technology and oil recovery 

processes. On the other hand, it has also application in medical sciences such as tissue 

engineering and drug delivery system. To understand the insight of the flow phenomena it is 

important to understand the basic engineering and the fluid properties of these porous 

substances.  

1.3 Basic Concepts 

Flow through porous media is a very complicated process and the fluid flow pattern in this 

domain is not comparable with that of flow through pipes or conduits. In case of pipe flow, it 

is rather easy to calculate the flow field as a function of pressure, however, in porous media 

flow, we encounter tortuous paths that makes the measurement of fluid flow more complex. 

The understanding of fluid flow in porous media has been evolved throughout the years with 

the development of experimental, analytical and numerical analysis. Since the beginning, 

physicist, hydrologists and engineers have performed various experiments to understand the 

flow behavior of various fluids as it flows through a pack of sand beads to fused Pyrex glass. 

Based on these analyses, researchers have tried to formulate various laws and correlation, 

which can be used to deliver analytical prediction for similar systems.  

Flow and transport of various fluids in porous media is a dynamic process and flow is driven 

by the energy that can be stored within the porous system (such as reservoir) or can be supplied 

by outside external agency. To estimate the distribution of fluid flow inside the porous media 

and to calculate the movement of fluids, a number of physical properties are required. These 

parameters are necessary to understand, as these are needed for deriving flow-governing 

equations of multiphase fluids in porous media. Some of the important parameters are 

discussed below. 

1.3.1 Porosity, absolute porosity and effective porosity 

The geomaterial or rock texture comprises of solid grains of numerous size and shape and its 

pore structure is very complicated. The passage connecting these pore structures serve as 

pathway to transport fluids or it may store the fluids forming storage pores. In reservoir 
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engineering, porosity is the most important rock properties. It is a measure of free void space 

available for the storage of hydrocarbon and other fluids. Porosity (φ) is defined as the ratio of 

pore volume to the total volume (bulk volume). Mathematically, it can be represented as  

𝜑 =
𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑢𝑚𝑒

𝑏𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒
= 1 −

𝐺𝑟𝑎𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝐵𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒
 (1.1) 

𝐵𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝐺𝑟𝑎𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (1.2) 

 

It is important to understand that all the voids are not interconnected. In the geomaterials like 

rock structures, sediments were deposited and the rocks were formed over geological times. 

Due to which, some of the developed void spaces become isolated from others and this leads 

to two different types of porosity viz., absolute porosity and effective porosity. 

Absolute porosity is defined as the ratio of total void space present inside the porous material 

to the bulk volume of the whole sample material. A rock or porous material may have 

considerable porosity but still it may lack pore connectivity for the passage of fluid. 

Mathematically, the absolute porosity (φa) it is defined as 

𝜑𝑎 =
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝐵𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒
=

𝐵𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 − 𝐺𝑟𝑎𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝐵𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒
 

 

(1.3) 

 

However, it is important to understand that in case of flow through porous media only the 

interconnected pores are of interest as they create connecting pathways for the passage of 

various fluids. Hence, the concept of effective porosity (φe) arises and it is defined as the ratio 

of interconnected pore volume to the bulk volume of the sample porous material. 

𝜑𝑒 =
𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝐵𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒
 (1.4) 

In engineering calculations, effective porosity is used as it counts only the pore space that is 

internally connected.  

1.3.2 Pore size distribution 

Pore size or pore space cannot be defined with a unique definition as these pore spaces are 

comprised of irregular network of pores. Every method of pore size determination defines a 

pore size in terms of a pore model, which is best suited to the quantity measured in the particular 

experiment. There is the same situation for the definition of void space. Therefore, for 

simplicity, these void spaces are usually restricted to the pore space enclosed between the solid 

boundaries. However, terms are defined and used to further distinguish the pore spaces 
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according to their sizes. The narrow constrictions that interconnect relatively larger spaces are 

called pore throats or pore necks, with pore throats being the more common term. While the 

relatively larger pore spaces are called pore bodies, node pores or bulge pores, with pore bodies 

being the most commonly used term. Figure 1.1 shows the geometric shape of a pore. 

 
Figure 1.1: Schematic shape of pore and pore throat 

 
1.3.3 Permeability 

Permeability of a porous medium is defined as that property using which the ability and 

capability of porous medium to transmit fluid can be estimated. It is the measure of capacity of 

the porous medium such as reservoir rock to transmit various fluid through its interconnected 

network of pores. The permeability, k, is a very important property because it controls the 

directional movement and the flow rate of the fluids in the porous region. This characterization 

was first defined mathematically by Henry Darcy in 1856. Mathematically, it is defined by 

Darcy’s law, which can be expressed as 

k PA
Q

L


   

 

(1.5) 

where Q is the flow rate, 
𝛥𝑃

𝐿
  is the pressure gradient causing the flow, A is the flow area and μ 

is the fluid viscosity. 

If the pores are filled with only one fluid phase, then the permeability can be termed as absolute 

permeability. It is an intrinsic property, as the magnitude of the absolute permeability does not 

depend on the type of fluid present in the void space. When the pore spaces in the porous 

medium are occupied by more than one fluid, the permeability measured is the effective 

permeability of the porous medium for that particular fluid. Effective permeability is the ability 

of the rock to transmit fluid in presence of other immiscible fluids. Absolute permeability is a 

rock property and therefore, varies at different locations and even at the same location with the 

flow directions. It is strongly correlated to porosity since the interconnections and orientations 

TH-2859_146103050



5 
 

of pores are important to fluid flow. Usually, for a reservoir rock the permeability values ranges 

from 1 mD to 1000 mD. 

 

1.3.4 Fluid saturation 

In porous materials such as in reservoir rock, both hydrocarbon and water coexists. In most of 

the oil formation phenomena it is believed that the formation was fully saturated with water 

prior to the oil migration and trapping in the formation. The less dense hydrocarbons are 

considered to migrate to positions of hydrostatic and dynamic equilibrium by displacing the 

initial water. However, the oil will not displace all the water originally occupied by these pores. 

Thus, saturation is defined as that fraction (or percent) of the pore volume occupied by a 

particular fluid (oil, gas, or water). This property is expressed mathematically by the following 

relationship: 

𝐹𝑙𝑢𝑖𝑑 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑

𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
 

 

(1.6) 

 

The pore spaces in reservoir rocks are occupied by fluids. In petroleum reservoirs, the fluids 

are usually water and hydrocarbons. The relative volumes of water and hydrocarbons in the 

pore volume of the reservoir rock are designated as saturations. Water saturation in the 

reservoir rock is the fraction of the pore volume occupied by water. By the same definition, 

hydrocarbon saturation in the reservoir rock is the fraction of the pore volume occupied by 

hydrocarbons. The sum of the water and hydrocarbon saturations in the reservoir rock is equal 

to unity (Ahmed, 2019). This relationship can be expressed simply as: 

 

1wh
s s                                                                    (1.7) 

where Sh and Sw shows the hydrocarbon saturation and water saturation respectively. 

1.3.5 Surface and interfacial tension 

In multiphase flow system, when two immiscible fluids are in contact, then it becomes 

necessary to take into account of forces that arise at the interface between the two fluids. When 

these two fluids are liquid and gas, then a force known as surface tension describes the force 

acting at the interface. It is a surface property of a liquid that helps the liquid to resist any 

external force at the surface. Due to which the surface behaves like an elastic membrane. 

Whenever two immiscible liquids meet each other, the force developed at the interface is 

known as interfacial tension. 
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The cohesive forces among the liquid molecules are responsible for the development of the 

surface tension force. In the bulk of the liquid, each molecule is pulled equally in every 

direction by neighboring liquid molecules, resulting in a net force of zero. However, the 

molecules present at the surface do not have surrounding molecules in all the sides. Because of 

which, the molecules present at the liquid surface experiences an unbalanced force and 

consequently they are pulled inwards. This creates an internal pressure and it forces the 

molecules at the surface to contract to minimal area. Due to this unbalanced force, the surface 

behaves like an elastic membrane with a measurable tension, i.e., surface/interfacial tension. 

Figure 1.2 depicts the pictorial description of surface tension.  

 

 

Figure 1.2: Illustration of surface tension 

 

A certain extent of work is needed to displace a liquid molecule from within the body of the 

liquid through the interface. This amount of work is usually known as free surface energy of 

that liquid. Therefore, it can be defined as the work necessary to create a new unit area of the 

surface. The surface or interfacial tension has the units of force per unit of length. 

1.3.6 Capillary pressure  

Capillary pressure is a major parameter in reservoir rock system that controls the distribution 

of fluid inside porous media. Whenever two immiscible fluids come in contact in capillary like 

tubes, capillary pressure arises and it becomes observable. In a capillary tube, when two 

immiscible fluids exits simultaneously, a clear interface arises between them due to the 

interfacial tension effects. The interface is a curved surface and the pressure on the concave 

side is always higher than that of convex side. This pressure difference is known as capillary 
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pressure. In the presence of two immiscible fluids, one of them preferentially wets the tube 

surface and it is called the “wetting” fluid, the other fluid is the “non-wetting” fluid. 

The tiny pores in reservoir rock are similar to the small capillary tubes. The capillary pressure 

also comes into play whenever two immiscible fluids come in contact inside a porous medium. 

The interface between the two fluids will be curved if one fluid is more wetting than the other. 

Capillary pressure, denoted Pc, is defined as the molecular pressure difference across this 

interface.  

c nw wP P P   
(1.7) 

 

 

where Pnw and Pw is molecular pressure in the non-wetting and the wetting phase, respectively.  

1.3.7 Multiphase flow of immiscible fluids in porous media 

Immiscible flow and displacement of multiple-phase fluids in porous media are of fundamental 

importance to many problems relating to underground natural resource recovery and storage 

projects, or waste disposal and contamination transport evaluation. Immiscible flow of 

multiple-phase fluids through porous media, as compared with single-phase flow, is much more 

complicated and its effects are yet to be understood thoroughly in many areas due to the 

complex interactions of different fluid phases in porous media. Multiphase flow through porous 

media deals with the problems of flow through porous media when two or more fluid phases 

exist simultaneously in the pore space and these phases are separated by clear interface. 

In porous medium such as in reservoirs, most of the gas or oil are recovered by displacing it 

through the injection of water or other fluids. The displacement could be in the form of solution 

gas drive, gas cap expansion, water influx from aquifers or injection of water and/or gas. 

Solution-gas drive, gas cap expansion, and water influx from aquifers are essentially natural 

processes that supply energy to the reservoir for hydrocarbon recovery. Gas and water injection 

are designed and installed to artificially supply energy to the reservoir and thereby improve 

hydrocarbon recovery. It is important to understand the fundamental processes that occur when 

reservoir fluids are displaced immiscibly by gas or water.   

When multiple immiscible fluids exist within pores of porous media under reservoir conditions, 

one liquid (water or oil) preferentially wets the solid surface. Wettability is defined as the 

ability of a liquid to maintain contact with a solid surface when the two are brought together in 

the presence of other immiscible fluids. The degree of wetting (wettability) is determined by a 

force balance between adhesive and cohesive forces, estimated in terms of contact angles. 
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Therefore, wettability is determined by rock minerals, fluid composition, and saturation 

history. Wettability has significant impact on fluid saturation distribution as well as oil 

recovery in reservoirs. Note that under natural conditions, natural gas is always a non-wetting 

phase. Two processes closely related to multiphase flow and displacement are imbibition and 

drainage. Imbibition is a fluid flow process in which the saturation of the wetting phase 

increases and the non-wetting phase saturation decreases, i.e., using a wetting fluid to displace 

a non-wetting fluid. In contrast, drainage is the process of a wetting phase fluid being displaced 

by a non-wetting phase. 

 

When a porous medium containing non-wetting phase comes in contact with a wetting phase, 

the wetting phase spontaneously displaces some portion of the non-wetting phase. This 

phenomenon is known as spontaneous or free imbibition. However, when this process is 

controlled externally by regulating the capillary pressure or by constant feed pump, it is known 

as forced imbibition.  When a wetting phase is drained out of the pores either under the 

influence of gravity or by a force exerted by non-wetting phase under pressure is known as 

drainage process. 

 

1.3.8 Basic concept of Capillary number  

Whenever more than one immiscible fluid phase exists during flowing through a porous 

medium, the flow behavior is mainly determined by three major forces. These three forces are 

capillary, viscous and gravity force. The relative importance of viscous force and capillary 

force can be expressed by a factor is known as capillary number. It is a dimensionless group 

that analyze the fluid flow by characterizing the ratio of viscous forces to interfacial tension 

forces. It is usually denoted by Ca. The capillary number is usually expressed as  

𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 𝑛𝑢𝑚𝑏𝑒𝑟, 𝐶𝑎 =
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 × 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑇𝑒𝑛𝑠𝑖𝑜𝑛
                    

(1.8) 

 
 

Therefore, for a multiphase flow system, if Ca >> 1, then viscous forces dominates over 

interfacial tension forces. On the other hand if Ca << 1, viscous forces are negligible compared 

to interfacial forces. Capillary numbers are large for high speed flows and low for low speed 

flows. When the value of capillary number is lower than 10-5, the flow regime is determined 

by capillary forces (Iqbal and Satter, 2016).  
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1.4 Present Objectives 

Understanding the dynamics of immiscible multiphase fluid flows in porous media is relevant 

to a multitude of fields in science and engineering. Applications include, among others, mass 

transfer in porous catalysis, mobilization of trapped hydrocarbon in enhanced oil recovery and, 

more recently, membrane-based fuel cells and geological carbon sequestration. In such 

applications, processes are driven by the injection/suction of a certain fluid phase into/from a 

porous domain saturated with another fluid, resulting in a moving fluid-fluid interface. 

Understanding the fundamental physics of these interactions is extremely important for the 

realization of predictive models capable of assessing the efficiency of fluids injection and the 

concomitant impact on its local and reservoir-scale migration. Considerable progress has been 

made over the last few decades to develop a theoretical framework based upon the qualitative 

observations of front migration and meniscus dynamics. 

 However, direct measurements of either the pressure or fluid velocity field near the fluid-fluid 

interface are lacking due to the difficulties associated with collecting direct datasets in a solid 

porous matrix with a complex geometry. These physical quantities embody the most valuable 

information for understanding the physics of the front displacements and are necessary to 

validate numerical models developed to reproduce the behavior of such multi-liquid systems. 

This lack of experimental and field flow measurements is thus hampering the development of 

robust numerical models and limiting their predictive ability. In particular, to our knowledge, 

experimental investigations reporting the quantification of multi-liquid flow velocity 

distributions with high spatial resolution at the pore scale are limited. Based on the study of 

literature, the following objectives are aimed at the present research work: 

 Adoption of a noble method to fabricate two-dimensional homogeneous porous 

micromodels in PDMS having different pore network patterns. 

 Adoption of a noble method to fabricate two-dimensional heterogeneous porous 

micromodels in PDMS having different pore network patterns. 

 Ensuring the assurance of experimental reliability and applicability of these fabricated 

micromodels by performing single-phase experiments and quantification of the flow 

field using micro-PIV method. 

 Microscale investigation of multiphase fluid in fractured micromodels to assess the flow 

behavior on a pore scale and simultaneous quantification of the velocity distribution in 

a multi-liquid system using micro-PIV method. 
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1.5 Layout of the Thesis 

The present thesis has been organized by concentrating on the improvement in the design and 

efficient methodology for the fabrication of various micromodels. Chapter 1 offers the 

motivation behind the work in the field of micromodel fabrication methods and a brief 

introduction of basic parameters related to the fluid flow in porous media. Chapter 2 introduces 

the basic history related to the various fabrication technology and visualization methods 

adopted to quantify and qualify the flow field at microscale. Chapter 3 discusses a noble method 

that tries to modify and combines the recent advances involved in soft lithography micromodel 

fabrication method to offer a low-cost and cost efficient alternative procedure. This modified 

procedure offers increased flexibility in size and network pattern as well as a significant 

reduction in the material, time and operation costs. Next, both the fabricated prototype of 

homogeneous and heterogeneous micromodels are applied in a single-phase flow visualization 

study to check the experimental applicability and reliability of the proposed features under the 

specified experimental conditions. Following the fabrication of fractured micromodel, Chapter 

4 describes the fabrication of 2-D fractured micromodel, microscale investigation of random 

peculiarities are observed and velocity of the flow field is quantified using micro-PIV. Chapter 

5 summarizes the conclusions and some future scopes.   
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Chapter 2 
 

Porous Micromodels and  

Their Applications  
 

2.1 Historical Development of Micromodels 

A micromodel is regarded as an artificial portrayal of a porous medium comprised of a network 

of connected pores made of a transparent material. Micromodels have opened up a broad range 

of opportunities for various research areas that investigate the physics of multiphase fluid 

movements at minute scale. Thus, using these micromodels it becomes possible to study and 

to gain information regarding pore scale flow events up to the considerable extent. Due to its 

numerous applications in chemical, biological and other important fields, researchers were 

motivated to develop new fabrication methods and use different substrate materials to 

overcome fabrication challenges and to reach different experimental approaches.  

Over the years, the methodologies adopted to fabricate micromodels have been improved 

considerably. At the start, early micromodels had simple and plain porous network structure. 

Since 1980s, with the development of new computer based application software, it has become 

possible to fabricate micromodels containing complex network patterns. 

With the passage of time, the use of micromodels as visualization tool in various 

multidisciplinary studies has been increasing to understand the fluid flow mechanism in further 

details. The application of micro-models has increased over the past several decades, especially 

with regard to visualize the processes relating to enhanced oil recovery (EOR) and other oil 

recovery processes. The basic geometry of micromodels can be categorized as follows. The 

four main categories that are mainly used to classify micromodels based on the geometry and 

topology of the porous medium are described below. 

2.1.1 Perfectly regular models 

In perfectly regular micromodels, the geometry of the pore body such as depth, width and 

distance between the pores are constant throughout the whole network domain. However, 

minor variation can occur due to the manufacturing process. One example of perfectly regular 
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micromodel can be seen in the works of Corapcioglu et al. (1997) that was to visualize and 

quantify solute transport in porous media. 

 

2.1.2 Partially regular models 

In partially regular micromodels, the cross section of pore body and pore throat is same. 

However, their dimensions vary along the porous domain. Pore size distributions are taken 

from statistical distribution and it may be correlated or uncorrelated. The use of these kind of 

models can be seen in the works of Sbragaglia et al. (2007); Tsakiroglou and Avraam (2002) 

(Figure 2.1); and Chen and Wilkinson (1985). 

 

 
Figure 2.1: Image of micromodel with a partially regular pattern 

(Tsakiroglou and Avraam 2002) 

 
2.1.3 Fractal patterns 

The geometry of the flow network in these porous micromodels is based on fractals. The pattern 

may be correlated spatially or not. The fractural pattern in these micromodels may be seen as 

irregular pore network, but actually the pattern of the flow networks are created in such a way 

that it follows the rules of percolation theory. Micromodels having these kind of pattern can be 

seen in the works of Cheng et al. (2004), Nolte and Pyrak-Nolte (1991), Nolte et al. (1989), 

and Pyrak-Nolte et al. (1988). For flow to happen at least 50 % porosity is required in case of 

a correlated network, while in case of uncorrelated network it requires 60% porosity. If the 

porosity is less than these limits, then no connected path across the micro model can be 

achieved. 

 

2.1.4 Irregular patterns 

In this category, pore networks are randomly oriented in the entire micromodel and the pore 

distribution is not spatially correlated while their sizes are chosen from a single statistical 
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distribution. Heiba et al. (1992) and Blunt and King (1991) have used Delaunay triangulation 

methodology to generate the pattern that can replicate flow network patterns analogous to real 

porous media. 

 

2.1.5 Hele-Shaw and glass-beads models 

Hele Shaw micromodel is one of the first of its kind, which was used by the Chuoke et al. 

(1959) to perform two-phase immiscible displacement experiments. They presented both 

theoretical and experimental evidences for the existence of macroscopic instabilities in 

displacement of a fluid by another immiscible fluid. These micromodels are very simple in 

geometry as they are made of two parallel glass plate and a gap is maintained between the two 

plates to create the pore space. It becomes a glass bead micromodel, when the maintained gap 

is filled with glass or quartz sphere beads. The first such type of micromodel was used by 

Alfred Chatenever and John C. Calhoun in 1952 at the University of Oklahoma. They termed 

it as an observation cell, which was a single layer of glass spheres packed between the two flat 

glass plates. They found that using more than one layer of glass spheres would make difficulties 

in the flow observation process and to distinguish one phase from the other. The packing of the 

glass beads within the model resulted in an approximately rhombic pattern and the packing of 

beads give the pore space a complex structure that makes it extremely difficult for the 

observation of flow phenomena. During the experimental analysis, Chatnever and Calhoun 

used different flow cells.  

 

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 

(Tallakstad et al. 2009; Tóth et al. 2007; Lovoll et al. 2005; Corapcioglou and Fedirchuk 1997). 

Figure 2.2 shows the side view of a glass bead micro-model from Corapcioglou and Fedirchuk 

(1999). 
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Figure 2.2:  Lateral view of a glass bead micromodel (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.  

 

As observing the flow physics inside the packing of beads is extremely complicated, Fatt et al. 

(1956) proposed a two-dimensional regular flow network made of different radii cylindrical 

glass tubes that enhances the visualization of flow phenomena. During their experiments, four 

different network patterns viz. single hexagonal, square, double hexagonal and triple hexagonal 

are used. 

 

Mattax and Kyte (1961) fabricated the first etched glass micromodel and was able to capture 

the motion of fluid interface in more detail. The fabricated micromodel comprises of network 

of interconnected capillary grooves etched into a glass plate. The glass was coated with a thin 

layer of wax above which the pattern network was drawn with the help of a stylus. Then the 

exposed area of the glass slide containing the pore network pattern was etched using 

hydrofluoric acid (HF). After the completion of etching process, the wax is removed and the 

open side of the glass slide containing the pore network is fused with another glass plate in an 

annealing oven. Finally inlet and outlet holes are created by drilling the glass slide. It was a 

very good approach to observe and visualize flow behaviour. The main drawbacks of such 

micromodels was the formation of concave shaped pore walls during the etching process and 

use of wax limits the capacity of design pattern. A further development of the micromodel was 

achieved by Davis and Jones (1968). They worked on the drawbacks and limitations of the 

micromodel and came up with a new fabrication technique. They replaced the wax material 

with a photoresist layer due to which it becomes possible to etch any black and white pattern 

on the glass plate. Later this methodology was refined by McKellar and Wardlaw (1982) and 

it is still used to fabricate etch glass micromodel. They added an additional copper-silver layer 

between the photoresist and the glass plate. This copper-silver layer is resistant to hydrofluoric 
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acid and can be easily removed by other solvents. Furthermore, the photoresist is still able to 

bond easily to the copper-silver layer. The copper or silver layer can either be directly applied 

to the glass plate, or instead a piece of mirror can be used once the backing has been removed, 

revealing the copper/silver layer. 

Lenormand et al. (1983) further advanced in the fabrication process and fabricated a resin 

micromodel. The manufacturing process was also eased and previous limitation relating to poor 

visualization at pore scale difficulty in data interpretation in the packs of beads are also 

overcome. Using this kind of resin moulding technique, they were able to produce micromodels 

having throats of rectangular cross section, which is suitable for the better observation and 

analysis (Figure 2.3). 

 

Hornbrook et al. (1991) produced the first silicon micromodels, which were almost identical 

to original Berea sandstone. Geometrical and topological properties as well as wettability and 

pore roughness were close to an original core sample. Micromodel pore structure was based on 

a thin section of a Berea sandstone. With a scanning electron microscope (SEM), a high-

resolution photograph was taken and digitally processed. The drawback of this technique was 

that the SEM captured only a very little portion of the thin section. Hence, the edges of the 

photograph had to be processed to loop this unit cell image together and to produce the definite 

matrix area. 

 
Figure 2.3:  Schematic cross-section of the network used by Lenormand et al. (1983) 

 

2.2 Micromodel Fabrication and Imaging Techniques 

2.2.1 Micromodel materials 

After adopting the design of the pore network, micromodels are fabricated. The prime 

properties of the materials required to fabricate the micromodels are that it should be fabricated 
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from transparent and rigid materials where the grooves of pore network can be embedded 

analogous to the structure of real porous media. Over the years, various materials have been 

used to fabricate porous micromodels.  

Since, the beginning, the glass and quartz has been extensively used for the fabrication of 

micromodels. Starting from the era of Hele Shaw and glass bead micromodels, use of these 

materials are quite common in the fabrication process. It was very easy to construct these 

micromodels using glass of quarts beads of definite dimension at a relatively higher accuracy. 

Due to the easiness, low cost in the construction of micromodels these micromodels at that time 

gained immense of popularity. However, visualization along the layer of beads was very 

challenging and complicated and it creates many obstacles/problems during visualization 

process. In later stage, new methodologies are evolved and glass micromodels were fabricated 

using chemical etching method. Though it is an economical process, this process can not be 

carried out in regular laboratory environment due to use of acids. In addition, the micromodels 

should be handled carefully, as it may get broken easily. Glass micromodels are tough and 

rigid, due to which it can withstand high pressure. As the entire micromodel is made of glass, 

it retains same wetting properties within the micromodel, which is suitable for multiphase flow 

experiments. 

Etching process also can be used to replicate pore network in silicone substrates. However, a 

micromodel made of entire silicon cannot be used for optical visualization experiments, as the 

material is translucent. Therefore, after engraving the pore network, the open side containing 

the grooves is sealed with a transparent material like glass. Another issue is that, the final 

version of the silicone micromodel experiences two different wetting properties, as it is made 

of two materials and this affects the fluid flow in two-phase flow studies.  

The most popular material used to fabricate micromodels are the soft polymeric materials. 

Among them Polymethylmethacrylate (PMMA) and Polydimethylsiloxane (PDMS) are the 

widely used polymers. PMMA is an acrylic thermoplastic material and a good alternative of 

glass. It is not as hard as glass and can be etched easily with chemical solution, using ions or 

using laser radiation. Polydimethylsiloxane is softer than PMMA and PDMS micromodels are 

economical and can be fabricated easily in normal laboratory. However, a master pattern 

containing pore network is required and this has to make in clean environment. Using this mater 

pattern, pore network is replicated in the soft materials and in such a way; many micromodels 

can be fabricated from a single master pattern. However some disadvantages are also can be 
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observed during the use of these micromodels. These micromodels react with some chemicals 

and can absorb it. Due to which, it may get deform that consequently damages the pore network 

features. In addition, micromodels made of these soft materials cannot withstand high pressure 

and may get deformed at a pressure less than 100 Kpa (Eddings et al., 2008) which results in 

breaking the micromodel (in case of PMMA) or it can damage the bonding features (in case of 

PDMS). 

2.2.2 Micromodel fabrication process 

With the development of computer generated digital design tools, it has now become possible 

to fabricate a wide variety of more complex 2D and 3D micromodels (Tsakiroglou and Avraam 

2002). Various fabrication techniques are discussed below. 

2.2.2.1 Optical lithography 

At present, the common method of fabricating micromodels is the optical lithography technique 

that transfers the predesign geometric pattern from a mask to a photoresist layer on the substrate 

like silicon wafer or glass. Specific features like pore geometry, pore size and pore nos. and 

other minute dimensions cannot be created using simple methods as used in Hele Shaw and 

glass bead micromodels. Optical lithography has gain immense of popularity due to its ability 

to produce any kind of complicated small dimension flow network analogous to irregular or 

fractal patterns.  

Since 1980, the principles of photolithography were used (Thompson et al. 1994, 1983). The 

detailed fabrication process is reported in many literatures (Cheng et al. 2004; Giordano and 

Cheng 2001). In this methodology, the design of the flow network is made digitally. The flow 

network pattern design can be based on statistical distribution or also can be made without 

spatial correlation of the pores. Then the design of the flow network is printed on a transparent 

material. Transparent material imprinted with the flow network is known as mask. The next 

process involve as the transfer of this design into the micromodel substrate material. But it is 

performed through a series of steps.  

The chosen substrate has to be cleaned perfectly and then a layer of thin layer of polymeric 

material, known as photo-resist is applied on the surface of the substrate. The most commonly 

used photoresist material is SU-8. The photoresist material is spin coated over the substrate 

material to get the uniform thickness layer over the entire surface of the substrate material. The 

spinning condition such as rotation speed, spinning duration and the material type determine 

the thickness of the final coated layer that in later stage become the final depth of the flow 
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network. Then the substrate is soft baked in order to harden the photo-resist (Cheng et al. 2004; 

Giordano and Cheng 2001). 

In the next step, methodology is applied to transfer the flow network pattern from the mask to 

the photoresist material. For this purpose, the mask is projected on the photoresist using the 

ultraviolet light with the help of mask aligner. The photoresist area, which is exposed to the 

ultraviolet light, reacts with the developing solution. Later, the exposed area is removed which 

gives the flow network. After that, the open side of the flow network is covered with another 

glass plate to get the final applicable version of the micromodel. The covering glass plate is 

also coated with a photoresist layer that gives strength to the bonding of the two plates and 

gives uniform wetting properties throughout the micromodel. This methodology is relatively 

economical and easy to implement. However, creation of the flow network in the photoresist 

material produce another major problem. As these materials are photosensitive, exposure of 

light having wavelength near to ultraviolet range causes to the production of nitrogen gas. 

These bubbles of nitrogen gas grow in size with the passage of time and slowly damages the 

flow network. The production of these nitrogen bubbles are demonstrated in the work of 

Karadimitrio et al. (2013).  One solution to this problem is to cut all the light emission which 

have wavelengths below 550 nm. In addition, optical filters can be used to block all the 

wavelengths below 550 nm. Though these methods are effective, yet experimental setup 

becomes expensive. Another difficulty occurs during the sealing of the micromodel, as the 

micromodels containing minute dimension flow network do not have enough surface areas for 

the bonding purpose.  

2.2.2.2 Etching method 

The first etched micro-model was constructed by Mattax and Kyte (1961). The fabrication 

technique is based on chemical reactions and the interaction of laser and plasma radiation with 

glass, silicon or polymer (Zhang et al. 2011, 2010; Gutierrez et al. 2008; Baouab et al. 2007; 

Jeong and Corapcioglou 2005; Lanning and Ford 2002; Weidman and Joshi 1993).  However, 

with the passage of time procedures or various steps involved in etching process are developed 

and modified. 

Many initial steps of this methodology is similar to that of optical lithography technique. The 

design of the flow network. Mattax and Kyte (1961) used a thin layer of wax over a glass plate 

above which the pattern network was drawn with the help of a stylus. Then the exposed area 

of the glass slide containing the pore network pattern was etched using hydrofluoric acid (HF). 
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However due to some limitations, this method is refined by Davis and Jones (1968) who 

replaced the wax material with a photoresist layer. In the late 1980s, with the development of 

computer application software it has become possible to design the flow network digitally and 

also the process involved in processes like mask creation are modified which can be seen in 

the optical lithography process. Now in the recent etching process, many steps like creation of 

design of the flow network and mask creation are similar to that of optical lithography. 

However, the main difference between these two methods is that in optical lithography, flow 

network is created in the photoresist material, while in etching method, one step is taken further 

and grooves of the flow network is produced on the substrate material itself.  After the pattern 

is developed and exposed in the photoresist layer, the final flow network in the substrate is 

created using an etching method. Normally two etching methods are used which are discussed 

in the following section. 

2.2.2.3 Chemical or wet etching 

In chemical etching or wet etching, acids are used as etchants to etch the glass or silicon 

surface (Sirivithayapakorn and Keller 2003; Wan et al. 1996; Avraam et al. 1994; Hornbrook 

et al. 1991; Wegner and Christie 1983; McKellar and Wardlaw 1982). However, during etching 

process, the remaining area of the substrate covered by the photo-resist remains unaffected due 

to the use of acid. 

The etching rate and time of exposure of the etchant determines the depth of penetration of the 

eroded flow network. Since the beginning of the development of micromodels, etching process 

has been widely used and popular method of fabricating micromodels. However, one of the 

major problem arises due to the use of etching process is that the pore walls of the flow network 

is not vertical instead slopping walls are generated.  In addition, curvatures are found at the 

bottom of the pores as liquid acids are isotropic in nature and thus erode the glass substrate in 

all directions. These types of curvatures can be found in the microchannel constructed by wet 

etching method in the works of Iliescu et al. (2008). The formation of curvature can be found 

at the bottom walls and this curvature 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 backlight 

illumination. In this case, a strong contrast between the sample and the background is needed.   
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2.2.2.4 Plasma or laser etching 

Another way for etching substrate materials like glass, silicon and other polymeric materials 

like PMMA is the use of electromagnetic radiation.  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 (Kolari et al. 2008; Durandet et al. 1990). The noble gas commonly used 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. (1996, 1994). 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 (~400oC) 

while applying an electric field across the silicon/glass sandwich to ensure good contact via the 

associated electrostatic force. 
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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 (Little 1982). 

 

When the channels are deep and much narrow, it becomes difficult to get vertical walls 

and keep the roughness at the bottom of channel low. It is found that as the ratio of the depth 

to the width of the channels becomes larger, the quality of the channels becomes lower (Yeom 

et al. 2005). The surface roughness increases and we do not 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. 

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 micromodels. 

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. 

2.2.2.5 Stereo-lithography 

Stereo-lithography (SL) is a computer-based manufacturing process that was developed by 

Hull (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 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-

polymerization 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 
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layer polymerize 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 2.4, a schematic presentation of the 

process is presented. 

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 micromodels 

have been used in studying flow (Crandall et al. 2009, 2008; Stoner et al. 2005). However, they 

are less popular when it comes to very small dimensions (micrometer scale) because of the 

spatial resolution of the process. 

 

Figure 2.4: Schematic presentation of a bottom-up stereo-lithography system with scanning 

laser (Melchels et al. 2010) 

 

2.2.2.6 Soft lithography 

Soft lithography refers to methods for making structures using ‘soft’ materials like 

elastomeric stamps, moulds, and photo-masks (Wang et al. 2005; Rogers and Nusso 

2005; Shor et al. 2004). It is mostly reserved to create very small, simple geometric structures, 

on the micro- and nano-scale (Park et al. 2009; Huh et al. 2007). Variations of soft lithography 

method include micro contact printing (μCP) (Xia and Whitesides, 1998), replica moulding 
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(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 Markov et al. 

(2010), Auset and Keller (2004) and Quake and Schere (2000). Usually, it consists of the 

following steps: 

o 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.  

o 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.  

o 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. 

o The polymer is degassed under vacuum and then cured.  

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

o 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 
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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).  

 

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.  

 

2.2.3 Micromodel imaging methods 

Since the start of use of micromodels, the main challenge that arises during the observation of 

fluid flow process is the adoption of proper optical configuration to perform visualization 

experiments. In multiphase flow experiments, estimation of fluid phase saturation and specific 

interfacial area are the main topic of interest. These measurements are done mainly by 

capturing the events optically in the form of videos or image frames. In addition, in dynamic 

experiments as the distribution of fluid phase change abruptly with time, visualization setup 

having high image acquisition facilities are required.  

Chatenever and Calhoun (1952) performed two-phase experiment and obtained the image of 

fluid distribution using cine-photo-micrography technique. During the experiment, main 

optical components used are microscope and its accessories (lenses, mounts, etc.), a 16mm 

movie camera, a beam splitter, an arc illuminator, and an exposure meter. 

 

It is obvious to mention that the bulk of the multiphase flow experiments are based on optical 

imaging techniques. The main chosen experimental setup that are used to capture the events 

related to the distribution of fluid phase during the experiments are discussed below. 

2.2.3.1 A microscope-camera visualization setup 

The optical apparatus associated with this kind of setup is very simple. The micromodel is 

placed under the objective piece of a microscope and the camera is fixed on the ocular of the 

microscope (Corapcioglu et al. 2009; Rangel German and Kovscek 2006; Vayenas et al. 2002; 

Keller et al. 1997). Then the camera is connected to a computer and the data generated by 

capturing the image frames are stored and acquired images are analyzed with proper image 
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processing software. By performing this kind of analysis, one can easily estimate average 

saturation of fluid phase and specific interfacial area (Chen et al. 2007; Cheng et al. 2004).  

This technique is adopted whenever high resolution is required and minimum pore size is 

confined to one or two microns and parameters like interfacial area have to be calculated. 

However, for elongated and large micromodels, this experimental setup is not suitable as 

optical window of a microscope is limited in size. In addition, microscope can be focused on a 

specific area only and there is no provision to record area that lies outside the optical window. 

A remedy to this problem is to move the micromodel slowly to record the flow field at different 

positions. However, this leads to introduce unknown inertial forces in the micromodel and 

recorded image produce pore quality images as it is difficult to focus the camera all the time.  

This methodology is quite suitable for quasi-static experimental conditions. 

 

2.2.3.2 Direct visualization with a camera 

The principle of this method is similar to the method described in the section 2.2.3.1. However, 

the main difference between these two methods is that no microscope is used in this method 

and the camera directly captures the image frames (Hematpour et al. 2011; Chang et al. 2009). 

This provides the flexibility to handle the camera at various orientations and to acquire the 

images of flow events. Objective lens also can be added into the camera to magnify the field 

of view. Generally, this kind of setup without microscope is used when high resolution is not 

necessary. However, currently, cameras having high frame rate and having good resolutions 

are available and can be used to capture image frames. In addition, advanced image analysis 

software can be used for easy handling and data analysis. The other benefit of using this kind 

of setup is that the camera setup can be kept at a distance from the micromodel to reduce any 

vibration that affects the flow system. This kind of setup was used in the works of Chang et al. 

(2009), where experiments are performed in an acrylic micromodel and images were captured 

with a camera of resolution of 640 × 480  pixels in RGB format (Red, Green, Blue). 

2.2.3.3 Photo-luminescent Volumetric Imaging (PVI) – Confocal microscopy 

This method was first introduced by Montemagno and Gray (1995), where the porous 

micromodel was fabricated using quartz grains. The performed two phase immiscible 

experiments with fluids matching refractive indices to that of quartz particles (Budwig, 1994). 

During the experiment, the wetting phase was seeded with special fluorophores that helps in 

distinguishing the fluid-fluid interface. The fluid flow was illuminated by a planer laser source 

at successive planes and a CCD camera captured the fluorescent image frames. The images 
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were later processed and 3-D data sets were created to visualize the pore space and to get the 

location of fluid-fluid interfaces. 

 

 

Figure 2.5: The experimental setup for PVI (Montemagno and Gray, 1995) 

 

The experimental setup uses an Argon-ion laser (emission at 514.5 nm) as the source for 

illumination, CCD camera and other optical accessories to capture the flow events in the sample 

cell (Figure 2.5). A beam expander was used to increase the diameter of the Argon-ion laser 

beam from 1.5 mm to 25mm and cylindrical lens was used to convert the cylindrical beam into 

planer sheets. The laser sheet had a dimension of 15 mm width and 125 μm in the sample cell. 

When laser light falls in the fluorophores, it gets excited and emits light at higher wavelength. 

A spectral filter was used to block the unwanted wavelength of light and directs the permitted 

light into the camera. The data from the camera is transferred to a computer and later analysis 

with imaging software.  

 

This methodology was later used by Zang (1998) during volumetric imaging of the multiphase 

flow dynamics in porous media. Stohr et al. (2003) used this methodology and performed three 

dimensional measurements of single phase flow at pore scale.  

One of the significant application of fluorescent microscopy is micro-particle image 

velocimetry technique, which is used to investigate the fluid flow and transport phenomena at 

micron scale (Perrin et al. 2005; Shinahara et al. 2004).  This methodology has been exclusively 

used to study pressure drive flows (Shinohara et al. 2004; Devasenathipathy et al. 2003; Sato 

et al. 2003; Meinhart et al. 1999), 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).  

The working principle of micro-PIV is similar to that particle image velocimetry where micron 

sized particles are used as tracers and seeded to the working fluid and by tracing those particles 

velocity of the flow field is estimated (Keane and Andrian, 1992). An illustrative review of this 
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method in terms of its application and recent developments is reported by Lindken et al. (2009). 

A detailed description related to the various experimental components (Figure 2.6) needed 

during micro-PIV experiment has provided by Wereley and Meinhart (2005). 

 

Figure 2.6: Schematic description of a typical micro-PIV hardware implementation 

(Wereley and Meinhart, 2005) 

 

In this method of fluorescent microscopy, light source (laser) can be pulsed or continuous and 

the light being directed to a lens that converts it into plane sheets. When the laser light falls on 

these tracer particles, it gets excited and emits lights at higher wavelength. The optical filter 

also known as dichroic mirror attached to the optical system blocks the unwanted light and 

only permits the desirable wavelength of light to reach the sensor of the camera. In this way, 

two-dimensional images can be acquired. After capturing the images at definite time interval 

and analyzing the displacement of particles, the velocity of the whole field of view can be 

obtained. To obtain three dimensional image fluorescent microscopy can be combined with 

confocal microscopy.  

 

Confocal microscopy is another technique that uses laser induced fluorescence technology. It 

is and point by point imaging method that provides good quality sharp images which may 

appear blurred when viewed under normal conventional microscope. Three dimensional 

images also can be constructed with the help of this technology by overlapping two-

dimensional at successive layers. The patent of confocal microscopy was given by Marvin 

Minsky (1988). The fundamental concept of confocal microscopy (Figure 2.7) was provided 

by Semwogerere and Weeks (2005). 
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Figure 2.7: The basic setup for confocal microscopy (Semwogerere and Weeks, 2005) 

 

A monochromatic light source such as laser is used as the light source that is reflected by an 

optical filter and directed on the sample specimen through objective lens. The working fluid is 

either dyed with fluorescent dye or seed with fluorescent particles. When these particles absorb 

the light, it gets excited and emits lights of higher wavelength. This emitted light is permitted 

by the dichroic mirror and the light from the light source is reflected back to the source. Thus, 

the field of view of the sample is visualized point wise in two dimensions. This methodology 

is very suitable for relatively slow and minute sized events that needs to be visualized 

preciously where conventional microscopy could not be used to get satisfactory results 

(Baumann 2007; Baumann and Werth 2004; Sirivithayapakorn and Keller 2003; Lindek et al. 

1996; Hell et al. 1994; Wan and Wilson 1994). 

2.2.4 Application of micromodels in studying two-phase flow displacement processes 

Use of micromodels in studying flow and transport phenomena includes majorly immiscible 

displacement of two phases in porous media (Cottin et al. 2011; Dawe et al. 2010; Crandall et 

al. 2009; Corapcioglou et al. 2009; Chang et al. 2009; Tsakiroglou et al.  2007; 

Theodoropoulou et al. 2005; Tsakiroglou et al. 2003; Wan et al. 1996; Avraam et al. 1994; 

Chuoke et al. 1959). Flow mechanism such as viscous fingering, capillary fingering, snap off 

and the displacement processes related to imbibition and drainage have been also studied with 

the help of various micromodels (Zhang et al. 2011; Sharma et al. 2011; Romano et al. 2011;  

Gutiérrez et al. 2008; Lovoll et al. 2005; Jeong and Corapcioglu 2005; Ferer et al. 2004; Sugii 

and Okamoto 2004; Frette et al. 1997; Lenormand 1989, Lenormand et al. 1988; Mattax and 

Kyte 1961). 
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The earliest example of two-phase flow displacement experiments can be found in the works 

of Lenormand et al. (1983). They have fabricated channels in the shape of capillary duct using 

transparent polyester resin material. Meniscus displacement mechanism such as snap off or 

piston type motion are observed at different flow conditions.  

Micromodels have been extensively used to study the mechanism involved in oil recovery from 

oil reservoirs in presence of gas and other fluid phases (Keller et al. 1997).   

 

2.3 Significance of 2-D micromodels 

Visualizing the fluid flow in soils and geomaterials is a challenging task as these real materials 

are not transparent to visible light. Fluid flow investigation in real porous material samples 

such as reservoir core are preferably used to gather macroscopic data like pressure drop, outlet 

fluid properties and saturation profiles (Askarinezhad et al. 2018). However, fluid and particle 

transport mostly occurs at pore scale, which can be considered as the smallest structural unit in 

actual reservoirs and so as to develop more efficient oil recovery methods, a deep 

understanding of insight of these flow phenomena is required. Thereby, these lab scale flooding  

experiments that uses real sample reservoir rock as core, lack flexibility for systematic research 

on the pore-scale aspects such as the effect of pore size, aspect ratio, pore-to-pore distance, 

pore-scale cascade of water-oil displacement events such as direct invasion, imbibition and 

snap-off. Therefore, using these models, direct visualization and quantitative description of 

pore scale behaviour of multiphase fluid-fluid interaction is still difficult, due to the complex 

3-D geometry of the real porous media (e.g. subsurface rocks). 

With the development of computer generated digital design tools, it has now become possible 

to fabricate a wide variety of more complex 2D and 3D micromodels (Tsakiroglou and Avraam 

2002). With the passage of time, researchers are able to fabricate micromodels with 

microstructures (Folch et al. 1999) as well as with two-dimensional porous material 

representation, which are extensively used to perform visualization experiments (Conn et al. 

2014; Fathollahi et al. 2019). These 2-D representations may consists of Hele-Shaw cells 

(Chuoke et al. 1959), small packed glass spheres sandwiched between two flat glass plate 

(Chatenever and Calhoun  1952),  regular connected network of pores designed to investigate 

specific phenomenon (Blois et al. 2015), replicas of two-dimensional images of actual reservoir 

rocks (Kumar Gunda et al. 2011). Micromodels have been used as an effective qualitative and 
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quantitative tools to establish a better understanding of fluid flow patterns, fluid-fluid or fluid-

solid interactions in pore throats and pore bodies of different porous materials at multiple length 

scales (mili, micro or nano scale) (Karadimitriou et al. 2012). These micromodels should 

contain at least one transparent side to allow visualization experiments. 

Over the time, 3-D micromodels have been also tentatively fabricated to mimic 3D porous 

structure. Fand et al. (1987) and Kececioglu and Jiang (1994) constructed the porous medium 

in the form of packed beads to mimic complex natural porous media. Later, Bowden et al. 

(2010), Sen et al. (2012) and Krummel et al. (2011) represented the porous medium in the form 

packed beads and performed multiphase flow experiments. These kinds of models are limited 

to engineered porous media that contains random or orderly packed granular system and do not 

provide a realistic representation of actual pore connectivity. Therefore, in recent times, 2-D 

micromodels have been extensively used to investigate many common fluidic phenomena 

inside porous media related to enhanced oil recovery applications such as chemical water 

flooding (Mohammadzadeh et al. 2019), foam flooding (Conn et al. 2014), surfactant flooding 

(Kianinejad et al. 2014)  and polymer flooding (Sedaghat et al. 2013), steam flooding (Lyu et 

al. 2018), capillary trapping/fingering (Geistlinger  et al. 2016), foam coalescence (Almajid 

and Kovscek 2016) and fluid analysis such as the measurement of minimum miscibility 

pressure of CO2 in crude oils (Zhang et al. 2011) due to the advantage of easy and clear 

visualization at the pore scale. Even though such models lack some three-dimensional aspects 

such as lesser connectivity compared to the 3-D skeleton of pore structure, they facilitate means 

to study micromechanics of displacement processes at the pore-scale.   

2.4 Summary and Scope of Research 

Understanding the physics of fluid flow inside complex porous structure is an extremely 

difficult task. The dynamics of immiscible multiphase flow is relevant to many science and 

engineering fields that includes mobilization of trapped hydrocarbon in enhanced oil recovery, 

geological carbon sequestration, membrane-based fuel cells etc. Fluid flow Investigation in real 

porous material samples, like membrane devices and oil displacement core-flood device are 

common. In these types of studies usually macroscale data like pressure drop, outlet fluid 

properties and saturation profiles are measured. However, using these models, direct 

visualization and quantitative description of pore scale behaviour of multiphase fluid-fluid 

interaction is still difficult, due to the complex 3-D geometry of the real porous media (e.g. 
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subsurface rocks). Although porous cores offer the advantages of realistic wettability and pore 

structure, they lack flexibility for systematic research on the pore-scale aspects such as the 

effect of pore size, aspect ratio, and pore-to-pore distance. They often envision a macro-scale 

prospective although micromodels are used in such investigations. For example, the effect of 

pore structure is often neglected and the pore-scale cascade of water-oil displacement events 

such as direct invasion, imbibition and capillary drainage, and snap-off are not analysed. 

However, direct measurement of fluid flow parameters such as velocity especially at pore level 

is difficult to obtain due to the opacity of these materials. Therefore, to perform the 

experimental analysis, artificial porous medium that mimics the porous structure, known as 

micromodels are created and developed time to time. In these micromodels, numerous 

visualization experiments are performed to get insight of fluid-fluid movement at pore scale.  

Micromodels have been used as an effective qualitative and quantitative tools to establish a 

better understanding of fluid flow patterns, fluid-fluid or fluid-solid interactions in pore throats 

and pore bodies of different porous materials at multiple length scales (mili, micro or nano 

scale). With the passage of time, researchers are able to fabricate micromodels with 

microstructures as well as with two-dimensional porous material representation, which are 

extensively used to perform visualization experiments. 

The most common method of fabricating micromodels is the lithography technique, which 

transfers the predesign geometric pattern from a mask to a photoresist layer on the substrate 

like silicon wafer or glass. The most commonly used lithography technique is the 

photolithography technique. This kind of fabrication process like photolithography and etching 

are costly and time consuming. The cost of the substrate material like silicon wafer is also very 

high that creates an obstacle to the researchers while studying the fluid flow behaviour in 

permeable media. Soft lithography is a method that is used to replicate the micro patterns on 

the surface of soft materials like elastomeric stamps using moulds and photo-masks. Among 

elastomeric stamps PDMS is the most commonly used material for the fabrication of 

micromodels. PDMS is a very low-cost material compared to the other substrates like silicon 

or glass that are used in traditional micro-fabrication methods. Due to the ease of bonding and 

excellent optical properties, PDMS is the most suitable material for micro fluidic devices. 

However, the fabrication of PDMS micromodels by soft lithography depends on a master with 

micrometric features that need to be made in a clean room using photolithography and 

microfabrication methods. In addition, the photolithography technique is comparatively 
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expensive, time-consuming and beyond the reach of many researchers. In order to overcome 

the shortage of micromodel and to fabricate low cost micromodel, new advances or enhanced 

strategies have been explored gradually to diminish the high expenses that come from using 

conventional photolithography technique. 

The reviews of previous work have clearly suggested that several works had been done to 

understand the fluid-fluid interaction in porous materials. In earlier days, flow processes at the 

pore scale were investigated using 2D micromodels with a simple network geometry and 

imaged the interaction between two immiscible flowing fluids. Later, micromodels were 

constructed with a more complicated geometry. Since the 1980s, the flow pattern of 

micromodels has been computer generated and with the development of new techniques more 

complicated micromodel fabrication can be achieved which were based on the geometry and 

topology of the real porous medium. A number of attempts have been made to qualitatively 

characterize fluid–fluid interactions at the pore scale in 2D porous models. Several attempts 

also have been made by the various authors to capture the dynamics of these processes or 

quantitative measures of the dynamical processes. A series of displacement experiments were 

conducted to investigate the impacts of viscous and capillary forces on displacement stability 

and fluid saturation distributions in pore network micromodel with precisely micro fabricated 

pore structures.  

 

Experimental observations were done to understand the effects of different parameters such as 

fluid viscosity and density, interfacial tension, wetting properties and heterogeneity of the 

porous media, fluid flow rates, and the considered length scales on the fluid flow in porous 

micromodel systems. Pore-scale multi-phase displacement phenomena were visualized in 

micromodels, which were two-dimensional (2D) pore network patterns, etched into materials, 

such as silicon, glass, polydimethylsiloxane (PDMS). Many investigators utilized the 

micromodel in numerous studies to visualize EOR processes. Steam injection, polymer-

assisted dilute surfactant flooding, water alternating gas (WAG) as well as gravity-assisted 

tertiary gas injection process were performed to increase the sweeping efficiency in oil 

recovery processes. Some investigators also used real sandstone micromodel to visualize and 

characterize water injection in low permeable rock. In recent time, many authors have 

conducted a number of flow visualization experiments to study the effect of bacterial flooding 

on oil phase distribution at the pore scale. Hence, considerable progress has been done both at 

the fabrication part in developing methodology to fabricate micromodels of numerous 
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geometry, topology and developing various experimental setup for carrying out many 

experiments to investigate the microscale fluid behavior at pore scale. 

 

In this study, our prime objective is to fabricate a cost effective porous micromodel using a 

noble method that can be used to investigate the fluid flow behaviour at micron scale. 

Therefore, we have emphasized on the fabrication steps and explained in detail. In the present 

work, a noble method to fabricate both homogeneous and heterogeneous porous micromodel 

have been developed. Furthermore, an attempt has been made to reveal the technical 

practicability of this strategy, typically by using round hole perforated metal sheets as template 

to fabricate the micromodels. Thereafter, the fabricated micromodels are tested for fluid flow 

experiments. In addition, micro PIV analysis of fluid flow is performed to map the velocity 

field and to find the applicability of these micromodels thus fabricated. Using this method, 

different porosity micromodels on PDMS substrate can be fabricated very easily and also at a 

very low cost. The fabricated samples of micromodels are placed under the microscope, and 

the visualization experiments are carried out using particle image velocimetry (PIV) technique. 

From the flow visualization, experiments the velocity of the flow field is quantified.  The 

present work also reports the application of micro-PIV analysis to study the pore scale flow 

through the interconnected pore network geometries that characterize porous media. The 

feasibility of the technique is demonstrated by performing single-phase flow measurements 

through the pore bodies and adjacent pore throats of a two-dimensional flow cell. 

 

In addition, the fractured porous micromodel in PDMS has been also fabricated using a method 

similar to that of soft lithography technique where a readymade master pattern is used. 

Thereafter, an attempt has been made to study the single-phase and two-phase flow phenomena 

in fractured porous media. The flow visualization experiments are then performed at various 

locations of the micromodel to get an overview of effect of flow rate on the fluid flow pattern 

in case of single-phase flow and to get information about fluid saturation and dynamics of fluid 

movement on a special designed fracture geometry in case of two-phase flow. The micro-

Particle Image Velocimetry (µPIV) analysis is carried out to map the flow velocity near the 

fracture and at other locations of the porous micromodel whereby the effects of fracture on 

fluid-fluid interaction are evaluated.  

 

Our prime aim was to check the effect of flow rate on the flow pattern (whether regular or 

chaotic) at any location of the micromodel for single-phase flow at the presence of fractures. 
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Thereafter, fluid flow observations are performed to check the fluid saturation and instability 

of fluid phase in case of two-phase flow in a specially designed newly fabricated fractured 

micromodel, which is fabricated by a novel approach. Previous authors studied the instabilities 

at pore level in various homogeneous and heterogeneous micromodels (Roman et al., 2016). 

Therefore, in our case, we have also studied the instabilities of two-phase flow in this fractured 

micromodel with the help of fluorescent microscopy and micro-PIV method is used to quantify 

the flow field and to observe it in a much clear view compared to the works of previous authors. 

It is worth noting that the main advantage of this fabrication method lies in its flexibility as this 

fabrication method can be adopted to fabricate fractured micromodels having different 

orientation of fractures and geometry at a very low cost.  In future, we have planned to study 

more about two-phase flow mechanism in many aspects by conducting experiments in 

micromodels having fractures of different dimension, orientation and geometry.  
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Chapter 3 
 

Flow Visualization in  

Porous Micromodels  
 

3.1 Introduction 

Porous media are found everywhere in nature and almost all of the materials are porous up to 

some extent. These porous media consist of random structures where the position of solid and 

liquid phases are random function of space. Flow and transport through porous media is also 

important in fields like designing drug delivery system and tissue engineering. In some porous 

media such as oil reservoirs, the pressure gradient force plays an important role to drive the 

fluid flow. Although in practical scenario, the flow through porous media has applications 

mostly in multiphase flow. The present study focuses into the single-phase flow without inertia 

effects.  

 

Porous media can exist in nature in different atmosphere and geographic topology as well as in 

other engineering fields. It is also important to understand that the flow through porous media 

are surrounded by another porous medium having different volume fraction. Some typical 

examples are found in filters and oil reservoirs where the dual porosity exists together. In 

addition, the fluid flow through fractured porous media has received a great deal of attention 

in fields like geotechnical and petroleum engineering. In practical situation, these fractures are 

generated when two different porous matrix section are separated by free space. These 

conditions are depicted using schematic diagram as shown in Figure 3.1. 

 

As briefly stated at the beginning, understanding the physics of flow in porous media is 

important in many engineering fields like the recovery of oil from underground reservoirs in 

the presence of gas and water phases and other chemical engineering applications. Over the 

years, many experimental investigations have been performed to visualize the insight of flow 

mechanism in the porous media. However, due to the opacity of these porous media, visualizing 

and understanding the fluid interaction inside the porous media becomes extremely difficult. 

Because of this, micromodels are often used. 
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Figure 3.1:  Schematic diagram of (a) homogeneous porous medium, (b) dual porosity 

system where a porous medium is adjacent to another porous medium, and  

(c) a dual porosity system with a horizontal fracture 

 

An efficient way to study the fluid-fluid interaction in a porous medium is through the 

development of an artificial transparent porous medium with known properties, commonly 

referred to as a micromodel. These micromodels are found to be very useful tool to study the 

pore scale transport processes. Visualizing the fluid flow in soils and geomaterials is a 

challenging task as these materials are not transparent to visible light. Most of the experimental 

analysis are therefore based on the visualization of flow phenomena in artificial porous 

medium, also known as micromodels (Karadimitriou and Hassanizadeh 2012). These 

micromodels are comprised of a network of connecting pores, an artificial portrayal of real 

porous medium. Thus, using these micromodels it becomes possible to study and to gain 

information regarding pore scale flow events up to the considerable extent. In early studies, 

these micromodels had simple and plain porous network structure. The very first fabricated 

micromodel that was used to explore the behaviour of fluid flow at microscale in porous media 

was a single layer of glass spheres sandwiched between two flat glass plate (Chatenever et al. 

1952). With the passage of time, the use of micromodels as visualization tool in various 

multidisciplinary studies, has been increasing to understand the fluid flow mechanism in further 

details. The application of micro-models has increased over the past several decades, especially 

with regard to visualize the processes relating to enhanced oil recovery (EOR) and other oil 

recovery processes. Since 1980s, with the development of new computer based application 

software, it has become possible to fabricate the micromodels containing complex network 
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patterns (Tsakiroglou and Avraam 2002). At present, the most common method of fabricating 

micromodels is the lithography technique, which transfers the predesign geometric pattern 

from a mask to a photoresist layer on the substrate like silicon wafer or glass. The most 

commonly used lithography technique is the photolithography technique (Chen et al. 2003). In 

this method, a photomask containing pore network design is printed. Thereafter, a photoresist 

material is spin coated on the micromodel substrate and the pore network design is transferred 

from the mask to the photoresist material by exposing it to ultraviolet light. Later, with the help 

of a developer solution, the specific area containing the pore network is washed away. Finally, 

with the help of etching technique, the network pattern is constructed on the surface of the 

micromodel substrate. In most of the cases, this micromodel substrate embedded with a pore 

network (also known as master pattern) is directly bonded with transparent sheet like glass 

plate to construct the final version of the micromodel.  This kind of fabrication process like 

photolithography and etching is costly and time consuming. The cost of the substrate material 

like silicon wafer is also very high that creates an obstacle to the researchers while studying 

the fluid flow behaviour in permeable media.  

 

Glass-etched micromodels also have been intensively used to study numerous characteristics 

of fluid flow in porous media such as chemically assisted water flooding process in heavy oil 

recovery (Mohammadzadeh et al. 2019), effect of carbonate water injection in both 

homogeneous and heterogeneous porous media in oil recovery (Mahdavi and James, 2019; 

Mosavat and Torabi 2016). The first etched-glass micromodel was developed by Mattax and 

Kyte (1961). The pore network of the micromodel was built up by the straight interconnected 

flow channels. It was a very good approach to observe and visualize flow behaviour. The main 

drawbacks of such micromodels was the formation of concave shaped pore walls during the 

etching process. A further development of the micromodel was achieved by Davis and Jones 

(1968). They worked on the drawbacks and limitations of the micromodel and came up with a 

new fabrication technique. A photosensitive fluid, which was resistant to several solvents after 

being exposed to ultraviolet light, was coated on glass. Hence, they could produce more 

complex pore structures, which met the requirements for more realistic experiments. The 

structure of the pore networks embodied into a micromodel are usually created either by 

analyzing the images of thin sections or by process-based analysis. McKellar and Wardlaw 

(1982) used a photo-imaging technique of thin sections followed by chemical etching of glass 

to produce micromodels.  
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The first silicon substrate micromodel was produced by Hornbrook et al. (1991). The pore 

structure of the micromodel was based on a thin section of a Berea sandstone. With a scanning 

electron microscope (SEM), a high resolution photograph was taken and digitally processed. 

The drawback of this technique was that the SEM captured only a very little portion of the thin 

section. Hence, the edges of the photograph had to be processed to loop this unit cell image 

together and to produce the definite matrix area. Direct pore scale observation was also done 

using the novel calcite micromodel chip (Jamshidi et al. 2019). At present, the commonly used 

substrate material to fabricate micromodels are silicon wafers and glass slides. The silicon 

wafer is more favorable as it gives more precise and controllable etching process and micron 

scale pore structure also can be represented in these wafers. These features of the silicon wafer 

makes it the most suitable substrate to mimic and replicate complex pore structures analogous 

to that of real reservoir rocks structures.  

 

In recent times, the use of thermosetting plastics as substrate material have also been observed 

to fabricate various porous micromodels. A rigid plastic known as cyclic olefin copolymer 

(COC) have been used by Hsu et al. (2017) to fabricate fractured micromodel by using hot 

embossing technique and thereafter to carry out two-phase flow experiments. In addition, 

complex techniques such as stereo lithography (Ikuta et al. 1994), laser-chemical three-

dimensional writing (Bloomstein 1992) as well as micro- joinery (González et al. 1998) are the 

other techniques developed to form complicated micromodels on the different substrate 

materials. Furthermore, photolithography technique is used to fabricate 3-D microchannel in 

elastomer substrate, where the micromodel was fabricated in layer-by-layer configuration (Jo 

et al. 2000). 

 

However, there is an another method where the master mould is used as patterned template to 

replicate and transfer the pore network into soft materials like polymers to reduce the cost of 

fabrication in photolithography process. This method is known as soft lithography (Xia and 

Whitesides 1998). On the other hand, polymers are less expensive and serve as good alternative 

substrates to fabricate the micromodels. Among them PDMS is the most commonly used 

polymer to fabricate the microfluidic devices as it can be easily replicated to any desired shape. 

PDMS micromodels are very useful to perform visualization experiments because of its 

transparency and its ease of sealing onto substrates like glass. Several investigators have used 

PDMS micro-moulding technique to fabricate the micro fluidic devices (Folch et al. 1999). 

The micro-moulding method is straightforward and quick as compared to the conventional 
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etching and bonding approaches. By using soft lithography technique, the cost of fabrication 

of micromodel can be reduced. However, it requires a master pattern (produced by 

photolithography process) embedded with the pore network. Interestingly, photolithography 

itself is a costly and time consuming process due to which many researchers are deprived of 

using these facilities. However, unlike in photolithography, where the master mould is directly 

used to get the final version of the micromodel, here (in soft lithography) the same master 

mould is used as patterned template and the pore network features is replicated to low cost soft 

materials. In order to tackle these situations and to fulfill the shortage of low cost micromodels, 

numerous strategies have been continuously explored to reduce the high expenses that arises 

from the use of conventional photolithography method. 

 

In the present work, a noble method has been developed to fabricate both homogeneous as well 

as heterogeneous porous micromodels at a very low cost. Using this method, different porosity 

micromodels on PDMS substrate can be fabricated. In addition, the technical applicability of 

this noble strategy that uses thin perforated metal sheet as patterned template to fabricate the 

porous micromodels are also checked. The fabricated samples of micromodels are placed under 

the microscope, and the visualization experiments are carried out using micro-PIV technique. 

From the flow visualization, the velocity of the flow field is quantified.  The present work also 

reports the application of micro-PIV analysis to study the pore scale flow through the 

interconnected pore network geometries that characterize porous media. The feasibility of the 

technique is demonstrated by performing single-phase flow measurements through the pore 

bodies and adjacent pore throats of a two-dimensional flow cell. 

 

3.2 Materials and Methods 

Unlike photolithography, a mask that contains the pore network is not used as master to 

fabricate these channels. However, in this work, a readymade pattern is used. Thin round hole 

perforated sheets (readymade pattern) are used as master pattern to fabricate these channels. 

Apart from this material, polydimethylsiloxane (Sylgard 184, Dow Corning) along with curing 

agent, silicone connecting tubes, and silicone adhesive sealant are used. Thin glass slides coated 

with tiny layer of cured PDMS is used to cover the open side of the micromodel. The sample 

image of the porous plate that is used as master template is shown in Figure 3.2. The porous 

matrix area of the micromodel covers a rectangular area (50 mm × 25 mm) of the porous plate 

and the convergent areas on the both side are covered with adhesive tape (as shown in Fig. 

3.3a) for the purpose of providing the inlet and outlet ports, and the inlet and outlet flow areas. 
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Figure 3.2: Image of the (a) master pattern, (b) enlarged view of the pattern 

 

3.2.1 Creation of homogeneous micromodel 

The master is kept on a petri dish in such way that the bottom side is fixed firmly with the petri 

dish and the mould is thus prepared. The liquid silicon elastomer sylgard 184 is then mixed 

with its curing agent in 10:1 mass ratio (Karadimitriou et al. 2013). The liquid mixture is mixed 

thoroughly for several minutes in a container. In this work, the physical amount used to 

fabricate one unit of micromodel is 50 g of silicone elastomer and 5 g of curing agent 

respectively. The volume of liquid mixture taken in each case should be judged carefully, so 

that it provides a considerable thickness to the final version of PDMS micromodel. On the other 

hand, it should be sufficiently thin so that it can be drilled easily to make holes for inlet and 

outlet purposes. However, in this fabrication process, inlet and outlet ports having smooth 

edges are created by placing screws vertically at the required positions. During the mixing 

process, plenty of bubbles are entrapped in the mixture. These bubbles are necessary to be 

removed before curing the mixture, otherwise it may cause faulty porous sections within the 

micromodel. Therefore, to expel these air pockets, the container containing the mixture is 
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placed into a vacuum chamber. After degassing the liquid mixture, it is poured over the master 

pattern in a Petri dish. The liquid mixture must be poured very slowly over the master pattern 

to avoid any further entrapment of air bubbles. The necessary precautions that should be kept 

in mind while pouring the liquid PDMS are well explained in the work of Karadimitriou et al. 

(2013). The container can be kept for couple of minutes in an open environment so that the 

remaining trapped bubbles can come up to the surface. The Petri dish is then placed in a hot air 

oven at around 800C for almost 2 hours for the purpose of setting the liquid PDMS.  

 

In general, many combination sets of curing temperature and time are available and can be 

employed easily. The extreme two sets that can be used for curing the PDMS are 2000C for 10 

minutes and keeping the mixture in ambient temperature for 48 hours (Karadimitriou et al. 

2013). However, both these sets have their own demerits as the use of very high temperature 

can establish residual stress inside the material, and on the other hand, allowing the liquid mixer 

to set in an open environment can attract dust particles resulting the formation of a faulty 

micromodel. Hence, a suitable combination is used to cure the mixture. After curing the 

mixture, it is permitted to reach the ambient temperature and the PDMS slab is separated from 

the template pattern very carefully. It is also important to notice that the process of separation 

of the slab from the pattern should be very slow; else, it can leave some pore network features 

in the template that results in the formation of faulty micromodel. After peeling it off, the open 

side of the micromodel containing the pore network grooves is covered with a thin glass slide. 

Use of glass slide is beneficial in giving a rigid base to the micromodel and at the same time, 

it provides the optical transparency for visualization experiments. Thus, in order to seal the 

micromodel, a glass slide is used to give a firm base. There are a number of PDMS bonding 

strategies that have been reported till now and these strategies are also compared with each 

other in accordance with their bonding strength and their suitability during application 

(Eddings et al., 2008; Samel et al., 2007). In the present case, the inner side of the glass slide 

is also coated with a tiny layer of liquid PDMS to provide a uniform wettability throughout the 

micromodel. Finally, the PDMS replica with the pore network grooves facing down is placed 

on the glass slide, where pressure is applied gently on the slab for its conformal adhesion and 

it is again put inside the oven for another two hours at 800C. This final temperature treatment 

allows the PDMS slab to crosslink with the tiny layer of the liquid PDMS that is coated on the 

glass slide. Once the PDMS slab is bonded to the glass plate, the edges of all lateral sides are 

sealed with silicone adhesive sealant to get the final applicable version of the micromodel. 

Figure 3.3 depicts the pictorial demonstration of steps involved in the fabrication process. 
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Figure 3.3: (a) Schematic description of steps for fabricating the micromodel, (b) enlarged 

view of the cylindrical pillars of the micromodel 

 

3.3 Experimental setup 

Upon completion of the fabrication of these micromodels, the samples are used as a tool to 

perform the pore scale visualization experiments. Figure 3.4a depicts the experimental setup, 

while Figure 3.4b shows the fabricated porous micromodel. The micromodel consists of an 

inlet port, an outlet port and the homogeneous porous matrix area of dimension 50 mm × 25 

mm × 0.15 mm (L × W × H). 
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Figure 3.4: Details of (a) Experimental setup, (b) image of the micromodel and 

(c) enlarged view of a part of the homogeneous porous micromodel 

 

The porous region containing uniformly distributed cylindrical pillars of diameter (D), 850 

micron are arranged in a pattern similar to two-dimensional hexagonal structure (Figure. 3.4b). 

The depth of the micromodel (H) is same as that of the thickness of porous plate, which is 150 

micron. The inlet and outlet dimensions of the micromodel are of 3 mm, whereas the maximum 

distance (pore size, s) and the minimum distance between the pillars (throat, t) are 1183 μm 

and 330 μm, respectively that yields approximately a porosity of 0.61 (Figure 3.4c). A syringe 

pump (NE 1000 single syringe pump, New Era Pumps, USA) is used to deliver the working 

fluid to the micromodel at steady pressure. A Leica DM IL inverted microscope having 10x 

magnification lens (numerical aperture = 0.25) is used for imaging the flow process. While an 
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Nd:YAG double-pulsed (532 nm) laser is used for illumination and a double-shutter PIV CCD 

camera (FlowSense EO 4M camera, 2048×2048 pixels at 16 fps) is used to capture the sequence 

of images. The entire experiments are performed at normal room temperature and at the 

atmospheric pressure. The single-phase flow experiments are conducted and visualization of 

fluid flow is performed at three different locations. At each location, three different flow rates 

viz.  100 μl/min, 300 μl/min and 500 μl/min are used (Reynolds number, Re << 1). The fluid 

is seeded with FluoSpheres carboxylate-modified microsphere1.0-micron size particles (from 

Fisher Scientific). The seeding concentration is set at 0.03% (roughly) by volume. 

 

3.4 Results and Discussion 

3.4.1 Micro-PIV measurements 

During the last decade, the particle image velocimetry (PIV) technique has been used in 

numerous applications as a non-invasive measurement tool to study the complicated flow fields 

(Grant, 1997). It is a technique used to measure macroscopic velocity of fluid by adding 

seeding particles to the fluid (Raffel et al. 2007). These seeded particles are illuminated with 

the help of a light source. The successive images are then taken at certain interval of time. 

These images are sub-grouped to small areas known as interrogation windows. These 

interrogation windows from successive frames are correlated and the displacement of particles 

over a certain time interval are estimated statistically to give the flow velocity. The prime 

advantage of this technique is its non-intrusive nature. Further, this technique is capable of 

measuring both two-dimensional and three-dimensional fluid flows. Unlike the laser Doppler 

velocimetry (LDV) (Durst et al. 1995) which is a single point measurement technique, the PIV 

has the ability to map the velocity at multiple points simultaneously. The micro-PIV is the 

modified version of PIV specially designed to map the fluid velocities at micron scale 

analogous to microfluidic devices (Devasenathipathy et al. 2003; Meinhart et al. 1999; 

Santiago et al. 1998).   

 

The PIV is an optical technique to map the fluid flow velocity field on macroscopic level and 

it becomes micro-PIV when it is applied to microscale. The fundamentals of micro-PIV 

technique is similar to that of PIV where it is used to get the velocity field at micron scale 

(Adrian, 2005). Another difference lies with the use of volume illumination in place of light 

sheet illumination. The simplest form of a micro-PIV setup can be achieved with a microscope 

connected to a continuous light source such as lamp and a digital camera to capture the images. 

However, this kind of setup can perform well only for very low flow rate. In case of fast flows, 
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a longer time interval between two successive images can cause blurred images of the particles 

giving erroneous results. In that case, the micro-PIV setup composed of a pulsed light source 

such as laser that is synchronized with a digital camera by a timing unit should be used. The 

synchronization is done in such a way that the first light pulse is set at the end of first camera 

frame and the second pulse position is adjusted within the second frame according to the flow 

velocity. In this way, the time gap between the two frames becomes independent of the camera 

frame rate. Usually, the frequency double pulsed dual cavity Nd:YAG lasers at 532 nm 

wavelength is a standard source of light in micro-PIV experiments. These lasers are robust and 

the light can be coupled easily into the standard beam path of a microscope. Double cavity 

lasers are composed of two lasers and a beam-combining optics. These two cavities can be 

triggered independently and can be adjusted for the overlap with the help of beam-combining 

optics. For capturing the image frames, the double shutter CCD cameras can be used. These 

cameras are used for high velocities with high magnification, whereby the time interval 

between two successive images can be reduced to 1 microsecond. The use of florescent 

particles as tracers can significantly improve the raw image quality in micro-PIV experiments. 

When these tracers are illuminated by monochromatic laser light source, it gets excited and 

emits light of longer wavelength, while other obstacles like solid region and boundary of the 

channel emits light at its original wavelength. A dichroic mirror is placed between the light 

collecting objective and the CCD camera. It acts as an optical filter that allows the excited 

florescence light to fall on the camera sensor and blocks the unwanted wavelength generated 

from the walls and other solid objects. This process significantly enhances the image quality. 

Figure 3.5 shows the schematic setup of the micro-PIV. 

 

 
Figure 3.5: Schematic diagram of a micro-PIV setup 

TH-2859_146103050



46 
 

During the experiments, a set of paired image frames having tracer particles are recorded at 

three definite locations of the fabricated micromodel as marked in Fig. 3.6. The masked raw 

images at three different locations of the micromodel is shown in Fig. 3.7. The black circular 

regions represent the solid cylindrical pillars, whereas the fluid flow region is seen due to the 

presence of bright tracer particles. The acquired images are not suitable for direct PIV 

measurement due to the presence of background noise. These raw images then require pre-

processing to remove the unwanted background noise. The velocity vector field is obtained by 

MATLAB based PIV lab software that uses two frame cross-correlation method to interrogate 

consecutive image pairs (Thielicke and Stamhuis 2014).  

 

 
Figure 3.6: Image of the fabricated micromodel with highlighted locations where velocity 

fields are obtained 

 

The PIV lab software is also used for the image pre-treatment before being processed for cross-

correlation. After the pre-processing of the images, it contains only the bright particles that 

hold the details of movement of the bright particles.  The sole purpose of image pre-processing 

is to enhance the image quality that consequently provide better measurement accuracy. In the 

cross-correlation methodology, firstly, each image frame is divided into many identical small 

areas, known as interrogation windows. Later these subdivided areas are correlated spatially 

with the respective areas of another consecutive frame to obtain the information regarding the 

displacement of the tracer particles during a definite interval of time. Therefore, to perform this 

analysis, a fast Fourier transform (FFT) method with multiple passes is used. The first pass 

contains larger interrogation area as compared to the subsequent passes. Larger interrogation 

area gives greater signal to noise ratio, but at the same time, it shows poor vector resolution. 

This is the reason to use smaller interrogation areas for further iterations, which enhances the 

resolution of vectors. 
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Location 1                             Location 2 

 
Location 3 

Figure 3.7: Image of the fluorescent particles at different sections of the micromodel 
 

This type of iterative method delivers a wide range of dynamic velocity that provides a larger 

vector resolutions and better signal-to-noise ratio. In present case, the first pass uses an 

interrogation area of size 64 × 64 pixels, whereas the second or the final pass uses an 

interrogation area size of 32 × 32 pixels. To get the satisfactory results in PIV analysis, each 

interrogation window in the final pass should hold at least 5-10 particles. 

The size of the interrogation window must be chosen wisely to allow uniform displacement of 

the particles within the area and simultaneously it should be of considerable size to hold 

sufficient data for the calculation (Lindken et al. 2009). Finally, the interrogation windows are 
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arranged at 50% overlapping position and the post processing is carried out to get the 

instantaneous velocity vector field. 

3.4.2. Velocity field 

A total of fifty consecutive pairs of image frames are captured at each marked location and 

their resultant vector field is obtained by taking average values of these frames. Figure 3.8 

shows the velocity vector fields at three definite locations as shown in Figure 3.7.  

 

The uniform flow patterns are observed at all the three locations of micromodel. In addition, 

the magnitude of the velocity vectors are nearly zero in the vicinity of solid boundaries and 

maximum at the center of throat. At each location, the velocity profile is also obtained for three 

definite flow rates at various locations along the red line (Figure 3.6). The magnitude of 

maximum (throat) velocity is found to increase proportionally with the increase in flow rates. 

 

    

               Location 1                     Location 2 

  

                                                          Location 3 

Figure 3.8: Velocity vector map of the micromodel at the three locations 

(along the red line) corresponding to the images shown in Figure 3.6 
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Location 1 

 
Location 2 

 
Location 3 

Figure 3.9: Velocity profile for the three flow rates at each three section of  

the micromodel along the red line shown in Figure 3.7 
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The velocity profile obtained at the throat is observed to be different from its parabolic nature 

(Figure 3.9). This may happen as the flowing fluid continuously experiences bifurcation and 

confluence of flow throughout the various locations in the micromodel. Bifurcations tend to 

distribute the flow over a larger area while confluences tend to concentrate the flow into fewer 

flow paths characterized by a higher flow rate. In addition, the size and optical properties of 

the tracer particles must be compatible with the experimental system so that micro-PIV 

experiments can be carried out smoothly to obtain the velocity of the flow field accurately. 

Moreover, the camera properties along with the objective lens of the microscope must be 

selected in such a way that the particles size in the image frame should be resolved up to a 

minimum of 2–3 pixels (Sen et al. 2012). The time gap between two successive images frames 

must be opted in such a way that the movement of the particles within two consecutive image 

frames should not be more than the three times the image size of the particles diameter from 

its initial position.  

 

3.4.3. Effect of orientation 

The perforated plate that is used as master pattern in the present fabrication process consists of 

round holes in two different orientations. Experiments have been carried out at a flow rate of 

100 µl/min to investigate the effect of orientation of the fluid flow by changing the orientation 

in the direction of fluid flow for the same porosity. The flow velocities in two different 

orientations are quantified and a comparison of the flow velocity in these two orientations are 

performed. Figure 3.10 shows the schematic of the two orientations of the porous micromodel. 

 
Figure 3.10: Schematic of two different orientations (a) pattern A and  

(b) pattern B in porous section of the micromodel 
 

The micromodels having porosity 54% and 61% are used to perform the experiments. In each 

case, the two different orientations of the micromodel having 61% porosity (Patterns A and B) 

and 54% porosity (Patterns C and D) are shown in Figure 3.11. The impact of orientation on 

velocity field is seen for both 61% and 54% porosity micromodels. Though the porosity is same 
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for the two orientations, interestingly, different magnitudes of velocity is observed. Even for 

the same porosity micromodels, different magnitudes of velocity is observed at different 

orientations. This is probably due to the formation of preferential path during the fluid flow. In 

pattern A, both bifurcation and confluence of flow path are seen. 

 

 
Figure 3.11:  Images of micromodels at the two different orientations for (a, b) 61 %  

and (c, d) 54% porosity 
 

The pressure drop at different flow rates are also studied. To measure the pressure drop across 

the inlet and outlet of micromodel, the inlet and outlet port are connected to a digital differential 

pressure manometer (from RS Components and Controls Ltd., India). The range of the 

manometer is 13.79 kPa with a resolution of 0.01 kPa. The steady flow rates are provided by a 

syringe pump (NE 1000 single syringe pump, New Era Pumps, USA) as shown in Figure 3.12.   

 

 
Figure 3.12: Schematic diagram of experimental setup used for pressure difference 

measurement between inlet and outlet 

 

Figure 3.13 shows the comparison of pressure drop against the flow rates for both the patterns. 

A higher pressure drop is observed in pattern A than in pattern B of the micromodel for the 

same flow rate. It happens due to the existence of larger flow area for pattern A as compared 

to pattern B. While pattern B contains many stagnant region of fluid, the wavy flow paths are 

seen in pattern B and these flow paths do not merge to other flow paths. 
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Figure 3.13: Variation of flow rate with pressure drop for (a) 61% and  

(b) 54% porosity micromodel 
 

Figures 3.14 and 3.15 show the streamlines of two orientations of the micromodels. It is worth 

noting that even the pressure drop is more in pattern A, the maximum throat velocity is found 

to be more in pattern A because of the merging of flow paths. It is therefore observed that the 

orientation creates the different preferential paths that affects the flow velocities. Figures 3.16 

and 3.17 show the velocity vector fields at a chosen locations in the two different orientations 

for 61% and 54% micromodels, respectively. 

  
Pattern A Pattern B 

Figure 3.14: Streamlines at two arbitrary locations of (a) pattern A, and  

(b) pattern B for 61% porosity micromodel 
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Pattern A Pattern B 

Figure 3.15: Streamlines at two arbitrary locations of (a) pattern A  

and  (b) pattern B for 54% porosity micromodel 
 

    
               Pattern A               Pattern B 

Figure 3.16: Velocity contours at two arbitrary locations of (a) pattern A  
And (b) pattern B for 61 % porosity micromodel 

 

    
                  Pattern A                   Pattern B 

Figure 3.17: Velocity contours at two arbitrary locations of (a) pattern A  
and (b) pattern B for 54 % porosity micromodel 
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3.4.4 Creation of heterogeneous porous micromodel 

Natural porous media are composed of many heterogeneities like fractures, cracks, and fissures. 

These discontinuities often affect the movement of fluid flow by establishing a non- uniform 

flow with wide range of velocities. This kind of flow phenomena is often regarded as the 

preferential flow (Germann and Dipietro 1996). Preferential flow takes the flow regime to a 

non-equilibrium position with respect to the pressure head or the solute concentration or both 

(Wang 1991; Brusseau and Rao 1990), and finally it restricts the ability to predict the fluid 

flow and other transport processes in an undisturbed region.  

 

Dual porosity models often describe transport and flow processes in heterogeneous porous 

media. In such cases, the porous media is assumed to be composed of normally two regions. 

One region is associated with higher permeability or fractures, while the other region with a 

comparatively low permeability and low porosity. The fabrication of these dual porosity 

micromodels is not only a challenging task but also a costly affair. The convenient method 

where optical lithography is combined with soft lithography is very costly and time-consuming 

as the creation of master pattern is difficult.  

 

Buchgraber et al. (2012) used photolithography technique to fabricate dual porosity 

micromodel of uniform depth in a silicon wafer substrate and performed pore level 

visualization experiments for multiphase flows. The pore network pattern of the mask was 

derived from a carbonate reservoir rock sample. Zhang et al. (2011) used similar dual 

permeability micromodel to visualize the liquid CO2-water displacement process. A slight 

modification was seen in the works of Yun et al. (2017), where they fabricated a dual depth 

dual porosity silicon-based micromodel using a two-step photolithography technique and 

performed multiphase flow displacement experiments. Xu et al. (2017) developed a novel 2.5-

D porous micromodel on glass substrate in order to mimic real 3-D porous media and 

performed various multiphase flow experiments. They used a standard lithography process 

followed by hydrofluoric (HF) acid etching to fabricate the glass microfluidic chip. Though 

these methods of fabricating complex micromodel are very successful to replicate pore network 

in micron scale, yet these techniques are found to be very costly, time consuming and beyond 

the reach of many researchers among the developing and underdeveloped nations.  

 

The carbonate reservoirs hold substantial petroleum resources. It is very difficult to 

characterize these fields due to multiscale variation in its porosity and other physical properties. 

The heterogeneity having different permeable zones affect the sweeping efficiency 

significantly during the recovery of oil. Hence, heterogeneous micromodels are necessary to 

perform these experiments. While the method of fabrication of homogeneous porous 
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micromodel is presented here, it will be shown how this methodology can be easily adopted to 

fabricate micromodels of a variety of other matrix topology by using suitable templates. In fact, 

the strength of this technique mainly lies with its flexibility and ability to fabricate a variety of 

homogeneous and heterogeneous porous micromodels. 

 

3.4.5 Creation of dual porosity micromodel 

Oil sweep in the enhanced oil recovery processes always arises through reservoir 

heterogeneities. The displacing fluid always tries to follow less resistive path and hence it flows 

through high permeable zones leaving behind trapped oil in the low permeable zone. To 

understand these effects, it is necessary to perform visualization experiments in dual porosity 

micromodels. Therefore, creation of dual porosity micromodels is necessary to understand 

these effects. However, the design and fabrication of these micromodels via soft lithography 

process are costly and time consuming. A simple method to fabricate these micromodels is 

described here. The overall fabrication method is the same as mentioned earlier in section 3.2.1. 

Here, the two perforated sheets having different size holes are joined very carefully and the 

mould is then prepared in a petri dish. Thereafter, the silicone elastomer along with curing 

agent in exact proportion is poured onto the mould and it is cured.  

 

 

 
Figure 3.18: Image of the (a) dual porosity pattern, (b) dual porosity micromodel  

and (c) enlarged view at the interface of the micromodel 
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Figure 3.18a shows the master pattern used for the creation of dual porosity pattern, while 

Figure 3.18b shows the fabricated dual porosity micromodel. This micromodel contains two 

porous regions having porosity of 61% and 54 %. The overall size of the matrix section is 50 

mm × 30 mm (L×W) that constitute the overall porosity of 57.5%. The minimum distance 

between the pillars are 0.42 mm and 0.33 mm for 51 % and 61 % porous regions, respectively 

(Figure 3.4c). The Micro-PIV experiments are done to check its applicability. The velocity 

flow fields are obtained at two different sections near the inlet and the outlet of micromodel at 

the flow rate of 100 µl/min.  Figure 3.19 shows the various locations where pore level 

observation is performed. 

 

 
Figure 3.19: Dual porosity micromodel with highlighted locations  

where velocity fields are obtained 
 

The velocity flow field are obtained at two different porous regions as well as at the interface. 

Figure 3.20 shows the velocity vector field at various locations of the micromodel. The velocity 

of flow along a section is found to be slightly higher in 51 % porosity region than the 61% 

porosity region. Interestingly, the maximum velocity (throat velocity) is found to be more in 

the low permeable region. It happens due to the presence of larger throat length in 51% porosity 

region, that consequently gives lesser resistive path to flow compared to 61% porosity area. 

Conn et al. (2014) created dual porosity with central fracture micromodel and visualized 

multiphase displacement experiments at pore level. In the fabrication process, the master 

pattern was created in a silicon wafer using photolithography, while the PDMS microfluidic 

device was prepared using soft lithography technique. In addition, using the same method, dual 

porosity with fracture micromodel can also be fabricated easily by simply covering the holes 

of perforated plate using adhesive tape. In this process, the well-defined fractures can be 
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generated very easily. Figure 3.21 shows the fabricated dual porosity fractured micromodel. 

The dual porosity fractured micromodel consists of two permeable regions along with a central 

fracture in between the two regions. The low permeable region has cylindrical pillars of 

approximate diameter 1.5 mm constituting 54 % porosity, whereas the high permeable region 

has 61 % porosity having cylindrical pillars of 0.85 mm diameter. The micromodel has a 42 

mm × 42 mm flow area that constitutes an overall porosity of 57.5%. 

    
                 Location 1               Location 2 

    
               Location 3                 Location 4 

    
                Location 5                                Location 6 

Figure 3.20:  Velocity vector map at locations corresponding to the image shown in Fig. 3.17 

 

TH-2859_146103050



58 
 

 
Figure 3.21:  Dual porosity micromodel with fracture along the fluid flow 

 

3.4.6 Effect of discontinuity on fluid flow 

The discontinuity in the porous micromodel in the form of dual porosity can affect the fluid 

flow behavior. The present study aims at the pore level investigation of fluid flow inside the 

micromodel. The pore size and their distribution can significantly affect the flow field. To 

investigate the impact of dual porosity and the presence of fracture, the single-phase flow 

visualization experiments at 100 µl/min are performed, and micro PIV analysis is done to 

quantify the velocity field. Figure 3.22 depicts the regions where the velocity flow fields are 

obtained, while Figure 3.23 shows the velocity field at the highlighted region. It is found that 

along a section, the flow velocity is maximum in the fracture. It happens due to the low 

resistance offered by the fracture along the flow. In addition, the flow velocity in the porous 

region is very low in the fractured micromodel compared to the dual porosity model without 

any fracture. Though the single-phase flow experiments cannot give more information, yet 

these models can serve as very useful tool to perform multiphase flows and to gain insight of 

flow dynamics in heterogeneous regions.   

 
Figure 3.22: Dual porosity fractured micromodel with highlighted locations  

where measurements are performed 
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3.5 Investigation of velocity field in porous micromodels 

The pore distribution, throat area between the cylindrical pillars in micromodels can affect the 

flow field significantly. To investigate these phenomena, three homogenous porous 

micromodel (with same porous matrix region but of different pore size and porosity) have been 

taken. Figure 3.24 shows three different micromodels viz. A, B and C. These micromodels 

comprise of a homogeneous porous section of 50 mm × 25 mm (L×W) having different pore 

size distribution. 

    
                 Location 1                   Location 2 
  

    
                 Location 3                  Location 4 
  

    
                  Location 5                  Location 6 

Figure 3.23: Velocity vector map at locations corresponding to the image  
shown in Figure  3.22 
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Figure 3.24:  Micromodel images having different porosity (a) micromodel A (61%),  

(b) micromodel B (45%) and (c) micromodel C (54%) 
 

The micromodel A contains uniform-sized cylindrical pillars. These pillars have diameter of 

850 micron arranged in a pattern similar to two dimensional hexagonal closed packed structure 

and constitute a porosity of 61 %. The other micromodels B (having pillar diameter of 1490 

μm) and C (having pillar diameter of 1720 μm) have the same pore matrix pattern and porosity 

of around 45% and 54%, respectively. The single-phase fluid flow experiments are performed 

at selected locations of the micromodels at a flow rate of 200 µl/min and their respective 

velocity at those locations are compared. These locations are not taken very near to the outlet 

or inlet of the micromodel.  

 

 
Figure 3.25: Sample image of the micromodel with highlighted locations  

where velocity field is obtained 
 

Figure 3.25 shows the locations of a micromodel where observations are performed. The 

location 1 is 10 mm away from the outlet porous region, whereas the location 2 is at a distance 
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of 10 mm from the inlet porous region. The locations to be examined visually are same for all 

the micromodels. At these locations, the pore scale velocity is quantified and comparison is 

made for all the fabricated micromodels. 

 

The velocity along a section normal to the fluid flow is found to be almost same both at the 

center and near the two sides of the micromodel. However, a reduction in the flow velocity is 

observed along the length of the micromodel. Micromodel B has a porosity of 45 %, which 

contains the uniform sized cylindrical pillars, and these pillars are uniformly distributed. Figure 

3.26 shows the velocity contours at the two different highlighted sections for the micromodel 

A. While Figures 3.27 and 3.28 show the velocity contours for the micromodels B and C at the 

highlighted locations respectively. The maximum velocity is seen in the 45 % porosity 

micromodel as it has the least area for the fluid flow. 

    
                   Location 1               Location 2 

Figure 3.26: Velocity vector map at the two locations corresponding to the image 

shown in Fig. 3.24 for micromodel A 

 

    
                Location 1                 Location 2 

Figure 3.27:  Velocity vector map at the two locations corresponding to the image  

shown in Fig. 3.25 for micromodel B 
 

TH-2859_146103050



62 
 

    

                Location 1                 Location 2 

Figure 3.28: Velocity vector map at locations corresponding to the image shown at the 

highlighted locations shown in Fig. 3.25 for micromodel C 
 

It is also observed that the velocity at a particular distance from the inlet is same along a section 

normal to the flow direction. Hence, it is understood that flow is predominantly flowing in one 

direction only and no crossflow is seen. In addition, along the length, the velocity is found to 

decrease, however, this reduction is very small as the overall length of the micromodel is very 

short. It is expected that the difference in velocity between the inlet and outlet will be 

significant for large region in the case of real porous medium. Figure 3.29 shows the pressure 

drop in the three micromodel patterns. In spite of being 61% porosity in pattern A micromodel, 

a high pressure drop is observed. This happens due to the presence of large number of pillars, 

as compared to other two models, which continuously increases the resistance to the fluid flow. 

 

 
Figure 3.29:  Flow rate vs pressure drop for different porosity micromodels 
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3.6 Summary 

 In the present work, an economical and efficient method to fabricate both homogenous and 

heterogeneous porous micromodel has been reported. The methodology involved to fabricate 

these micromodels using thin and round hole perforated plate as template pattern is 

demonstrated briefly. Utilizing this methodology of fabrication and using PDMS as a substrate, 

porous micromodels having different pore size have been fabricated easily within a time span 

of 7 to 8 hours. This method of fabricating porous micromodel in PDMS is economic, less time 

consuming as compared to the traditional photolithography and soft lithography techniques. 

However, it is necessary to mention that in the present method, the complexity of the pore 

network solely depends on the pattern template, and porous plate containing complicated 

geometry is difficult to find in the market. However, by adopting this methodology, one can 

not only fabricate the low cost porous micromodels very easily, but also can perform 

visualization experiments to gain the fundamental understanding of complex flow processes at 

micron scale.  

 

The experimental setup used to capture the image frames containing tracer particles has been 

explained briefly. Furthermore, the reliability and experimental applicability of these 

micromodels are tested by carrying out micro-PIV analysis. The captured images are processed 

using MATLAB based PIV lab software and the velocity contour of the flow field is obtained 

with the help of two-frame cross correlation method. The results produced from the 

experimental analysis provide satisfactory results that enhances the reliability of this noble 

method. It can be concluded from the present investigation that this methodology can be 

adopted to fabricate the porous micromodels which can be used in an efficient way to 

investigate the fluid flow at pore scale in enhanced oil recovery (EOR) applications. The 

visualization experiments are performed in the micromodels having different porosity and their 

flow velocities are compared. In addition, a unique low cost method has been also discussed to 

fabricate dual porosity micromodel and the reliability of these models are also tested by 

performing visualization experiments. 
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Chapter 4 
 

Flow Visualization and  

Measurements in Fractured  

Micromodels  
 

4.1 Introduction 

Flow through porous media has received much attention over the last few decades because of 

its applications in various fields of science and engineering (Wei and Zheng 2014; Kececioglu 

and Jiang 1994; Fand et al. 1987), such as in oil and gas recovery (Mohammadzadeh et al. 

2019; Lu 2018; Zampieri and Moreno 2017), ground water hydrology, filtration technology, 

waste water treatment (Cahn and Li 1974)  and medical and biological applications (Häfeli et 

al. 2014; Patil and Liburdy 2012). Apart from industrial processes, the application of flow 

through fractured porous media are also encountered in nature such as in oil and gas reserves, 

and in other fractured natural resources (Wu 2015). Because of these, fluid flow through 

fractured porous media has received extensive consideration due to its importance in 

understanding the physics of transport processes in fields like geotechnical and petroleum 

engineering (Duguid and Lee 1977).  

 

Many studies have been performed to understand the effects of fracture on fluid flow by 

experimental measurements (Fathollahi et al. 2019; Jamshidi et al. 2019; Hasham et al. 2018), 

analytical studies (Dutra et al. 1992) and numerical analysis (Khoei et al. 2016; Kwlcklis and 

Healy 1993). Existence of damage or cracks inside a porous media can significantly affect the 

flow behaviour and mechanism of fluid flow within the fracture. The flow behaviour within 

these regions can thus be very different from the rest of the porous matrix section. In porous 

section, the macroscopic flow behaviour deviates from the pore scale flow (Jia et al. 2008). To 

understand the flow behavior in such situations, the velocity field needs to be investigated in 

the presence of fracture. Such analysis always provides valuable data for understanding and 

modelling of imbibition/displacement processes occurring inside porous media. 
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The flow process in oil recovery (Mosavat and Torabi 2016; Conn et al. 2014; Kianinejad et 

al. 2014), ground water hydrology (Berkowitz 2002) and other industrial applications are 

driven by the infiltration of a particular fluid into the porous medium to displace another 

resident fluid. The co-existence of different immiscible phases in the same porous region leads 

to the formation of fluid-fluid interface. The migration of fluid-fluid interface (known as front) 

appears due to the mobilization of one phase that is usually driven by the force induced due to 

pressure gradient, gravity and other external agencies. 

 

The dynamics associated with these pore scale phenomena can induce irregular front and can 

trap immovable pockets of resident fluid surrounded by the displacing fluid, also known as 

blobs and ganglia (Mahdavi and James 2019; Sedaghat et al. 2016). These trapped pockets can 

block the regular flow movements in certain areas and have the ability to alter the flow 

pathways owing to the formation of preferential paths, known as channeling. These complex 

multi-phase flow processes are still not well understood and experimental methods are 

considered as the most appropriate analysis for understanding the physics behind the complex 

mechanism that drives these fluid-fluid interactions. Moreover, the experimental data collected 

to understand the physics of the fluid-fluid displacement are necessary to validate and develop 

robust numerical models (Suga 2013; Worner 2012; Meakin and Tartakovsky 2009).   

 

Visualizing the fluid flow in soils and geomaterials is a challenging task as these real materials 

are not transparent to visible light. Most of the experimental analysis are thus based on the flow 

visualization phenomena in artificial porous medium (known as micromodels) with an aim to 

characterize the dynamics of flow mechanism at pore scale. As a result, the micromodels can 

be used as an artificial representation of porous medium because of their transparency and ease 

of conducting the flow visualization experiments (Rangel-German and Kovscek 2006). The 

micromodels are considered to be the most useful tool in recent times, and they allow the 

optical visualization of fluid flow and transport at minute scale that are relevant to chemical  

(Mejia et al. 2019; Yu et al. 2019; Lyu et al. 2018), biological (Du et al. 2017; Folch et al. 

1999), and physical (Wan et al. 1996) fields of engineering. These micromodels are comprised 

of a network of connecting pores, an artificial portrayal of real porous medium. Thus, using 

these micromodels it becomes possible to study and to gain scientific data of the pore scale 

flow events to a greater extent. In the past, these micromodels had simple and plain porous 

network structure. The very first fabricated micromodel that was used to explore the behaviour 

of fluid flow at microscale in porous media was a single layer of glass spheres sandwiched 

between two flat glass plate (Chatenever et al. 1952). Lenormand et al. (1983) investigated the 

pore scale flow process in a simple geometry micromodel, and captured images of two 

immiscible phase interaction. They opined the basic mechanism of pore scale phenomena to 
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be like a piston type movement or snap off. Fourar et al. (1993) studied the flow structures by 

performing the two-phase flow experiments in horizontal artificial fractures that were made by 

maintaining a gap between two glass plates. 

 

With the development of computer generated digital design tools, it has now become possible 

to fabricate a wide variety of complex 2D and 3D micromodels (Tsakiroglou and Avraam 

2002). At present, the common method of fabricating micromodels is the lithography technique 

that transfers the predesign geometric pattern from a mask to a photoresist layer on the substrate 

like silicon wafer or glass. The most frequently used lithography technique is the 

photolithography technique (Chen et al. 2003). In this method, a photomask containing pore 

network design is printed. A photoresist material is then spin coated on the micromodel 

substrate, and the pore network design is transferred from the mask to the photoresist material 

by exposing it to ultraviolet light. Later, with the help of a developer solution, the specific area 

containing the pore network is washed away. Finally, with the help of etching technique, the 

network pattern is constructed on the surface of the micromodel substrate. In most cases, this 

micromodel substrate embedded with a pore network (known as master pattern) is directly 

bonded with transparent sheet like glass plate to construct the final applicable version.  This 

kind of fabrication process like photolithography and etching are costly and time consuming. 

Furthermore, being expensive, the substrate material like silicon wafer creates an obstacle to 

the researchers while studying the fluid flow behaviour in permeable media. In order to reduce 

the cost of fabrication, the master mould is currently used as a patterned template to replicate 

and transfer the pore network into soft materials like polymers. This method is known as soft 

lithography (Xia and Whitesides 1998). On the other hand, polymers being less expensive can 

serve as a good alternative to fabricate the micromodels. Among them, the PDMS is widely 

used polymer to fabricate the microfluidic devices due to its ability to replicate any desired 

shape easily. PDMS micromodels are very useful to perform visualization experiments as they 

are transparent and can easily be sealed onto substrates like glass.  

 

The other complex techniques include stereo lithography (Ikuta et al. 2002), laser-chemical 3D 

writing (Bloomstein 1992) as well as micro- joinery (González et al. 1998) to form complicated 

micromodels on different substrate materials. Additionally, the photolithography technique is 

used to fabricate 3-D microchannel in elastomer substrate, where the micromodel is fabricated 

in layer-by-layer configuration (Jo et al. 2000). A rigid plastic known as cyclic olefin 

copolymer (COC) have been used by Hsu et al. (2017), who fabricated the fractured 

micromodel by using hot embossing technique. However, the visualizations experiments to 

study the effects of fracture on these instabilities by using fractured micromodel have been very 

limited. 
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In the present investigation, the fractured porous micromodel in PDMS has been fabricated 

using a method similar to that of soft lithography technique where a readymade master pattern 

is used. Thereafter, an attempt has been made to study the single-phase and two-phase flow 

phenomena in fractured porous media. The flow visualization experiments are then performed 

at various locations of the micromodel. The micro-Particle Image Velocimetry (µPIV) analysis 

is carried out to map the flow velocity near the fracture and at other locations of the porous 

micromodel whereby the effects of fracture on fluid-fluid interaction are evaluated.  

 

4.2 Materials and Methods 

Polydimethylsiloxane (Sylgard 184, Dow Corning) is the substrate material used in the 

fabrication process. Other supplementary materials are thin perforated metal sheets of identical 

sized circular holes, silicone connecting tubes and silicone adhesive sealant and glass slides. 

One side of these glass slides are coated with thin layer of cured PDMS and later these slides 

are used to cover the open side of the micromodel. The perforated sheet of 150 micron thickness 

is used as the master pattern during the fabrication process. The sample image of the perforated 

plate is shown in Figure 4.1. The array of holes along the two orthogonal thin lines are covered 

with adhesive tape to create the desired fracture. The porous matrix area along with the two 

fractures of the micromodel covers a rectangular area (40 mm × 20 mm) of the porous plate 

and the convergent areas on the both side are covered with adhesive tape (as shown in Fig. 4.1) 

for the purpose of providing inlet port, outlet port, inlet flow area and outlet flow area. 

 
Figure 4.1:   (a) Image of the porous plate having circular holes (holes along the marked 

cross strips are covered to get the desired fracture), (b) enlarged view of circular hole 
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4.2.1 Method of fabrication 

Polydimethylsiloxane (PDMS) is the most widely used substrate among all soft materials for 

the fabrication of micromodels since it can replicate any coveted shape easily. It allows 

visualization of the sample and is easy to seal onto substrates like glass (Jia et al. 2008; Verma 

et al. 2006). During the fabrication process, a silicone elastomer base (Sylgard 184 from Dow 

Corning) along with a corresponding curing agent is used as the raw materials. The silicone 

elastomer base and the curing agent primarily available in the liquid state is mixed thoroughly 

at 10:1 mass ratio (Karadimitriou et al. 2013). For fabricating one unit of micromodel, the 

physical amount of silicone elastomer and its curing agent is taken as 40 g and 4 g, respectively.  

During the mixing process, the air bubbles enter into the mixture and are trapped. In order to 

expel these air pockets, the container containing the mixture is placed into a vacuum chamber. 

After degassing the liquid mixture, it is poured over the work design in a Petri dish. The liquid 

mixture has to be poured very slowly over the master pattern to avoid any further entrapment 

of air bubbles. After pouring the liquid PDMS over the pattern, the Petri dish is placed inside 

a hot air oven at a temperature of around 800C for 2 hours for curing and setting the liquid 

mixture. The necessary precautions that should be kept in mind while pouring the liquid PDMS 

are well explained in the work of Karadimitriou et al. (2013). The liquid mixture being taken 

out of the oven is allowed to reach the ambient temperature.  The replica is then peeled off very 

carefully without destroying the pore network features. Finally, the PDMS slab is bonded to 

the glass plate and the edges of all lateral sides are sealed with silicone adhesive sealant. The 

relevant description of the fabrication method is reported by Haque et al. (2019).  

The pore sizes used in our micromodels are large and comparable to natural fracture dimension. 

This is due to large size of the holes of the perforated plate used in our study compared to the 

typical grain size in the geological porous media. This was purposefully done since larger throat 

dimensions provides better flow visualization using microscopic techniques. A number of 

literature shows applications of micromodels with larger sized pore throats to investigate the 

pore-scale velocity field measurement in the porous medium (Sen et al. 2012; Lu et al. 2018, 

Huang et al. 2008; Dutta et al. 2014; Sabbage et al. 2020). Figure 4.2 depicts the pictorial 

demonstration of steps involved in the fabrication process.  
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Figure 4.2:  Steps of the fabrication of the fractured micromodel 

4.2.2 Experimental setup 

The fabricated fractured porous micromodel is shown in Figure 4.3. The micromodel consists 

of two fractures and they intersect approximately at the centre of the matrix pattern of 

dimensions 40 mm × 20 mm (L ×W) that contains the uniform-sized cylindrical pillars. The 

fractures have dimensions of 20 mm × 1.23 mm (l × b) and 40 mm × 0.85 mm (l × b). These 

cylindrical pillars having diameter (D) of 850 micron are arranged in a pattern similar to that 

of a two-dimensional hexagonal structure as shown in Figure 4.3(b). The depth of the 

micromodel (d) is identical to that of the porous plate thickness (d = 150 micron). The inlet and 

outlet dimensions of the micromodel are of 3 mm diameter. The maximum distance (pore size, 

s) and the minimum distance between the pillars (throat, t) are 1183 μm and 330 μm, 

respectively that yields a porosity of 0.62 approximately.  

 

A syringe pump (NE 1000 single syringe pump, New Era Pumps, USA) is used to deliver the 

working fluid to the micromodel at a steady pressure. A Leica DM IL inverted microscope 

having 10x magnification lens (numerical aperture = 0.25) is used for imaging the flow process. 

While an Nd:YAG double-pulsed (532 nm) laser is used for illumination and a double-shutter 

PIV CCD camera (FlowSense EO 4M camera, 2048×2048 pixels at 16 fps) is used to capture 

the sequence of images. 
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Figure 4.3:  (a) Experimental setup, (b) image of the fractured micromodel  

and (c) enlarged view at the junction of the two fractures 
 

4.3 Results and Discussion 

Among the two sets of experiments performed, the first one consists of the single-phase flow 

experiments, while second one explains the two-phase imbibition process. The single-phase 

flow experiments are done at two different flow rates viz. 100 µl/min and 1000 µl/min. These 

two flow rates are chosen to study the effect of different flow rates on flow pattern in presence 

of fracture within the micromodel. The working fluid that is used to perform the single-phase 

flow is a mixture of glycerol and water in a ratio of 57:43 (by volume). The fluid is seeded with 

FluoSpheres carboxylate-modified microsphere of 1.0-micron size (from Fisher Scientific, 

USA) and the seeding concentration of these particles is kept around 0.03% by volume. The 

density of the tracer particles is almost similar to that of aqueous glycerol mixture, which 

minimizes the sedimentation. 

 

The two-phase imbibition experiments are then performed to trace the fluid-fluid interaction. 

A mixture of glycerol and water (fluid A, µA ≈ 7.8 m Pa s at 25 0C) in a ratio of 57:43 (by 

volume) is used as wetting phase, while silicone oil is used as non-wetting phase (fluid B, μB ≈ 

96 mPa s at 25 0C). The interfacial tension (σ) was 11.7 mN/m, the viscosity ratio (M = μA/μB) 

was 0.08, and the density ratio (ρA/ρB) was 1.2 (Blois et al. 2016). 

 

4.3.1 Flow visualization and micro-PIV measurements 

The flow visualization techniques are found to be very useful as the insight of a physical 

process can be better understood by a visual inspection. It is evident that most of the fluids are 
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transparent media and their transient movement remains indistinguishable to the human eye at 

the time of direct observation. Hence, in order to visualize the flow, certain techniques need to 

be adopted to make it visible. These techniques are called flow visualization techniques. One 

of the first such method applied to map the fluid velocity was Laser Doppler velocimetry 

(LDV) (Durst et al. 1995; Nishihara et al. 1982). The LDV is a non-invasive single point 

measurement technique that probes into every single measurement point of flow field to get 

the velocity flow map of the entire field of view. Hitherto, many different techniques have been 

adopted for the visualization purpose (Breugem et al. 2013; Huang et al. 2008; Dijk and 

Berkowitz 1999) and these methods are very popular due to their individual contribution 

towards the understanding of different fluid flow phenomena. With the application of these 

techniques in the porous micromodels, it has become possible to gather a substantial amount 

of information regarding flow field inside the porous materials. On the other hand, one can 

derive quantitative data from the images obtained. In addition, these techniques give 

information about the complete flow field under the study without disturbing the fluid flow 

physically.  

The most commonly applied method to retrieve the velocity field is Particle Image Velocimetry 

(PIV) technique (Raffel et al. 2007; Adrian 2005). Unlike Laser Doppler velocimetry (LDV), 

a single point measurement technique, the PIV permits the quantification of flow velocity at 

multiple points simultaneously within a span of single plane in the porous medium. Moreover, 

with the help of the sequential PIV system, one can gather information from more than one 

plane that is comparable to the 3-D flow system. The PIV is an optical technique to map the 

fluid flow velocity field on macroscopic level. This technique becomes a micro-PIV when it is 

applied to microscale. The basic experimental setup of micro-PIV is shown in Figure 4.4.  

A typical micro-PIV setup consists of a light source, mostly a pulsed light source, which is 

synchronized with a digital camera. The synchronization is done in such a way that the first 

pulse is set at the end of the first camera frame and the second pulse can be set at any random 

position of the second frame. In this way, the time interval between the two subsequent 

exposures can be varied very easily that is necessary for high-speed flow experiments. The 

time interval between two images thus become independent of camera frame rate. The dual 

cavity Nd: YAG lasers at 532 nm wavelength are mostly used as pulsed light source for micro-

PIV experiments. The two lasers can be triggered independently, and it has the ability to freeze 
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the particles movement within microseconds. The images of flowing fluid seeded with 

fluorescent tracer particles are recorded with the help of a digital camera like charged coupled 

device (CCD) camera. The role of dichroic mirror is to act like a filter that allows only the 

fluorescence emission to camera for data evaluation. At a later stage, these data are evaluated 

with the help of imaging software to get the velocity of flow field.  

 

 
Figure 4.4:   Experimental setup used for micro-PIV experiment 

 
 

The fundamentals of micro-PIV technique (Wereley and Meinhart 2010; Lindken et al. 2009) 

is similar to that of PIV, but it is used to get the velocity field at a micron scale. Another 

difference is that the volume illumination is used in place of light sheet illumination. The 

working fluid is seeded with tracer particles that has nearly the same density to that of the fluid. 

It is then illuminated by a light source and pairs of images are recorded after a definite time 

interval. The image frames are then sub grouped into many small areas, known as interrogation 

windows. Thereafter, two frame cross correlation method is applied to these consecutive image 

pairs to get the displacement of the seeded particles. The velocity of fluid is thus determined 

by dividing the displacement of seeded particles by the time gap between two consecutive 

images. Figure 4.5 shows the basic steps involved to get the velocity vector of the flow field. 
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Figure 4.5: Basic steps of PIV analysis to get the velocity flow field 

 
4.3.2   Single-phase flow observation 

The fabricated micromodels are checked for its applicability by performing single-phase flow 

experiments. The single-phase flow experiments are performed at 100 μl/min and 1000 μl/min. 

The two flow rates are chosen deliberately to investigate the effect of flow rate in the flow 

pattern in presence of the fractures in the micromodel. During the experiments, a series of 

paired images containing tracer particles are recorded at the junction of two fractures and at 

other locations near the fracture of the micromodel. 

 
Figure 4.6: Image of the micromodel with highlighted locations where velocity field was 

obtained for flow rate 100 μl/min 

 
Figure 4.7:  Image of the micromodel with highlighted locations where velocity field was 

obtained for flow rate 1000 μl/min 
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Figure 4.6 depicts the various locations in the micromodel where images are captured for flow 

rate of 100 μl/min and Figure 4.7 shows highlighted locations where images are captured for 

1000 μl/min flow rate. The raw images are captured both at the junction of the two fractures 

and at the pore throat of the micromodel. A total of fifty consecutive pairs of image frames are 

captured at each marked location and their resultant vector field is obtained by taking average 

values of these frames. Figure 4.8 shows the sample raw images taken at various highlighted 

locations as shown in Figure 4.6. The acquired images are not suitable for the direct PIV 

measurement due to the presence of background noise. Hence, these raw images require pre-

processing to remove the unwanted background noise. The velocity vector field is obtained by 

a MATLAB based PIV lab software that uses two-frame cross-correlation method to 

interrogate consecutive image pairs (Thielicke and Stamhuis 2014). 

 

The PIV lab is used for the image pre-treatment before being processed for cross-correlation. 

After the pre-processing of the images, it contains only the bright particles that hold the details 

of movement of the bright particles.  The sole purpose of image pre-processing is to enhance 

the image quality that consequently provide better measurement accuracy. In the cross-

correlation methodology, firstly, each image frame is divided into many identical small areas, 

known as interrogation windows. Later, these subdivided areas are correlated spatially with the 

respective areas of another consecutive frame to obtain the information regarding the 

displacement of the tracer particles during a definite time interval. Hence, to perform this 

analysis, a fast Fourier transform (FFT) method with multiple passes is used. The first pass 

contains larger interrogation area as compared to the subsequent passes. Larger interrogation 

area gives greater signal to noise ratio, but at the same time, it shows poor vector resolution. 

This is the reason behind the use of smaller interrogation areas in the further iterations, which 

enhances the resolution of vectors. This type of iterative method delivers a wide range of 

dynamic velocity that provides a larger vector resolutions and better signal-to-noise ratio. In 

present case, the first pass uses an interrogation area of 64 × 64 pixels, whereas the second pass 

uses an interrogation area of 32 × 32 pixels. To get satisfactory results from the PIV analysis, 

each interrogation window in the final pass should hold at least 5-10 particles. The size of the 

interrogation window must be chosen wisely to allow uniform displacement of theparticles 

within the area, and simultaneously it should be of considerable size to hold sufficient data for 

the calculation. Finally, the interrogation windows are arranged at 50% overlapping position 

and the post processing is carried out to get the instantaneous velocity vector field. 
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                                       Location 1                   Location 2 

  
                                     Location 3                   Location 4 

  
                                    Location 5                Location 6 

Figure 4.8:  Image of the fluorescent particles at various locations of the micromodel  
as highlighted in Fig. 4.6 

 

In addition, the size and optical properties of the tracer particles must be compatible with the 

experimental system so that the micro-PIV experiments can be carried out smoothly to obtain 

accurate velocity of the flow field. Moreover, the camera properties along with the objective 

lens of the microscope must be selected in such a way that the particle size in the image frame 
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should be resolved up to a minimum of 2–3 pixels (Sen et al. 2012). The time gap between two 

successive images frames must be chosen in such a way that the movement of the particles 

within two consecutive image frames should not be more than three times the image size 

(diameter) of the particles from its initial position.  

 

Due to microscope magnification limitation, the full view of both the fractures could not have 

been obtained. To overcome this limitation and to gain more information about the pore scale 

flow, some additional experiments are performed and images are taken at various regions near 

the two fractures and the velocity flow field is quantified. Experiments are also performed to 

understand how the presence of fracture can affect the flow field. The test sections show a 

steady single-phase flow of pressurized aqueous glycerol mixture, which is predominantly 

flowing in the horizontal direction (x direction) owing to the driving pressure gradient. These 

flow fields can be characterized by flow features like confluences and bifurcations regions. 

Though random flow is seen along the pillars, no significant cross flow (normal to bulk pressure 

gradient) is seen and it has been observed that the flow is maintaining a regular flow pattern. 

Bifurcations tend to distribute the flow over a larger area while confluences tend to concentrate 

the flow into fewer flow paths characterized by a higher flow rate. These two competing 

mechanisms govern the distribution of flow in the porous network. Despite the presence of 

lateral fracture (along y direction), no significant effect is seen as the fluid flow pattern is 

regular and the flow is along the bulk pressure gradient (x direction) for the both flow rates. 

Further, no vortices are seen in the flow field due to the presence of discontinuity along the 

flow, while small randomness in the flow field is observed. 

 

Figure 4.9 shows the velocity vectors superimposed over the velocity contour at the highlighted 

locations of Figure 4.6 for flow rate of 100 μl/min (Re ≈ 0.12).  While Figure 4.10 shows the 

velocity field at the marked locations of Figure 4.7 for flow rate of 1000 μl/min (Re ≈1.2). 

 

In the present study, the fracture dimensions are predetermined and have smooth edges and the 

overall matrix region is very small compared to real porous media found naturally. In addition, 

cylindrical pillars have smooth edges that help the fluid flow to remain stable. Blois et al. 

(2013) and Roman et al. (2016) performed both single phase and two phase immiscible fluid 

displacement experiments in both homogeneous and heterogeneous porous micromodels and 

obtained pore scale flow fields using micro-PIV technique. To perform visualization 

experiments, they fabricated the porous micromodels using photolithography technique and 

observed regular flow fields for single-phase flow in the homogeneous porous region.  
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              Location 1               Location 2 
  

   
 

                Location 3               Location 4 
  

    
              Location 5                Location 6 
  

Figure 4.9:  Velocity contour map of the micromodel at various locations as  
highlighted in Fig. 4.6 for flow rate 100 μl/min 
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              Location 1                  Location 2 

    
            Location 3               Location 4 

    
               Location 5                  Location 6 
Figure 4.10:  Velocity contour map of the micromodel at various locations as highlighted in 

Fig. 4.7 for flow rate 1000 μl/min 
 
 

4.3.3   Two-phase flow mechanisms using micro-PIV technique 

The fluid-fluid interaction is investigated in two-phase imbibition experiment using micro-PIV 

technique and most significant observations are reported. The wetting phase (aqueous glycerol) 

is a mixture of glycerol and water in 57:43 ratio (by volume), while the non-wetting phase is 
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silicone oil. The wetting phase is seeded with FluoSpheres carboxylate-modified microspheres 

1.0 micron size particles (from Fisher Scientific, USA). The seeding concentration is set at 

roughly 0.03% by volume. The micromodel is first saturated with the silicone oil (non-wetting 

phase). The injection of the single phase is ceased after fully saturating the micromodel. The 

second stage imbibition experiments start with the beginning of wetting phase injection 

(aqueous glycerol). The wetting phase is injected at a flow rate of 1000 μl/min. The maximum 

capillary number for the wetting phase is found to be in the order of 10-2 to 10-3. 

 

 

Figure 4.11:  Image of the micromodel with highlighted locations where velocity field was 

obtained for two-phase immiscible flow (flow rate =1000 μl/min) 

 

4.3.4   Instabilities in the imbibition process 

The pore scale flow dynamics of aqueous glycerol infiltration into fractured porous 

micromodel saturated with silicone oil is observed. The micromodel is first saturated with 

silicone oil and the imbibition process is performed using aqueous glycerol until the residual 

saturation of silicone oil is reached. The images are thereby captured to track the fluid-fluid 

interaction. Figure 4.11 highlights the various locations in the micromodel where images are 

captured. 

Figure 4.12 shows the sample raw images of the imbibition process of the highlighted locations 

shown in Figure 4.11 where the porous medium saturated with silicone oil (non-wetting phase) 

is invaded by injection of aqueous glycerol (wetting phase). The menisci formed at the interface 

is clearly observed as the aqueous glycerol is visible due to the light emitted by the seeded 

tracer particles. While the non-wetting phase as well as the solid cylindrical pillars are not 

visible and remain dark in the image frame. Hence, the velocity field is obtained for the wetting 

phase only. 
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                         Location 1            Location 2 

  
                      Location 3           Location 4 

 
Location 5 

Figure 4.12:   Image of the fluorescent particles at various locations of  

the micromodel as highlighted in Fig. 4.11 
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Figure 4.13 shows the infiltration of aqueous glycerol into the fractured micromodel saturated 

with silicone oil using velocity vector field. The dark circular bodies represent the cylindrical 

pillars, while the silicone oil (non-wetting phase) is shown in grey colour. The velocity vector 

field is obtained for the wetting phase only at corresponding locations shown in Figure 4.11. It 

is worth noting that the flow patterns in the two-phase imbibition process is not the same as in 

single-phase flow even in the homogeneous porous section. Perhaps, it is dramatically different 

from the single-phase case both in terms of velocity magnitudes and flow direction. 

Interestingly, the displacement of the front does not follow any regular path and chaotic 

movements are seen. In certain regions, the flow path becomes straight over multiple pore 

throats and moves along the diagonal orientations of the staggered pore network (Figure 4.13a). 

It can therefore be assumed that the fluid-fluid interaction is mostly controlled by the local 

pressure gradient rather than the bulk (macroscopic) pressure gradient. 

 

Most of the irreducible resident phase is observed in the fracture zone only. This may happen 

due to the movement of the immiscible phase along a direction normal to the bulk pressure 

gradient (along y-direction). Figure 4.13b depicts the case where the wetting phase moves along 

a direction perpendicular to the bulk flow direction. However, in the homogeneous porous 

region, the sweeping is found to be more compared to the fracture region (Figure 4.13a).  

 

Figure 4.14 shows two velocity contours at the same location for oscillating flow. It can be 

seen that even for the same direction of bulk flow, the direction of the velocity vector 

magnitude is opposite to each other. This proves the back and fro movement of the front, which 

can be regarded as the oscillating movement. The development of oscillating movement may 

be due to the presence of unstable interface configuration that causes the oscillation in the 

pressure (Morrow 1970). This phenomenon implies that the perturbation of two-phase flow is 

mostly controlled by local pressure gradient that changes the direction and magnitude of the 

fluid flow (Blois et al. 2013). It is obvious that these movements not only occur for the wetting 

phase but also for the non-wetting phase.  However, the velocity field could not be mapped for 

the silicone oil (non-wetting phase) due to the absence of tracer particles in it. 
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               Location 1                 Location 2 
  
  

    
              Location 3                Location 4 
  
  

  
                                                Location 5 

 
Figure 4.13:   Velocity contour map of the micromodel at various locations as highlighted 

in Fig. 4.11 for two-phase immiscible flow (flow rate =1000 μl/min) 

TH-2859_146103050



83 
 

    

Figure 4.14:   Velocity vector contours showing oscillating movement 
 

4.3.5   Recirculation 

During the imbibition process, the stagnant pockets of wetting phase remain trapped and are 

surrounded by the silicone oil phase. Figure 4.15 shows a sample raw images of the static 

pockets of aqueous glycerol. Here, the wetting phase is surrounded by the non-wetting phase 

and by the cylindrical pillars. The non-wetting phase and the solid cylinders remain dark, while 

the trapped areas are visible due to the presence of bright seeded particles. The velocity vector 

field of these regions cannot be obtained using micro-PIV technique as the seeded particles are 

immovable along with the wetting phase fluid. These trapped blobs appears at random regions 

and affects the other neighboring pore bodies that modify the flow structures and finally lead 

to the formation of preferential paths. 

 
Figure 4.15:  Image of tracer particles for the trapped wetting phase 
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However, these pockets of wetting phase in some regions near the fracture are found to be not 

immobile; instead the circulating motions are seen until the end of capturing the image frames. 

Figure 4.16a shows the velocity vector field and Figure 4.16b shows the circulation of the phase 

with the help of streamlines superimposed over the tracer particles at a certain location near the 

fracture. The circulating motion of immobile residual fluid (displaced phase) had been reported 

by Roman et al. (2016). In the present case, since the displacing phase (aqueous glycerol) is 

only seeded with the particles, the velocity vector field is mapped only for the displacing phase. 

Hence, the velocity vector field of the displaced phase could not be obtained. In addition, at the 

interface, high velocity magnitude is observed and this circulation may be seen due to the shear 

force that is induced from the transfer of the momentum of flow at the interface (Kazemifar et 

al. 2015).    

 

 

 
Figure 4.16:  (a) Velocity vector field for circulating motion and  

(b) streamline image at the corresponding location 

 

4.4 Summary 

The present investigation reports the fabrication of fractured porous micromodel in PDMS and 

the experiments associated with both single-phase flow and two-phase flow.  Utilizing the 

present method of fabrication and using PDMS as a substrate, the fractured porous 

micromodels having different fracture dimension and different pore size have been fabricated. 

This method of fabricating fractured porous micromodel in PDMS is economic, less time 

consuming as compared to the traditional photolithography and soft lithography techniques. 

Flow distribution phenomena have been reported for both single-phase and two-phase flow and 

the flow velocity is quantified using the micro-PIV technique. For the single-phase flow, no 

significant effects are observed on the fluid flow due the presence of fracture and regular flow 
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patterns are seen in the porous region. However, the flow structures for the two-phase flow are 

found to be completely different from the single phase pattern. In case of two-phase imbibition 

process, many peculiarities such as preferential flow, oscillating flow of the front, trapped fluid 

phase and recirculation have been reported in detail. More residual pockets of silicone oil has 

been observed near the junction of fractures as compared to the regular porous region. Further, 

with the help of micro-PIV technique, the dynamics of flow distribution has been quantified 

that can be helpful to gain more insight of these complex processes. 
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Chapter 5 
 

Conclusions and Future Scope 
 

5.1 Conclusions 

This thesis presents a suite of noble fabrication methodology, micro-fluidic experiments, 

investigating fundamental single-phase and multiphase flow at the pore scale. Throughout, 

fluid flow in specifically designed unique micro-models has been imaged using optical 

microscopy. The methodology adopted for designing and fabricating micromodels is very cost 

effective, simple and time efficient. Most of the experiments are conducted at ambient 

temperatures and pressures.  

5.1.1 Findings of Porous Micromodel Experiments 

 A straightforward and highly economical method has been developed to construct 

numerous porous micromodels in PDMS substrate. In addition, a unique low cost 

method has been also discussed to fabricate dual porosity micromodels and the 

reliability of these models are also tested by performing visualization experiments. 

 Through a series of steps, it has been demonstrated that the round hole perforated metal 

sheets can be used as a master for the rapid construction of porous micromodels. This 

method usually takes only 7-8 hours. However, it is necessary to mention that in the 

present method, the complexity of the pore network solely depends on the pattern 

template and porous plate containing complicated geometry is difficult to find in the 

market. 

 This method is cost-effective, flexible and convenient as compared to traditional 

techniques like photolithography or soft lithography. With the help of this technique, it 

is also possible to construct porous micromodels having different pore geometry and 

pore sizes very easily. This method will increase the adaptability of fabrication and 

utilization of microfluidic devices. 

 Visualization setup that provides images of the distribution of fluid seeded with tracer 

particles at different porous sections of the micromodel is also explained in detail. The 
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results produced from the experimental analysis provide satisfactory results that 

enhances the reliability of this noble method. 

 Furthermore, the captured images are processed using PIV lab (MATLAB tool) and the 

velocity contour as well as velocity profile of the flow field is obtained with the help of 

two-frame cross correlation method. The analysed velocity profiles indicate the 

reliability and applicability of the fabricated micromodel. 

 This type of micromodel can be used in an efficient way to investigate the fluid flow at 

pore scale, which is crucial to the processes like enhanced oil recovery, hydrology, 

wastewater management and other engineering and natural applications.  

5.1.2 Findings of Fractured Micromodel Experiments  

 In this work, we have also reported the fabrication of fractured porous micromodel in 

PDMS and performed both single-phase and two phase flow experiments. Using this 

method, the fractured porous micromodel having different fracture dimension and 

different pore size can be fabricated very easily. This method of fabricating fractured 

porous micromodel in PDMS is economic, easy and less time consuming as compared 

to the traditional photolithography and soft lithography technique.  

 Flow distribution phenomena have been reported for both single-phase and two-phase 

flow and the flow velocity is quantified using the micro-PIV technique. 

 For the single-phase flow, no significant effects are observed on the fluid flow due the 

presence of fracture and regular flow patterns are seen in the porous region. However, 

the flow structures for the two-phase flow are found to be completely different from the 

single-phase pattern. 

 In case of two-phase imbibition process, many peculiarities such as preferential flow, 

oscillating flow of the front, trapped fluid phase and recirculation have been reported 

in detail. More residual pockets of silicone oil has been observed near the junction of 

fractures as compared to the regular porous region during the imbibition process, when 

mixture of glycerol-water infiltrates through the porous region and displaces silicone 

oil. 

 Further, with the help of micro-PIV technique, the dynamics of flow distribution has 

been quantified that can be helpful to gain more insight of these complex fundamental 

processes. 
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5.2 Future Work 

Conventional methods involved during fabrication of porous micromodel like optical 

lithography, soft lithography and etching are very costly and time consuming. In addition, 

utilization of these methods require special clean and high cost lab setup, which is difficult to 

establish by most of the researchers. In that case, this noble method of fabrication provides an 

economic platform to fabricate micromodels having different topology and geometry very 

easily with low cost and easily found materials. Our primary work was to establish this unique 

methodology to fabricate micromodels having considerable flexibility in regards of porosity, 

geometry and distribution of pore space. In addition, fractured micromodels having numerous 

geometry can be fabricated.  

The literature and experimental work related to the flow visualization study whether it is single-

phase or two-phase flow, in porous media is limited. It is mainly due to the need of costly 

optical equipment and the high cost of fabrication of micromodels. In the present work, we 

have tried to reduce the cost of fabrication of micromodels by using a low cost noble method. 

The biggest advantage of using this method lies in its flexibility in fabricating micromodels 

having different geometry and topology. Therefore, in future, both homogeneous and 

heterogeneous micromodels can be fabricated easily using these method and experiments can 

be performed to study the fundamental flow processes inside porous media. 

In addition, multiphase flow experiments can also be performed in these micromodels, which 

has vital applications in many fields like oil recovery, hydrology, waste management and other 

engineering and natural systems.  
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