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CONSTRUCTION AND VALIDATION OF MICROFLUIDIC 

PLATFORMS FOR INVESTIGATION OF MULTIPHASE FLOW 

AND NANOFLUIDS IN POROUS MEDIA 
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Supervisor: Matthew T. Balhoff 

 

Flow and transport in porous media is the fundamental physical process in many 

important applications such as hydrocarbon recovery, carbon dioxide subsurface 

sequestration, treatment of non-aqueous liquid pollutions in soil systems, and flooding 

control for fuel cell systems. Clear description, correct modeling and precise prediction of 

flow in porous media are of great significance. Although many single-phase and multiphase 

systems can be characterized using macroscopic models such as Darcy’s law (or the 

multiphase form of it), other complex flow systems, such as emulsion flow, nanoparticle 

suspension flow, etc., require a more detailed description. For those complex cases, 

revealing the pore-scale physics is necessary for larger-scale modeling and predictions. 

Microfluidics provide a simple way to visualize micron-scale flow behavior with excellent 

controllability, thus helping to clarify the fundamental pore-scale flow mechanisms and is, 

therefore, useful for studying flow and transport in porous media.  

In this work, several special micromodel designs from the single-pore level to pore-

network level on microchips were made in order to capture realistic pore-scale flow 

mechanisms while keeping the system simplified enough for easy quantification. At the 

single-pore level, the trapping and mobilization of a non-wetting oil droplet at a pore-throat 
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structure are investigated on an ideal pore-throat microfluidic geometry. A simple physical 

model is derived and the effects of bare nanoparticle aqueous suspension in mobilizing oil 

is further studied. A dual-permeability microchannel is used to study the emulsion flow in 

natural fracture system and a synergistic effect between nanoparticles and non-ionic 

surfactant is investigated to stabilize the emulsion and to potentially improve sweep 

efficiency. At the pore-network-pore level, a 2.5-D porous micromodel is fabricated to 

introduce essential 3-D feature in traditional 2-D porous micromodel. On this advanced 

2.5-D micromodel, multiple complex fluid systems, including spontaneous imbibition, 

unstable water drainage, ultra-low IFT flooding, bubble evolution under Ostwald ripening, 

nanofluid flooding, etc., have been studied, with new physics revealed and modeled. A 

novel EOR method using nanoparticle treated oil (NPTO) is proposed and validated.  
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CHAPTER 1: INTRODUCTION  

 

1.1. MOTIVATION  

1.1.1. Microfluidics: A Bottom-Up Approach for Investigating Flow and Transport 
in Porous Media by Microfluidics 

Multiphase flow, transport, and reaction processes in porous media are core 

scientific problems in groundwater supply and remediation 1, agricultural irrigation 2, and 

hydrocarbon recovery 3-4. Compared to multiphase flows in open systems or in macro-scale 

geometries (riverbed, oil tank, wellbore, etc.), multiphase flows in porous media are unique 

in that they have: (1) relatively low flow rates, characterized by small Reynolds’ number 

(Re) 3; (2) significant capillary effects, characterized by small Capillary number (Ca), 

which makes the flow highly dependent on pore geometry and pore-surface chemistry 5; 

(3) heterogeneity at the macro- and micro-scales 6; and (4) strong coupling between co-

existing gas/liquid/solid phases 7-8. These properties make the flow phenomena extremely 

nonlinear, and/or even unstable 9.  

Understanding these complex and nonlinear multiphase systems is important, and 

it often is based on experimental data. However, flow experiments on neither naturally-

occurring porous media (corefloods 10) nor artificial porous media (sand-pack/bead-pack 

floods 11) can approach the strict definition of “reproducibility” and “falsifiability”: no rock 

sample is identical to another; no soil sample is identical to another; no bead-pack is 

identical to another, even following the same preparation procedures and operation 

parameters. In addition, flow experiments on these media are performed in a “black box”; 

because macroscopic outputs (porosity, permeability, pressure profile, saturations, etc.) can 

be measured, but pore-scale behavior is difficult or impossible to measure or visualize. 
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Consequently, researchers have to rely on a top-down modelling approach to interpret the 

pore-scale behavior, making it challenging to prove hypotheses at this small scale. 

In recent decades, microfluidics have been developed and provide a tool which can 

be used to study and visualize multiphase flow at the micron-scale, i.e., surrogates for pore 

bodies and throats. With this powerful tool, one can investigate flow and transport in 

porous media using a bottom-up approach.  

Figure 1.1 demonstrates a bottom-up approach using microfluidics devices. 

 

Figure 1.1: A bottom-up multiscale approach to study multiphase flow in porous media. 
Pore-scale fluidic dynamics can be studied using microchannel experiments; 
interactions among pore networks investigated by a porous micromodel, or 
“porous media on a chip”; coreflood or beadpack floods applied to further 
validate and upscale the physical models based on microfluidic experiments; 
validated models are then finally applied to predict and instruct field 
operations.  

Following this bottom-up approach, pore-scale/pore-network-scale phenomena are 

observed, analyzed and modeled first, and then those pore-scale knowledge/models are 

scaled-up by mathematical tools and validated by coreflood or other flow experiments in 

meso-scale porous media. With those validated core-scale models, production 

optimizations, recovery predictions and history-matching can be performed.  
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Recently, microfluidics have been used to study fundamental flow phenomena in 

porous media including single phase flow of Newtonian 12 and non-Newtonian 13 fluids, 

multiphase flow 14-16, mechanisms of droplet formation 17-19 /coalescence 20-21, and cross-

interface mass-transport 22. However, compared to other engineering and scientific 

applications of microfluidics, applying microfluidics to study flow in porous media 

requires specific consideration of the uniqueness of realistic porous media, so simple 

reproduction from other microfluidics applications to this area is not appropriate.  

The most important motivation of my PhD study as documented in this dissertation, 

is to construct a variety of microfluidic designs and to develop a standard methodology to 

investigate the flow, especially multiphase flow in porous media. Those microfluidic 

designs should reflect some important features of naturally-occurring porous media 

without losing much simplicity, and the microfluidic platform should be as general and 

flexible as possible to allow efficient study of different topics of flow and transport in 

porous media.  

1.1.2. Applications of Nanoparticles in Subsurface Engineering 

Nanoparticles (NPs) are solid particles smaller than 100 nanometers. Nanoparticles 

possess many promising properties that render them a potential for improved recovery of 

non-wetting phase in porous media, including applications such as enhanced oil recovery 

(EOR) 23-24. In an aqueous dispersion, NPs can be adsorbed onto the fluid/fluid or 

fluid/solid interface due to the reduction of interfacial energy 25-29. The adsorption leads to 

several effects that may help to reduce residual oil or to increase sweep efficiency: 

generation/stabilization of emulsion/foam 30-31, reduction of interfacial tension (IFT) 27, 32-

33, change of emulsion rheology 34-36, increase of disjoining pressure 37-38, and alteration of 

wettability 39-41. As NPs are thermally and chemically more stable than polymer or 
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surfactant 42-44, they can be effectively deployed in harsh subsurface conditions (high 

temperature, high pressure and high salinity).  

A number of displacement experiments with reservoir cores or sand packs have 

been reported to investigate the role of NPs in mobilizing trapped oil. Although NP’s role 

in reducing residual oil have been claimed, the fundamental mechanisms for the 

mobilization of trapped oil using NP-based fluids is still not fully understood, partially due 

to the difficulty of directly visualizing the mobilization phenomena 45. 

Scenarios of trapped oil at the pore scale include: trapping of oil droplets at pore-

throat geometries, attachment on the solid surface, oil trapped in micron-scale low-

permeability zones, etc. Mechanisms of oil mobilization in different scenarios may be 

different, and it is very difficult to isolate the effect of NP from other mechanisms in black-

box experiments, such as core floods. 

Thus, I introduce microfluidic platforms that are designed for investigation of 

multiphase flow in porous media to determine the effect of NP in subsurface multiphase 

systems. The ease of visualization and unique microchannel design are intended to provide 

clear and convincing conclusions about how to appropriately apply NPs for subsurface 

engineering.  

 

1.2. HYPOTHESIS 

(1) By employing single-pore scale micromodel, multiphase flow can be 

investigated at the very fundamental units of porous media. Based on micron-scale designs 

with reasonable simplification based on realistic porous media geometry, clear and simple 

physics can be revealed, which can further be applied as tools for investigation of more 

complex fluid systems. 
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(2) Two-dimensional (2-D) pore-array micromodel can be improved to represent 

more realistic behavior of fluids in porous media, after inserting key features that are 

important in three-dimensional (3-D) porous media.  

(3) By appropriate design and investigation, this bottom-up technology should not 

be limited to a “lab on a chip”, but be generalized and scaled-up that can provide new 

understanding of porous media and to benefit the industry. 

(4) NPs’ effect in many different subsurface porous scenarios can be well studied 

using those microfluidic designs. Moreover, novel applications of NPs in the subsurface 

can be developed with better understanding of those effects. 

 

1.3. OUTLINE OF CHAPTERS 

Chapter 1 is a brief introduction to this research, including motivations and 

hypotheses. In Chapter 2, a literature review is provided of background of multiphase flow 

in porous media, current limits in enhanced oil recovery and microfluidics for studying 

those topics. In Chapter 3 a single pore-throat geometry that can trap non-wetting droplets 

at a pore-throat is introduced, and then the bubble mobilization physics are discussed. A 

dual-permeability parallel channel micromodel to mimic natural fracture system is 

discussed in Chapter 4, and macro-emulsion flow behavior in the geometry, including 

stability, packing mode and fluid diverging ability, are investigated. A novel design of a 

“2.5-D micromodel” is described in Chapter 5; the micromodel is a 2-D array of pores with 

3-D features inserted on pore-throats. Important multiphase fluidic phenomena in 

naturally-occurring 3-D porous media can be reproduced on this new 2.5-D design. Three 

case studies on 2.5-D micromodels are summarized in Chapter 6, including capillary 

desaturation on an oil-wet micromodel, steady-state macro-emulsion flow in a 
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homogeneous micromodel, and ultra-low IFT displacement physics in a micromodel. A 

demonstration of utilizing microfluidics to develop a novel EOR fluid – NPTO 

(nanoparticle-treated oil) – is described in Chapter 7, including fluid preparation, 

characterization, flow experiments on a fractured micromodel, and an economics 

evaluation. In Chapter 8, an evolution of gas bubble population in homogeneous porous 

media is observed, explained, and mathematically modeled by using a homogeneous 2.5-

D micromodel, which controdicts the conventional wisdom of Ostwald ripening. The work 

may provide new insight into many applications, including the storage stability of CO2 

sequestration in subsurface porous media. The final Chapter 9 summarizes conclusions of 

the above chapters, and suggestions for future work to further use microfluidic platforms 

for understanding multiphase flow in porous media are included. 
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Microemulsion Formation at the Pore Scale”, Langmuir, 2017, 33(45): 13077 
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Porous Media”, Lab on a Chip, 2017, 17(4): 640.  
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Investigation of the Synergistic Effect of Nanoparticles and Surfactants in 

Macro-Emulsion Based EOR", SPE Journal, 2017, 22(02): 459. 

(5)  Ke Xu, Peixi Zhu, Matthew Balhoff, Chun Huh. "Microfluidic Investigation of 

Nanoparticles’ Role in Mobilizing Trapped Oil Droplets in Porous Media", 

Langmuir, 2015 31(51): 13673. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW  

In this chapter, I introduce some approaches, limits and applications of using 

microfluidic devices for investigations of multi-flow in porous media. In addition, 

nanoparticle-based EOR methods are also discussed. The purpose of this chapter is to show 

(1) why we need to introduce microfluidic devices to investigate the mechanisms of 

complex flow systems, including nanoparticles, and (2) how we should modify 

microfluidic devices appropriately in order to introduce key features in naturally-occurring 

porous media without sacrificing the many advantages of microfluidics, such as simple 

designs and easy visualization. 

 

2.1. MICROFLUIDICS FOR POROUS MEDIA FLOW 

2.1.1. Microfluidics and its engineering applications 

Microfluidics provide direct visualization of flow behavior at the micron-scale. The 

development of fluid control theory/techniques in micron channels 46, as well as the 

reproducible processes for manufacturing microfluidic chips with complicated channel 

geometries 47, has led to the utilization of the technology in many miniaturized flow 

applications, including chemical/biochemical scanning, 48-49 mass/heat transfer 

enhancement 50-51, fine chemical/material synthesis 52-53, fast chemical/biological analysis 

54-55, and more.  

In porous media, flow phenomena occur within pores and throats of micron scale, 

or smaller. Therefore, microfluidics is a useful tool for studying fundamental flow 

phenomena at the pore scale (observations inside a real, 3D rock sample is challenging). 

More importantly, the designability and reproducibility of microfluidic platforms makes 
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the experimental results convincing and easy to study. Thus, microfluidics is a popular 

research approach for understanding multiphase flow behavior in porous media. 

Several key dimensionless numbers are used by researchers to characterize 

multiphase flow at the micron scale, some of which are listed in Table 2.1. They either 

represent the ratio of two different kinds of forces, or represent the ratio of phase properties. 

In this table, U is characteristic velocity, µ is viscosity, σ is surface/interfacial tension, L is 

characteristic length, ρ is density, and kr is relative permeability in porous media. 

 

Table 2.1: Common dimensionless numbers used for characterizing multiphase flow in 
micron-scale geometries 

 
Dimensionless number Symbol  Corresponding Physics Most Common Definition 
Reynolds Number Re Momentum/ 

Viscosity  
  

Capillary number Ca Viscosity/ 
Interfacial Tension   

Weber Number We Kinetic Energy/ 
Interfacial Tension 

  

Bond number Bo Gravity/ 
Interfacial Tension   

Viscosity Ratio µr Ratio of Two Phases’ 
Viscosities 

  

Mobility Ratio M Ratio of Two Phase’s 
Mobilities in Porous Media 

  

2.1.2. Adaptation of microfluidic systems for investigating geofluids  

Although microfluidic technologies have been well developed since the late 1990s, 

fabrication methods are constantly improving. Due to the uniqueness of flow in geologic 

porous media, many modifications, adjustments and improvements of microfluidic systems 

should be performed in order to reveal realistic, practical and convincing results. 
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Extremely low flow velocity (low Re and Ca). Compared to typical Re and Ca in 

classic microfluidics systems, such as microfluidic heat exchangers (Re>10 and Ca > 0.1) 

12, 56, micro-reactors (Re>0.1 and Ca >10-3) 57, bio/chemical-screening systems (Re>0.01 

and Ca >10-4) 58, Re in geological porous media is typically much less than 1.0 (except in 

the near wellbore region), and can be as low as 10-6 or even 10-7; the Ca in geological 

porous media is typically less than 10-3 and can be as low as 10-9 9. These low Re and Ca 

in porous media lead to a much more significant role of capillary forces at the pore-scale, 

compared to most other engineering applications.  

Geometric complexity and lower design flexibility. Most engineering 

applications allow for highly flexible geometric designs in microfluidics. Those 

applications are mostly “productivity” or “efficiency” derived, which have significant 

tolerance in design as if the engineering purpose could be well achieved 25, 40, 50, 59-60. 

However, for studying the fluidic mechanisms in real geological porous media, 

microchannel designs must maintain important characteristics of the pore structure of 

realistic media, which are complex. 

Pore network system. Characterizing flow in porous media, which consist of 

interacting pores and channels, requires more than characterizing a single channel or even 

channels in series/parallel. In porous media, the flows in neighboring geometric units are 

highly interdependent. Even at the macro scale and in steady state, the pressure and 

saturation profile at the microscale can fluctuate considerably 61. Thus, investigating a 

porous medium as a network, rather than a linear summation of independent units, is a 

fundamental uniqueness of microfluidics-based investigation on multiphase flow in porous 

media. 

Unsteady state flow and long time scales. Different from common engineering 

flows in microfluidic devices, which are usually operated at steady state and with relatively 
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short characteristic transient time scales, flow in porous media is often not at steady state 

which brings challenges in experiment operations, data acquirement and result analysis.  

 

2.1.3. Microchip substrate materials for studying flows in geological porous media 

Many standard microfluidics fabrication procedures have been well documented 

and published 62, which will not be discussed in detail here. However, the materials for 

microfluidic fabrication are important when the experiments are intended to mimic 

naturally-occurring porous media. As discussed in the above section, multiphase flow in 

porous media is very sensitive to physical and chemical properties of the solid surfaces. 

Thus, choosing appropriate materials to fabricate microfluidic devices for a specific 

research purpose is extremely important. 

PDMS (poly-di-methyl-siloxane) is the most commonly-applied material for 

microfluidic devices, due to its low cost and short fabrication time 63. However, PDMS’s 

limitations are also considerable with respect to flow in porous media. PDMS consists of 

a polymer network, which is permeable to hydrocarbon liquids and gases. In addition, it 

can adsorb oil and even swell under contact to oils, which changes the pore space volume 

and impacts material balance. Additionally, PDMS is easily deformable, which prohibits 

its application for high pressure applications. Nevertheless, PDMS can still be a good 

choice if the studied flow phenomena is not sensitive to surface properties, and without 

direct contact between oil and the matrix for long times. Recently, many improvements of 

PDMS have been reported, including wettability control 64-65, and protection of inner-

surface from oil diffusion 66. Those improvements have broadened the application of these 

low-cost microfluidics devices. Some other polymeric materials, such as TPE (thermoset 

polyester), PUMA (polyurethane-methacrylate) and NOA (Norland Optical Adhesive), 
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have been developed as new polymeric microfluidic materials which show some 

advantages compared to PDMS, although still sharing some similar limitations 67. 

Glass is another commonly applied material for fabrication of microfluidic devices. 

Glass has good mechanical strength and good transparency. It is also convenient to modify 

surface properties, including wettability and roughness, by well documented methods 68. 

In addition, glass’ chemical structure is very similar to naturally-occurring sands and 

sandstones. However, the fabrication cost (economic and time) of glass microfluidic 

devices is higher than PDMS fabrications, and the accuracy is limited by glass quality and 

etching technology.  

For better quality control and accuracy of geometries, silica substrates are more 

preferred than glass without losing many of the advantages of glass 69. However, silica 

substrates are not transparent, thus direct visualization is prevented. As a compromise, 

silica-based microfluidic devices consist of a caved silica substrate and a transparent flat 

glass cover to allow direct observation. A major problem of this combination is 

incompatible surface properties between the silica and glass sides. Grate et al. 70 reported 

an approach that can make the silica and glass surface equally oil wet, but complex pre-

treatments are required. 

In order to make the micromodel surface property as realistic as possible, some 

researchers abandoned engineering materials and directly applied geologic materials. Two 

major strategies have been applied. (1) Inserting naturally-occurring rock/soil samples into 

microfluidic systems. Porter et al. 71 used a “sandwich” design to hold real-rock sample 

slides between two glass covers. Experimental validations were conducted, including an 

imbibition experiment on a fractured shale and supercritical CO2 injection into brine 

saturated shale, as well as a three-phase flow test involving CO2, brine and oil. However, 

this method could not solve the reproducibility problem that coreflood experiments meet. 
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(2) Using natural non-porous minerals as the base material and then etching porous 

structures on the base material by methods similar to the procedures to create polymer/glass 

micromodels. Song et al. 72 directly used natural calcite crystal as substrate and then etch a 

network of microchannels to investigate acidizing operations which required the solid 

surface to react with the acid. However, due to the limit of mechanical properties, the 

quality control in processing of those geo-materials is much more difficult than processing 

polymer, glass or silica micromodels by standard procedures. 

 

2.2. PREVIOUS EXPERIMENTAL APPROACHES USING MICROFLUIDICS TO INVESTIGATE 
MULTIPHASE FLOW IN POROUS MEDIA 

2.2.1. Microfluidic set-ups  

A microfluidic platform always contains several basic modules: fluid driving 

system, microfluidic chip, observation system and other detection annexes.  

Syringe pumps are the most commonly applied flow driving method in microfluidic 

systems. Most commercial syringe pumps are operated at constant flow rate, which can 

achieve as low as nanoliters per hour, and as high as milliliters per hour. Pressure driven 

pumps are also applied in some microfluidic applications, which can be more stable in 

pressure control than syringe pumps. However, as the pressure drop in pipes and connecters 

is not negligible in microfluidic systems, pressure-driven pumps cannot actually control 

the differential pressure of the target channels.  

The microfluidic chip is the core element in a microfluidic system. Fabrications and 

designs of microfluidic chips are discussed in detail in the following sections.  

Observation systems are commonly based on microscopic platform with high-

resolution camera. Images and videos are captured during the flow experiment, which can 
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provide important information, both qualitatively and quantitatively. More discussions 

about the technologies to analyze image information are shown in detail in the next section. 

 

2.2.2. Data acquirements and analysis technologies  

Transferring visualization to quantification is crucial in using microfluidic 

observations for scientific or engineering knowledge. Some important dynamic data for 

this specific application includes: saturations of different phases, concentrations of 

miscible components, flow fields, interface areas, droplet/bubble sizes, etc. Image analysis 

is the most direct way to capture important data from microfluidic experiments, because 

rich images and videos can be accumulated from microfluidics devices.  

Contrast of natural colors of fluids can be easily used for quantification. For 

example, the colors of crude oils can be easily differentiated from other liquids. Even in 

systems that natural colors are hard to differentiate, those phases could be dyed to show 

enough color contrast. Many advanced open source image analysis software are available 

via the internet. Karadimitriou et al. 73 applied a classic and advanced approach to quantify 

phase saturations and solute concentrations to investigate mass transport in the water phase 

with the presence of residual oil phase. Pixel grayscale intensity values were correlated to 

the ink concentration in water. As a set of four monochrome cameras were applied in order 

to get images covering the whole micromodel, calibration and connection of four parallel 

images were required. As shown in Figure 2.1a, the distribution of oil phase and water 

phase, as well as the concentration distribution, were clearly quantified and re-visualized. 

Based on this technology, the authors successfully quantified the dispersion coefficient in 

the micromodel, highlighting the flaws in the assumptions of the conventional 
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mobile−immobile model, a commonly used model that is used to characterize the transport 

under two fluid-phase conditions.  

 

Figure 2.1: Visualization of flow parameters on microfluidics device. (a) Identification of 
different phases and concentrations 73. (b) -(c)An approach to get macro-
scale flow field and corresponding statistical data 74.  

However, it should be noted that error can be introduced at the fluid-fluid interface 

when using the above color-based analysis method. If the deflection indices of the fluids 

are different (which is common), reflection and deflection of light can happen at the edge 

of bubbles/droplets, and any other phase interfaces. Such reflection and deflection can 

result in a “dark boundary”. Specific calibration should be applied to fix it. In addition, 

introduction of dyes may bring some changes in IFT, which should be taken into account 

by researchers applying this technology. 

In order to identify fluids and concentrations in more general cases, fluorescence 

(natural or in tracers) is also widely applied as a quantification method in micromodels. 
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Anna et al. 75 reported a precise quantification experimental platform for a miscible liquid 

mixing study by using fluorescence tracer. The authors even use a similar set-up to 

characterize chemical/biochemical reactions in porous micromodels by introducing a 

chemiluminescent reaction. 

More information than saturation/concentration can be captured from direct image 

analysis. For example, Karadimitriou et al. 76 identified the water-oil interfaces in a 

micromodel and calculated their corresponding curvatures. The velocities of oil-water 

interfaces were also captured, which were further applied to provide important parameters 

for improving their theoretical model. 

Flow field is very helpful in understanding the flow mechanisms. Particle image 

velocimetry (PIV) technologies are widely applied in microfluidic communities 77-78. By 

introducing fluorescent seeded particles and then tracking their velocities, the velocity field 

can be captured. A typical and classic example was reported by Blois et al. 79, who 

developed an experimental protocol using the PIV method to study the flow field for both 

single phase and two-phase flows in a porous micromodel. However, this work, and many 

other similar investigations, can only capture the velocity field in a relatively small area 

(about 3 mm2 in Blois’s work), which is not enough to fully understand the global flow 

field in a porous micromodel, which may be as large as several cm2 while a pore may only 

be as small as tens of micrometers. Paiola et al. 74 recently reported their new achievements 

to break this limit. A simple Shlieren technique was proposed to reinforce the contrast in 

the images and allow the detection of seeded particles that are pixel-sized or even inferior 

to it. They successfully captured the velocity field in a 5cm×5cm area with a resolution of 

25 µm, as shown in Figure 2.1b. 
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2.2.2. Simple-channel studies: insights to sub-pore level fluidic behavior 

Simple, immiscible and Newtonian systems’ flow in simple channels have been 

well described and quantified, such as the flow of emulsion 80, foam 81, and particles 82 in 

straight microchannels and droplet/bubble formation and break-up 45, which has provided 

important observations and models to describe the effects of geometry 42-43, 83-84, capillary 

number 85-87 and wettability 88-90. However, when investigating porous media in soil and 

rock, the fluid systems are more complex. They are in converging-diverging or other 

irregular channels, with partially miscible, non-Newtonian fluids, and coupled with 

complex chemical and physical reactions. In this section, the focus is on these specific and 

complex cases. 

Flow experiments in simple straight channels 

A straight microchannel is the most simplified and ideal element and mimic of 

porous media. Although these models underestimate the effect of capillary forces, it can 

still be a reasonable approximation of pore spaces in many types of naturally-occurring 

porous media, such as coal and fractures in rocks. 

Emulsion/foam stability determines the number of phase interfaces along a 

streamline and thus affect the flow resistance considerably. Krebs et al. 91 quantified the 

micron-size emulsions’ in-situ stability in a microchannel. Oil droplet size, oil phase ratio, 

and total flow rates can be independently controlled in this system. By counting the average 

oil droplet sizes at different locations in the “fracture”, the authors successfully quantified 

the emulsion coalescence dynamics in the channel. Meng et al. 92 investigated the 

heterogeneous wettability’s effect on emulsion stability and showed that a hydrophobic 

section inserted in a hydrophilic channel can accelerate the coalescence of oil droplets. 

Fluid–grain interactions, such as wettability and disjoining pressure, affect flow in 

porous media significantly due to large specific area. Li et al. 93, with a simple capillary 
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tube, shows that contact angle in a micron-scale pore differs from the contact angle on a 

flat glass surface, and contact angle of a liquid increases as glass pore size decreases. 

Nikolov et al. 94 investigated nanoparticle’s effect in water-displacing-oil process in a glass 

capillary tube. The previously reported wedge effect due to structural force at the oil-water-

glass three phase contact region was observed to have an important effect on the flow.  

Biological and chemical phenomena in geosystems were also studied in single-

channel microfluidic models. Khodaparast et al. 95 studied the effect of gas-in-water slug 

flow’s effect to detach bacteria from soil grain surface with a simple straight microchannel. 

They found that bubbles at very low velocities, corresponding to capillary numbers Ca < 5 

× 10–5, exhibit detachment efficiencies of up to 80%. The effect of residual oil on the 

precipitation of calcium carbonate in a micron-scale geometry was also investigated in a 

similar microchannel 96, and the observations show that the presence of n-dodecane can 

make the appearance of the first crystal earlier than the case without n-dodecane. The 

authors attributed this effect to the lower interfacial energy in the presence of oil. 

Flow experiments on droplet/bubble formation 

Observations and modeling of bubble/droplet break-up/coalescence mechanisms in 

typical micron-scale geometries can directly contribute to building the fundamental 

knowledge of multiphase geofluids’ description in porous media. 

Droplet formation in pressurized, partially miscible systems, which is a common 

phenomenon during underground fluid displacement operations, was investigated 

systematically in a T-junction microfluidic device by Qin et al. 97. Different flow regimes 

were identified, in the Ca range 10–4 to 10–2. The mass-transfer at the liquid-liquid interface 

was shown to effect the droplet formation process significantly.  
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Shear-thinning continuous phase’s effect on droplet break-up are investigated by 

Fu et al. 98, which are important to understanding the polymer solution’s role as a displacing 

liquid to remove non-aqueous phase liquid (NAPL) and to recover hydrocarbon. The 

authors modified classic models for the Newtonian case and proposed a scaling law to 

predict the size of droplets. 

Dynamic IFT, a phenomena that IFT changes due to incomplete mass transport 

close to the interface, is commonly observed in cases with existence of surfactant, 

nanoparticles, or other chemicals that can distribute between interface and bulk phase. 

Wang et al. 99 studied emulsion formation with dynamic IFT effects due to surfactant 

adsorption dynamics, with a physical model based on mass transfer time proposed to 

predict droplet size. Inversely, quantifying dynamic IFT during droplet formation can also 

be realized on a microfluidic device, as shown in Lan et al.’s work 100.  

Flow experiments in converging-diverging (pore-throat) geometries 

As mentioned above, the straight channel models oversimplify the channel 

geometry, leading to a lack of variation in channel diameters. As multiphase flow in porous 

media is highly sensitive to capillary forces, and as the capillary forces are very sensitive 

to variation of flow channel diameters, converging-diverging geometries, or so called 

“pore-throat” geometries, can have dominant effects on bubble/droplet/particle behavior in 

micron-scale flow channels. Thus, introducing varying cross section into a microfluidics 

platform is of nesessary to understand the realistic non-wetting phase trapping, retention 

and mobilization mechanisms. 

The behavior of a droplet/bubble flowing through a throat has been long 

investigated. Roof 101 first studied the effect of throat geometry and flow rate on the 

droplet/bubble’s capillary snap-off. It was shown that the flow rate did not have a 
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significant effect on capillary snap-off when Ca is low; however, when the flow rate is 

sufficiently high, it can have a significant effect. Liontas et al. 102 investigated foam 

behavior when flowing through a throat. In addition to the classic theory that the capillary 

snap-off is the dominant mechanism to cause bubble break-up at the throat, the authors 

showed that the interactions between neighboring bubbles can also cause “pinch-off” of 

bubbles and thus produce smaller bubbles.  

Particle clogging at narrowing flow channels is a problem in oil recovery near 

wellbores and a very fundamental issue in soil filtration processes. Dersoir et al. 103 

conducted pumped particle suspension through parallel pore-throat structures and observed 

the clogging dynamics at different flow parameters. Results showed that particles have to 

“pile up” over a length roughly equal to the width of the pore in order to stably clog the 

throat. Two clogging regimes were identified according to the applied pressure. 

Massenburg et al. 104 further used a similar channel design and found the time needed to 

clog tapered microchannels depends on the shear stress near the constriction. Increasing a 

channels mouth width or decreasing its length can prevent particles from attaching to the 

channel walls.  

Flow experiments in dead-end geometries 

Residual oil in depleted conventional reservoirs is trapped in many forms, including 

in dead-end pores. In a dead-end pore, the pressure gradient vector is vertical to the possible 

outlet of oil in the pore body, which makes the displacement of the oil by invading fluid 

difficult. 

Bartels et al. 105 applied a repeating dead-end single channel to study the effect of 

salinity in changing crude oil – glass interactions. Clays are also inserted into this 

microchannel. The channel was first saturated with crude oil, and then high salinity water 
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and low salinity water was injected in sequence. The authors revealed that the glass surface 

is oil wet in high salinity water flooding, but changed to almost completely water wet when 

the flooding liquid was changed to low salinity water. This alteration in wettability is slow 

(several days), however, it can help to mobilize crude oil trapped in dead ends efficiently.  

Kamyabi et al. 106 investigated the effects of Ca and wettability on recovery of oil 

trapped in dead-end pores, when using water and surfactant aqueous solutions as displacing 

liquid. Both microfluidic experiments and computational modeling were conducted and 

compared. They found that sweep efficiency is higher in the water-wet case than in the oil-

wet case. They also found an interesting phenomena, that low Ca sweep efficiency is more 

than that of high Ca, which is opposite to the intuition that higher Ca can lead to more 

recovery.  

 

Figure 2.2: Several elementary units that were extracted and studied for understanding 
multiphase flow in porous media. (a) Emulsion flow in straight channel 91. 
(b) Oil droplet trapping at pore-throat structure 107. (v) Droplet formation 
with partially miscible system 97. (d) Oil displacement in dead-end structure 
105. 



 22 

2.2.3. Porous micromodel studies  

Although the simple, elementary-unit geometries are useful for some fundamental 

understanding, porous media are not simple linear summations of elements. Pores, 

channels and fractures in porous media are interconnected, so any disturbance in one pore 

can affect neighboring pores. Thus, studying the dynamics of pore network systems, rather 

than only the fluidics in one or in one pore/fracture, is a crucial step towards the application 

of upscaling pore-scale behavior into the reservoir scale.  

Consequently, many designs that incorporate pore-networks into microfluidic 

platforms have been introduced to mimic naturally-occurring porous media, which are also 

called “micromodels” or “porous micromodels”. According to the specific research area, 

micromodels also have nicknames such as “rock-on-a-chip” 108, “soil-on-a-chip” 109, 

“reservoir-on-a-chip” 110, “aquifer on a chip” 111, etc.. Flow experiments on such 

micromodels are a key bridge connecting single-pore-scale study and macro-scale flood 

experiments. 

Geometry designs for porous micromodels 

Porous micromodels are designed in order to include key characteristics of 

naturally-occurring porous media. However, due to the limitations from two-dimension 

design, the fabrication accuracy and visualization technology, simply copy-and-paste of 

real porous structure to porous micromodels is not possible. Thus, appropriate extraction 

and simplification of a real complex porous geometry should be conducted in order to 

provide general and reproducible conclusions without sacrificing most important features. 

As a result, some compromises between simplification and representativeness have to be 

performed in designing the micromodel, according to the research objectives. 

Channel-network designs. Networks of straight microchannels are one of the most 

simplified porous micromodels. In such micromodels, the channels could be seen as the 
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“pore throats”, and the intersecting points could be seen as the “pore bodies” 112. This idea, 

with relatively larger channel width and depth (>100 µm), has been adopted by some 

researchers even before the birth of “microfluidics” conception5, 113-114. Other than 

regularly patterned channel networks, many advanced improvements in design 

methodology were reported to make the channel networks more realistic in topology with 

controllable randomness, including the introduction of Voronoi tessellation by Wu et al. 

115, assigning channel widths and lengths following certain distributions and complex 

algorithms 63, or using fractal designs 116. Due to its lack of variation in channel sizes 

between throats and pores, it is not a good representation of many sedimentary porous 

media such as soil, sands, and most rocks. However, such designs can be a good 

representation of some geomaterials, such as coals 117 and salts, where natural micro-

fractures networks occupy most pore spaces. 

Grain/pore-array designs. Designing a porous micromodel from the perspective 

of “grains” and “pores” can solve the problem of channel-network’s limitation in 

representation of sedimentary porous materials. Following this design methodology, the 

micromodel was occupied by regular or irregular arrays 118 of circular or non-circular 

grains 119, and the void space is the pore-throats and the pore-bodies. Such designs provide 

a difference of flow channel width between pore-bodies and pore-throats, thus highlight 

the significance of capillary trapping of non-wetting phase droplets/bubbles in porous 

media. Consequently, grain-arrays design methodology is very popular for the studies on 

NAPL removal and EOR, where the trapping and mobilization of residual oil droplets in 

pore-throat structures is one of the core questions. 

Real rock cross-section designs. In order to represent 2-D porous micromodels as 

realistic as possible, some researchers directly refer to the 2-D image of real rock cross-

sections from CT-scanning or microscopic images 120. Although there is some 
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disagreement about whether the 2-D cross-sections can topologically represent the 3-D 

porous media (details are discussed in Section 2.3.4), these methods can ensure that the 

geometric properties are somewhat compatible to the research objectives, both at the pore 

scale (grain shapes, throat-body ratios) and in network scale (heterogeneity).  

 

Figure 2.3: Different strategies to design 2-D porous micromodel. (1) Channel network 
112. (b) Grain array 118. (c) Real rock cross-section 120. 

 

Fundamental discoveries from 2-D micromodel experiments 

 Using a micromodel platform, many phenomena that have been predicted by 

classic theories have been directly visualized and better understood. The gas-in-oil-in water 
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flow during WAG (water alternating gas) process was observed very early by Keller et al. 

121 on a glass micromodel. Capillary end effect was visualized by Dawe et al. 122 by 

introducing discontinuity of permeability into the micromodel. Wetting phase imbibition 

(wicking) 123 was shown to follow classic theory. Haines jump, which is an unsteady 

mechanism in non-wetting phase drainage, was experimentally and computationally 

investigated by Armstrong et al. 124. Kamari et al. 125 investigated heterogeneity’s effect in 

recovery factor with fractured micromodels, showing that heterogeneity factor in their 

modified equations can be expressed as a function of fracture length and orientation. 

Capillary desaturation curve (CDC) on 2-D porous micromodels was investigated by 

Castro et al. 126, showing that viscous fingering can make the CDC curve nonmonotonic, 

which confirmed the results from several previous bead-pack experiments. Relative 

permeabilities 127 in micromodels were also measured, with the effect of connectivity and 

wettability investigated.  

Moreover, direct visualization can provide new knowledge that is hard to predict 

from theory or from non-visualized experiments. Using micromodel experiments, many 

new phenomena or new physics have been discovered, which can provide (1) feedback to 

improve the macro-scale models and operations and (2) good references for computational 

modeling.  

An example of flow phenomena that visualization on micromodels can provide new 

understanding of is viscous fingering. Viscous fingering occurs when the displacing liquid 

has a higher mobility than the displaced liquid, which negatively affects the sweep 

efficiency. However, in traditional coreflood experiments, it’s hard to record the 

development of the fingering and to correlate the fingering with micron-scale geometries. 

Doorwar et al. 128 conducted water imbibition into viscous oil saturated glass micromodels, 

and quantified the water saturation at the breakthrough point to characterize the fingering 
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effect. By testing a wide range of viscosity ratios, a novel mathematical model was 

proposed to predict viscous fingering patterns. Jamaloei et al. 129 observed that the number 

of fingers is not dependent on flow rate, and grows with square root of time. In addition, 

finger width is observed to be comparable with pore size. Zhao et al. 130 presented the 

fingering patterns at systematically various wettabilities, finding that increasing the 

substrate’s affinity to the invading fluid results in more efficient displacement up to a 

critical wetting transition, beyond which the trend becomes decreasing. Ferrari et al. 131 

compared the experimental fingering data against computational simulations and 

systematically discussed the challenges in simulating such unstable flow phenomena.  

New findings from micromodel experiments also helped to construct basic theories 

of new oil recovery methods, such as low salinity water flooding. Maaref et al. 132 

investigated the dispersed phase’s salinity’s effect in water blockage during oil production 

with a micromodel, and found that using high salinity brine has 12.5% less emulsion 

recovery than using low salinity brine. Salinity’s non-monotonic effect on oil-water 

interface elasticity was investigated by Chávez-Miyauchi et al. 133. Their displacement 

experiments in a micromodel showed strong differential pressure fluctuation and relatively 

low oil recovery in cases with high interface elasticity. By analyzing the effect of salinity 

on asphaltenes’ adsorption on the oil-water interface, the authors proposed to weaken the 

negative effect of the salinity-related surface elasticity by adding a trace amount of 

surfactant as a surface elasticity reducer, which was successfully validated in further 

micromodel displacement experiments. In addition, low-salinity-water flooding is an EOR 

method that is rapidly gaining interest. Low salinity water’s effect on clay 134 and 

wettability 135 were well investigated in a micromodel. In addition, based on micromodel 

visualization, Sandengen et al. 136-137 proposed a new mechanism that low-salinity flooding 

can improve oil recovery by Osmosis. 
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The interaction between fluids and minerals in porous media can affect multiphase 

flow, which also needs better understanding from direct visualization on micromodels. The 

dissolution-precipitation reactivity of minerals were investigated by Harrison et al. 138. 

Singh et al. 139 studied the ability of microbes to drive CaCO3 biomineralization in a 

micromodel. This study provides a methodology to incorporate microbial activity in 

existing flow models. Formation damage caused by clay swelling was investigated in a 

micromodel by Sharifipour et al. 140. In this study, the authors observed not only the clay 

swelling’s effect in permeability reduction, but also its effect in changing oil distribution 

which causes more oil to be bypassed.  

Practical applications on micromodel platforms 

 Micromodels can be used as screening tools or even surrogates for core flood 

experiments. Both NAPL removal and EOR applications require extensive experiments to 

help in constructing appropriate models and finding the correct parameter values.  

Polymer flooding is currently the most commonly used chemical-EOR method, and 

was studied in micromodels as early as 2008 by Meybodi et al. 141, and a follow up study 

later 142. Complex rheology of polymers in porous media, include shear-thinning 143 and 

viscoelastic effects 144-145, makes modeling polymer EOR challenging. Mitchell et al. 144 

recently reported a viscoelasticity-induced instability in a channel-network micromodel. 

Such instability’s potential in mobilizing residual oil was further discussed by Clarke et al. 

145.  

Surfactant based EOR and NAPL removal have received attention from the oil and 

gas industry because it can achieve ultra-low IFT, which can increase the Ca by 4-6 orders 

of magnitude. Howe et al. 146 conducted visualization of surfactant EOR on a channel-

network micromodel, and compared the performances of several different surfactants. 
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Specifically, they did not record the flowing microemulsion, which is predicted by theory 

and sand-pack experiments.  

Foam flooding is an EOR method that utilizes gas injection. Gauteplass et al. 147 

reported foam based oil displacement in micromodels with fractures, which visualized the 

generation of foam bubbles in a matrix and quantified foam’s ability to improve sweep 

efficiency. Foam flooding’s advantage over direct gas injection in conformance control 

were demonstrated. More complex enhancements of foam injection, such as polymer 

enhanced foam 148 injection and nanoparticle enhanced foam injection 149, are also 

investigated on micromodels. A surprising conclusion from the micromodel experiments, 

“no relationship between bulk foam stability and displacement efficiency” was made in the 

recent (2017) article by Osei-Bonsu et al. 150. As the foam rheology in porous media is still 

far from well-understood, more effort should still be conducted in this specific area.  

Thermal EOR is difficult to visualize due to the high temperature/temperature 

gradient. However, with the help of good a temperature control system, visualized study of 

steam assisted gravity drainage (SAGD) was also conducted on a micromodel 151. Some 

other complex EOR or NAPL removal strategies that have been investigated on 

micromodel includes nanoparticle-polymer synergistic flooding 152, condensing solvent 

bitumen extraction 153, Microbial EOR 154, etc.  

Applying micromodel for fast screening of EOR chemicals 

New chemicals for EOR applications are continuously developed and most of those 

chemicals are very sensitive to reservoir conditions (temperature, pressure, crude oil 

chemistry, salinity, heterogeneity, etc.), which can be different from one location to another. 

Thus, there is a great need for testing and screening EOR chemicals in an efficient and fast 

way, which can be achieved by 2-D porous micromodels 155. It has been proven to be an 
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efficient way to assess and screen surfactants 156, foam stabilizer 149, 157 formulations, 

nanoparticles 158, polymer-enhanced emulsion flooding 159, nanoparticle stabilizers 160, and 

other more complex EOR agents 161. Chemical’s efficiency with special geometries such 

as obstacles and fractures 158 can also be screened in micromodel with such features 

inserted. Chemicals’ efficiency in demulsifying W/O emulsions were also screened on a 

micromodel for production enhancement 162. 

 

2.2.4. Limitations of 2-D micromodels: theories and recent improvements  

Designable and mixed wettability 

Although the control of wettability uniformly on artificial porous media (i.e. 

micromodels) is mature 163-164, naturally-occurring porous media always have very 

complex and mixed surface wettability at the pore scale 165-167. Consequently, one major 

limitation of micromodel-based research is the ability to include mixed wettability, i.e. 

pore-scale heterogeneity of wettability.  

Recently, Lee et al. 168 fabricated a grain array micromodel with each grain’s 

wettability controllable independently by using rationally designed copolymers in the 

fabrication process, which allowed them to tailor the wetting behavior (oleophilic/phobic) 

of the structures without requiring additional surface modifications. They studied the 

liquid-trapping mechanism using this technology 169. This approach shows a promising 

path towards controllable non-uniformed wettability. 

Limitations of 2-D porous media design and insertion of 3-D features 

Classic 2-D porous micromodels are 2-D arrays of 2-D pores/channels without 

variation in depth. In 3-D naturally-occurring porous media, both the grain phase and the 

pore space are continuous. For multiphase flow, non-wetting phase occupies the center of 
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the of largest pores and wetting phase occupies the smallest pores and forms a connected 

path along the grain surfaces. However, in a 2-D micromodel, realizing the continuity of 

grain phase and the continuity of pore space simultaneously is topologically impossible. 

Consequently, in order to make the porous medium permeable, researchers using 2-D 

micromodels sacrifice the continuity of the grain phase. This makes the wetting phase flow 

behavior topologically different from that in 3-D porous media.  

3-D printing is a potential approach to construct 3-D features but the limit of 3-D 

printing resolution and materials makes the approach not yet feasible for practical 

applications 170. Some researchers have etched micromodel substrates twice, thus creating 

dual-depth micromodel 171, but this method meets alignment difficulties in introducing 

local (pore-scale) 3-D features (although it is good for introducing macroscopic 

heterogeneity). Based on this approach, multiple layer-by-layer etching was conducted to 

make a more continuous and realistic surface even with local 3-D features 172. However, 

such layer-by-layer methods add considerable complexity and cost in fabrication. 100% 

topologically realistic designs can still not be achieved, so compromises should be made 

to keep the relatively important features according to specific research topics.  

Reproducibility  

Dependable screening methods are based on solid data reproducibility. Although 

the fabrication of micromodels is of good reproducibility, the reproducibility of flow 

experiments on micromodels with naturally unstable flow conditions (such as viscous 

fingering) is not always good. Marchand and Bondino et al. 173 reported a systematic 

research on the data dispersion on a micromodel with large amount of repeating 

experiments. Their statistics on capillary desaturation curves with tens of experiments 

showed that the data can have 10-20% difference under identical flow conditions. The 
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authors attribute this data dispersion to the randomness carried by small fabrication defects 

and fluctuations in flow rates, which, although not large in its relative value, can make a 

big difference when the number of pores is relatively small (hundreds or several thousands) 

and design is homogeneous. Ling et al. 174 compared the reproducibility at different Ca 

number, with more than twenty imbibition experiments and more than twenty drainage 

experiments on micromodels. They showed that the lower Ca experiments (Ca = 1.8×10-5) 

show considerable data uncertainty, but the higher Ca experiments (Ca = 1.8×10-2) shows 

almost negligible uncertainty. Their observation supported that the geometric defects plays 

an important role by providing capillary pressure uncertainty, which is weakened in high 

Ca cases.  

 

2.3. NANOPARTICLE BASED ENHANCED OIL RECOVERY: A NEW FRONTIER 

Nanoparticles (NPs) possess many promising properties that render them a 

potential for improved recovery of non-wetting phase, including applications such as EOR 

23, 175. In an aqueous dispersion, NPs can be adsorbed on the fluid/fluid or fluid/solid 

interface due to the reduction of interfacial energy 176-179. The adsorption leads to several 

effects that may help to reduce residual oil or to increase sweep efficiency: 

generation/stabilization of emulsion/foam 180-181, reduction of IFT 177, 182-183, change of 

emulsion rheology 184-186, increase of disjoining pressure 187-188, and alteration of wettability 

40, 189-190. As NPs are thermally and chemically more stable than polymer or surfactant 43, 

191-192, they can be effectively employed in harsh subsurface conditions (high temperature, 

high salinity, small pores).  

A number of displacement experiments with reservoir cores or sand packs have 

been reported to investigate the role of NPs in mobilizing trapped oil. Hendraningrat and 



 32 

Li et al. 193 injected a dispersion of silica NPs into sandstone cores after flooding with brine. 

They showed improved oil recovery with the increase of NP concentration in the displacing 

phase, which was attributed to IFT reduction and wettability alteration. The injection can 

lead to the adsorption of NPs on the rock surface, which is considered a key factor that 

alters wettability or reduces permeability 193-195. NP’s effect on fluid rheology has also been 

investigated. Low concentrations (<5 wt%) of NPs do not significantly impact the aqueous 

viscosity 196, but core flood experiments show that NPs can be used as foam/emulsion 

stabilizing agents, thereby substantially increasing the apparent viscosity of the displacing 

phase 197-198.  

Although NP’s role in reducing residual oil have been claimed, the fundamental 

mechanisms for the mobilization of trapped oil using NP-based fluids is still not fully 

understood, partially due to the difficulty of directly visualizing of the mobilization 

phenomena 23. 

Microfluidics provide direct visualization of immiscible displacements down to the 

micron-scale as discussed above, and some works on NP-based EOR have been presented 

199-202. NPs-based secondary oil recovery was studied by Ryles et al. 203. They showed that 

steady-state IFT between nanofluid and oil decreases with an increase in NP concentration, 

and that increased NP concentration is positively related to final oil recovery. However, 

such a correlation is not strong enough to prove their proposed mechanisms. NPs’ 

deposition on the solid surface and its positive effect on surface wettability were also 

visualized 199, 201. Nguyen et al. showed the improvement of oil recovery over water 

flooding when NP-stabilized CO2 foam was used as the displacing phase 192. These works 

have given a better understanding of flow behavior in a pore-structure.  

In summary, there have been proposals to utilize NPs in many different ways for 

EOR and each proposal was supported by some experimental results. Most of those 
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researches mentioned above were using NPs as enhancement of other traditional EOR 

chemicals such as surfactants, polymers and emulsion/foam stabilizing additives. 

Microfluidics have also been applied to visualize, interpret, and then to support those 

proposals. However, with so many differences from traditional molecular EOR chemicals, 

the development of NP-based-EOR should be not only on “understanding” and 

“optimization” of existing methods, but also on “exploration”, “creation” and “verification” 

of new and better methods to apply NPs for EOR --- especially taking into consideration 

that none of the above methods have been applied in industry practices or to be proven 

economically profitable. 

For exploration, creation and verification of new NP-based-EOR methods, 

researchers need (1) a deeper understanding of NP-oil, NP-water, NP-grain interactions 

and NPs or NP suspension’s effects in modifying oil-water, oil-grain, water-grain 

interactions, and (2) experimental platforms for fast and effective screening of proposed 

EOR methods, including new methods’ performance on different porous geometries, with 

different crude oils and brines, under different pressures/temperatures, etc. Based on the 

discussion above in this chapter, these two requirements can be well addressed by 

appropriate application of microfluidic devices. An important purpose of the work 

presented in this dissertation is to show how appropriate microfluidic/micromodel 

experiments can help to explore both mechanisms and new strategies of NPs-based-EOR 

methods. The methodology could be further generalized for other EOR approaches. 
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CHAPTER 3: NON-WETTING DROPLET TRAPPING AT A PORE-
THROAT1  

3.1. BACKGROUND 

Immobilized oil at pore-throat geometries in the form of droplets arises from the 

presence of capillary forces and is one of the most common oil-trapping scenarios in water-

wet porous media 204. It is therefore important to understand the mechanisms of such oil 

trapping and strategies to mobilize those trapped oil droplets. For pure water and surfactant 

solutions as a continuous phase, it has been well established that IFT and viscosity are two 

key factors to determine droplet trapping and mobilization 205-206, although theoretical 

models to predict the trapping behavior for completely water-wet case were still absent. In 

addition, some complex displacing fluids’ effect, such as NPs aqueous suspension, are not 

well understood. In many previous works, researchers suggested that the reduction of IFT 

due to the adsorption of NPs at the fluid interface may be a critical mechanism. However, 

other hypotheses (e.g. dynamic IFT in presence of NP, and changes in other interfacial 

properties such as dilational rheology of NP-adsorbed interface 186) need to be investigated.  

In this chapter, I attempted to better understand (1) the trapping mechanism of 

completely non-wetting fluids at a model pore-throat structure with rectangular geometry, 

and (2) the role of highly hydrophilic, negatively charged NPs on mobilizing trapped non-

wetting oil droplets at the pore-throat structure. A mathematical model is developed based 

on certain assumptions to describe droplet trapping criteria with parameters that are easily 

obtainable, and the model was validated by experiments that match those assumptions. By 

comparing the model against experimental results of a system with highly hydrophilic 

                                                
1 Most part of this chapter (before minor revisions) was published with Ke Xu listed as the primary and 
first author at: Ke Xu, Peixi Zhu, Chun Huh, and Matthew T. Balhoff. "Microfluidic investigation of 
nanoparticles’ role in mobilizing trapped oil droplets in porous media." Langmuir 31, no. 51 (2015): 13673-
13679.  
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negatively charged NPs in the continuous phase, it is clarified that the model was also valid 

when adding highly hydrophilic negatively charged NPs into the displacing fluid, and thus 

provide an explanation of how highly hydrophilic negatively charged NPs help to mobilize 

trapped oil droplets at the pore scale.  

Applications of this work include food processing, chemical industry and 

environment engineering, where phenomena such as oil-water separation with microporous 

membrane 207, emulsification with porous membrane 208 and multiphase flow in packed-

bed reactors 209 may occur and multiphase flow through throat-like geometries may 

manifest. 

 

3.2. MICROFLUIDIC EXPERIMENTAL SET-UP AND MICROMODEL FABRICATION 

In the microfluidic experiments, decane or a surfactant (Span 80, TCI AMERICA) 

in decane solution was used as the oil phase, and D.I. water or NP dispersion was used as 

the aqueous phase to displace the trapped oil. The surfactant-in-decane solution was 

prepared by adding a specific amount of surfactant in decane. The silica NPs (EOR5X, 

provided by Nissan Chemical) used in this work have an average size of 5 nm and the 

surface zeta potential was measured as – 60.4 mV, indicates that this NPs are highly 

negatively charged and hydrophilic. The NPs are provided as a 20 wt% concentrated 

dispersion and was diluted to achieve the desired concentration (2 wt% and 4 wt%, in this 

work).  
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Figure 3.1: (a)-(c) The schematic diagram of the microfluidic design in this experiment. 
(a) Full view, (b) Droplet generator, (c) Pore-throat structure. The aqueous 
phase is represented by blue color, and oil phase is represented by yellow. 
The arrows indicate the flow direction. The dimensions of the design are 
given in Table 3.1. (d) Image of the overall experiment set up.  

The 2-D design of the microfluidic chip is given in Figure 3.1a. The two major 

features in this design are the droplet generator (Figure 3.1b) and the pore-throat structure 
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(Figure 3.1c). The droplet generator consists of three independent flow inlets. In the 

upstream is a typical T-junction for creating monodispersed oil-in-water emulsion droplets 

210-211. The size and generation frequency of the droplets can be controlled by adjusting the 

injection rates of the aqueous (inlet 1) and oil phases (inlet 2) 210. The main channel is then 

widened in the downstream of the T-junction. Another aqueous phase injection inlet (inlet 

3) is set, with the help of which a good control of total flow rate and volume ratio can be 

achieved. Further downstream is the pore-throat structure for oil droplet trapping. The 

channel width converges dramatically from 230 µm to 50 µm and then expands back to 

230 µm, as shown in Figure 3.1c.  

Microchip fabrication methods are described in the Appendix of 212, which is glass-

based and following a standard lithography process and hydrofluoric (HF) acid etching 

process. A channel depth of 30 µm was obtained by controlling the HF-etching time. The 

dimensions of the channels after etching are given in Table 3.1.  

 

Table 3.1: Channel dimensions in the microfluidic device 

Channel Width (µm) Depth (µm) 

Inlet 1 40 30 

Inlet 2 40 30 

Inlet 3 230 30 

Main Channel 230 30 

Throat 50 30 

 

3.3. DROPLET TRAPPING AND MOBILIZATION EXPERIMENTS AT PORE-THROAT 

The microfluidic device was placed on an optical microscope (OMAX) platform. 

The three flow inlets were connected to three independent syringes (Hamilton), which were 
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mounted on three syringe pumps (Chemyx Fusion) that allow precise control of the 

injection flow rate. The experimental setup is shown in Figure 3.1d.  

In the microfluidic experiment, emulsion droplets with expected initial size were 

first generated by adjusting the flow rate of flow inlet 1 and 2. After the flow became stable, 

the oil injection was paused and the flow rate of aqueous phase injection inlet 3 was 

increased in order to push all droplets through the throat except the last one. Before the last 

droplet arrived at the throat, flow from inlet 3 was paused and flow rate of the aqueous 

phase from inlet 1 was reduced to 5 µl/hr. In the operating range of this experiment, all 

droplets could be trapped at the throat at this flow rate. Then, the flow rate of inlet 1 was 

increased gradually until the droplet was pushed through the throat. The flow rate was 

recorded as the ‘critical flow rate’ for that trapped droplet size. Then, the above procedures 

are repeated for a different initial oil droplet size, and finally obtained a critical flow rate 

versus droplet size relationship for different systems. Figure 3.2 shows snapshots taken 

during the experiments. Monodisperse droplets generated from the T-junction are shown 

in Figure 3.2a, Oil droplets of different sizes trapped at the throat are shown in Figure 3.2b-

c. In all experiments, droplets are in a slug shape, i.e. have an equivalent diameter larger 

than the channel width. The total experimental duration from droplet generation to the point 

when the droplet pass through the constriction is on the order of tens of seconds. 
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Figure 3.2: Snapshots showing droplet formation and trapping in the microfluidic chip. 
a) Monodisperse droplets generated at the T-junction. b) ~c) Oil droplets of 
different sizes trapped at the throat and the definition of droplet length. (b) 
and (c) share the same scale bar as shown in (c). The flow direction is from 
right to the left.  

 

3.4. PHYSICAL AND MATHEMATICAL MODEL OF NON-WETTING DROPLET TRAPPING AT 
AN IDEAL PORE-THROAT GEOMETRY AND MODEL VALIDATION 

A simplified force balance analysis on dynamics of completely non-wetting droplet 

being trapped at a pore-throat geometry is not known to be available. There are relevant 

works on dynamics of elongated droplet (slug) flows in straight microchannels, moving 

along with the surrounding medium, with IFT being the only interfacial effect considered 

99, 213 (which means, surface viscoelasticity and co called “dynamic IFT” do not play a role). 

According to those works, the physical forces exerted on an oil droplet include 

hydrodynamic force, Fhydrod, that tends to mobilize the droplet, and a capillary force, Fcaps, 

which is a result of droplet deformation induced by the hydrodynamic force. Fhydrod is 

proportional to the droplet length L, the velocity of the continuous fluid u and the viscosity 

of continuous fluid µ, as: 
  

   (3.1) hydrodF a uLµ=
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where a is geometric coefficients of the rectangular channel. 

 Fcaps is a more complex force, which is both related to the interface properties and 

the continuous viscous force. As indicated in 213, it can be expressed as 

 

  (3.2) 

Where b is a geometric coefficient of the rectangular channel, and Ca is the 
capillary number, defined here as: , where γ is the water-oil IFT.  

It can be assumed that Equations (3.1) and (3.2) are also applicable for a trapped 

oil droplet at throat, with the channel’s variable cross-section represented by the geometric 

factors, a and b. Since the droplet is at rest, the hydrodynamic force balances capillary 

force. Therefore, Fhydrod = Fcaps, which leads to 

 

   (3.3) 

It should be noted that, Equation (3.3) may hold, only when two assumptions are 

valid: (1) The oil droplet is completely the non-wetting phase, and (2) only hydrodynamic 

and capillary forces dominate this trapping process. 

For a fixed geometry and viscosity, the slope of Equation (3.3) should be constant 

regardless of the liquids used. In order to validate the model, experiment was performed 

using deionized water as the continuous phase and decane mixed with different 

concentration of surfactant (Span 80) as the dispersed phase in the same chip. Here an oil 

soluble surfactant was used in the droplet phase because if water-soluble surfactant were 

used in the continuous phase, wettability of the channel could be altered due to surfactant 

adsorption and viscosity of the continuous phase could be changed. The concentrations of 

1/3
capsF b uCaµ -=

uCa µ
g

=

1/3L Ca-µ
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Span 80 /NPs and the corresponding equilibrium IFT (required for calculation of Ca) are 

provided in Table 3.2.  

 

Table 3.2: Concentration of surfactant and NP in the experiment and the corresponding 
IFT data. 

 
Span 80 (wt%) IFT (mN/m) NP (wt%) IFT(mN/m) 

0 48.3 0 48.3 
0.0045 28 2 33.0 

1 4.2 4 29.9 

 

 

Figure 3.3: The fitting result of Equation (3.4) to a surfactant system. DI water was used 
as aqueous phase; blue circles are data for pure decane as oil phase; red 
squares are data for 4.5 × 10-3 wt% Span80 in decane as oil phase; green 
triangles are data for 1 wt% Span80 in decane as oil phase. The linear fitting 
is given by the black dashed line.  
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Figure 3.3 shows plots of droplet length L vs. Ca -1/3 for various concentrations of 

surfactant in the oil phase. Regardless of the surfactant concentration in the oil phase, all 

the data points fall on to a straight line, indicating that the correlation of Equation (3.3) is 

valid when viscosity and IFT are the only dominating factors for oil trapping.  

 

3.5. ROLE OF HIGHLY HYDROPHILIC SILICA NANOPARTICLE IN MOBILIZING TRAPPED 
NON-WETTING OIL DROPLET AT PORE-THROAT 

Highly hydrophilic and negatively charged NPs are dissolved in DI water as 

displacing fluid. Figure 3.4 shows the length of the trapped droplet L along the principal 

flow direction against critical flow rate, Q, for 0 wt% (DI water), 2 wt% and 4 wt% NP 

dispersion. The definition of L is provided in Figure 3.2b. The monotonic decreasing 

relation indicates that smaller droplets are more difficult to mobilize, i.e., when the droplet 

size gets smaller, a higher flow rate is required to mobilize it through the throat. This is due 

to increase of capillary resistance force caused by increased droplet curvature. It is 

consistent with the fact that the increase of capillary number recovers more oil.  

Comparison of the three curves in Figure 3.4 shows better oil recovery with the 

increase of NP concentrations. When the critical flow rate of the aqueous phase is fixed at 

50 µl/hr, for example, the dashed curves indicate that the smallest size of the droplet that 

can be mobilized in 0 wt%, 2 wt% and 4 wt% dispersion is 280 µm, 210 µm and 160 µm, 

respectively. Therefore, the size of unrecoverable oil droplet is decreased by 40% when 

NP concentration is increased from 0 to 4 wt%. The results suggest that the presence of 

NPs in the aqueous phase has the potential to enhance oil recovery by pushing trapped oil 

droplets at the pore-throat structure that cannot be mobilized by water, consistent with the 

results of coreflood experiments 23, 193-194.  
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Figure 3.4: Plot of trapped droplet size L versus critical flow rate Q. Blue circles are data 
for DI water as aqueous phase; red squares are data for 2 wt% NPs in water 
as aqueous phase; green triangles are data for 4 wt% NPs in water as 
aqueous phase. The dotted lines are simple power fitting of three group of 
data. The curves are presented merely to show the trend of the data. 

In the last section, a semi-theoretical correlation was presented that well describes 

a droplet displacement process when the change of IFT is the only factor that governs the 

interfacial effect. The correlation has been validated in a dilute surfactant system. If the 

data from the latter matches the model, it can be then conclude that the reduction of IFT is 

the major reason for droplet mobilization, because two assumptions to validate this model 

should be true: (1) The oil droplet is completely non-wetting phase, and (2) only 

hydrodynamic and capillary forces dominate this trapping process. Otherwise, it implies 

the existence of other interfacial mechanisms. 
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Figure 3.5: Data-fitting of oil-trapping experiment with NPs in aqueous phase. Blue 
circles are data for DI water as aqueous phase; orange triangles are data for 
2 wt% NPs in water as aqueous phase; red squares are data for 4 wt% NPs 
in water as aqueous phase. The black dashed line shows the linear 
correlation.  

Equation (3.3) is then used to fit to the data obtained from the NPs flow experiments, 

and the fitting results are presented in Figure 3.5. The linear Einstein equation for effective 

viscosity, which is applicable for NP suspension for this concentration range, was used for 

calculating Ca. The IFT values between decane and different concentrations of NP 

dispersion are listed in Table 3.2 along with the data for surfactant system. As was observed 

for surfactant, all the data in Figure 3.5 collapse onto a straight line, suggesting that the 

effect of highly hydrophilic and negatively charged NPs on mobilizing the trapped oil 

droplet is mainly through reduction of IFT, which increases the capillary number.  
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3.6. CHAPTER SUMMARY 

A microfluidics platform to investigate the mechanism of oil droplet trapped at a 

pore-throat structure was constructed, with precise control of flow conditions. A 

mathematical model was constructed and successfully correlates the oil-droplet size with 

the critical flow condition to mobilize the droplet, for the condition that capillary number 

and pore-throat geometry are the only two dominant parameters.  

It is found that an increase in NPs concentration could decrease the flow rate 

required to push a certain oil droplet out on a fixed geometry, which means an easier oil 

recovery process. Nanoparticle’s role in mobilizing trapped oil droplets at a pore-throat 

geometry was clarified based on this model. Aqueous NP suspensions are found also fit 

the correlation, indicating that no factors other than capillary number and pore-geometry 

play a considerable role in this case. In mobilizing oil droplet trapped in pore-throat 

structure, NPs’ effect (without synergy with surfactants and interacting with pure non-polar 

oil) is very similar to surfactant, i.e., reducing trapped oil size mainly by reducing IFT.  
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CHAPTER 4: EMULSION FLOW AND A NANOPARTICLE-
SURFACTANT SYNERGY OF EMULSION SYSTEMS IN A MODEL 

MATRIX-FRACTURE MICROMODEL2  

4.1. BACKGROUND 

Among all EOR options, applying a macro-emulsion as the displacement fluid 

(emulsion flooding), especially for heavy oil recovery 214, has so far received limited 

attention 215-216 despite its good potential. A major potential advantage of emulsion-based 

EOR is that the emulsion blocks the high-permeability paths and then forces more 

displacing fluid into low-permeability regions, which is difficult to achieve with a single-

phase displacing fluid 217-221. Thus, the emulsion-based EOR method is particularly 

promising for highly heterogeneous and naturally fractured reservoirs. In addition, as 

condensates’ price is relatively low and thus can be used as cheap material of emulsion, 

the economic potential of this method is still considerable even in low price markets. 

Properties of emulsion flow are highly dependent on droplet size, droplet size distribution, 

phase ratio, and rheology of both the continuous and dispersed phases 220, 222. Even for a 

given emulsion system, its effective bulk viscosity might be quite different in 

channels/pores of different length scales. McAuliffe et al. 223 found from their coreflood 

experiments that oil-in-water emulsion proportionally reduced the permeability in high-

permeability cores more than in cores of lower permeability. They proposed that the most 

effective emulsion to enhance oil recovery is one in which the droplet diameters are slightly 

larger than the pore-throat constriction in the high-permeability zone. However, a 

fundamental understanding of such diversion mechanisms of emulsion flow in porous 
                                                
2 Most part of this chapter (before minor revisions) was published with Ke Xu listed as the primary and 
first author at: Ke Xu, Peixi Zhu, Tatiana Colon, Chun Huh, and Matthew Balhoff. "A Microfluidic 
Investigation of the Synergistic Effect of Nanoparticles and Surfactants in Macro-Emulsion-Based 
Enhanced Oil Recovery." SPE Journal 22, no. 02 (2017): 459-469. In addition, it was also partially 
presented in SPE Improved Oil Recovery Conference 2016 Apr 11. At Tulsa, OK.  
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media may require visualization of in-situ flow at the pore scale, which is not feasible with 

core floods.  

Microfluidics has been used in investigation of flow in fracture-matrix dual-

permeability porous media, in which emulsion-based EOR is claimed to have advantages 

in blocking high-permeability pathways and then diverting the displacing fluid into low-

permeability paths 218, 224. Wan et al. 225 first investigated single-phase flow in fractured 

porous media with a glass micromodel and directly showed the fracture and in-pore flow 

velocity profile. Multiphase problems such as gas-in-water flow in dual-permeability 

networks represented by micromodels have also been addressed. Zhang et al. 226 applied a 

micromodel to investigate supercritical CO2 displacement of water in a fractured matrix, 

and found that if only CO2 was injected, the fingering effect in a dual-permeability 

geometry is not preventable, but if water was injected together with CO2, the fingering 

effect disappeared. In particular, the research on foam flooding in microfluidics has been 

reported for dual-permeability geometries. Ma et al. 227 first constructed 2-D glass 

micromodels to investigate foam flow in dual-permeability porous media and showed a 

higher sweep efficiency of foam flooding than gas flooding. Conn et al. 228 investigated 

foam flooding in a tri-permeability micromodel that consisted of a fracture, high-

permeability network and low-permeability network and found that foam flooding showed 

higher sweep efficiency than gas flooding and WAG flooding. Since foam flooding and 

emulsion flooding share many similarities in basic flow principles, the results of foam 

flooding in dual-permeability porous media are encouraging for emulsion-based EOR. 

However, those results of foam EOR may not directly translate to emulsion flooding, 

because of (1) a much lower compressibility and (2) much lower IFT, in an emulsion 

system than in a foam system, which can significantly impact the flow. Although some 

microfluidic research on emulsion flooding has been done and its potential on mobility 
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control was proposed 218, there is still no microfluidic-based direct observation of emulsion 

flow on dual-permeability porous media. In this work, microfluidic experiments were 

conducted to study emulsion’s behavior using a geometry representative of fracture-matrix 

dual-permeability and discuss the effect of emulsion on sweep efficiency. 

Stability of emulsion droplets is one of the most important factors on the 

effectiveness of oil recovery in emulsion-based EOR. Unstable emulsions will result in 

quick coalescence leading to an increase in the average oil droplet size that is much larger 

than the pore size. According to the droplet behavior in pore-throat structures as shown in 

Chapter 3, a large oil slug can easily move through the main throat, thus reducing the 

emulsion’s ability to decrease the water mobility in the high-permeability porous region. 

Oil recovery becomes less effective because the displacing liquid flowing into low-

permeability matrix is reduced. Emulsions are typically stabilized by surface active regents, 

with their ability to help generate dispersions by reducing IFT and to delay/prevent droplet 

coalescence 229. Polymers can also be applied as a stabilizer by increasing the continuous 

phase viscosity and forming a chain-network between droplets, which can prevent droplet 

coalescence 222. However, the application of both surfactant and polymer at high-

temperature and/or high-salinity subsurface conditions is often difficult because they either 

become chemically degraded or lose their surface activity. 

It has been reported that the use of NPs and surfactant together can lead to further 

improvement in reducing IFT and stabilizing emulsions 230-233. Binks et al. 231 showed a 

synergistic effect of NP-surfactant mixture which enhanced emulsion stability. They found 

that the addition of surfactant makes the NPs more hydrophobic, thus increasing NPs’ 

adsorption on the oil-water interface. Pei et al. 217 found that a combination of NP and 

surfactant could increase the bulk viscosity of emulsion and then provide a better oil 
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recovery. Taking advantage of the NP-surfactant mixture may help to get a more cost-

effective and efficient emulsion-stabilization agent.  

In this chapter, with the help of microfluidic experiments, I attempt to provide an 

explanation to the following problems: (1) Emulsion distribution and oil saturation 

distribution during emulsion flooding in the fracture and in matrix; (2) Displacement 

performance difference of NP-stabilized emulsion from surfactant-stabilized emulsion in 

this geometry; and (3) The effect of droplet size and injection phase ratio on the flow and 

on local oil saturation.  
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Figure 4.1: (a) Image of a typical dual-permeability porous media showing a complex of 
natural fractures and matrix (image courtesy of Dr. Jessica M. Winder 
(https://natureinfocus.wordpress.com/) with permission) (b) The schematic diagram 
of the microfluidic design. A emulsion generator (top part) is in the upstream 
where emulsion with controllable droplet size, flux ratio and total flux is 
generated; a dual-permeability geometry is in the downstream, where a throat 
(main throat) is set in the high-permeability channel (main channel). There 
are several low-permeability side paths set along the main channel, which run 
across the throat and merge with the main channel again at the down stream 
of the main throat. (c)-(f) microscopy image for emulsion flow along the main 
channel, from (c) the emulsion generator through side paths entrances (d)(e), 
to the main throat (f). The scale bars in (c)-(f) represent 200 µm.  
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4.2. EXPERIMENTAL SET-UP 

Materials 

In the microfluidic experiments, decane was used as the oil phase, and deionized 

(DI) water with or without additives (NP, surfactant, or their combinations) was used as 

the aqueous phase. The silica NPs used are highly negatively charged hydrophilic and have 

an average size of 5 nm. The NPs are provided as a 20 wt% aqueous dispersion and was 

diluted to achieve the desired concentration (2 wt%). The surfactant used is 

polyoxyethylenesorbitan monopalmitate (‘Tween 40’), a water-soluble non-ionic 

surfactant. Glass micromodel fabrication follows similar procedure as mentioned in 

Chapter 4.  

Micromodel design for fracture-matrix porous media 

A typical natural fracture- matrix porous medium is shown in Figure 4.1a. In order 

to simulate flow in a characteristic geometrical structure, an 2D microfluidic chip was 

designed as shown in Figure 4.1b. The channel assembly is divided into two parts in 

sequence.  

Part I) Emulsion generator that can produce emulsions with controllable droplet 

size, droplet frequency and total liquid flow rate, as shown in the top part of Figure 4.1b 

and Figure 1c. A T-junction for creating monodispersed oil-in-water emulsion droplets 211 

was set upstream of the emulsion generator. The size and generation frequency of the 

droplets are controlled by adjusting the injection rates of the aqueous (“aqueous phase inlet” 

shown in Figure 4.1b) and oil phases (“oil inlet” shown in Figure 4.1b) 234. The channel is 

then widened in the downstream of the T-junction, where another aqueous phase injection 

inlet (aqueous phase inlet 2 shown in Figure 4.1b) exists to control the total flow rate.  
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Part II) Dual-permeability geometry to represent fracture-matrix porous media, as 

shown in the bottom part of Figure 4.1b and Figure 4.1d-e. A high-permeability path with 

a width of 617 µm (marked as ‘main channel’) opens to several diverging low-permeability 

side-paths of different widths from 27 µm to 67 µm, as shown in Figure 4.1d-e. A throat 

with a narrowest width of 67 µm (marked as ‘main throat’) is set in the main channel 

downstream of all side-paths as shown in Figure 4.1f. The main channel length (not shown 

in the figures) from the emulsion generator to the main throat is about 4.5 mm. All side-

paths merge with the main channel at the downstream of the main throat. The cross section 

of all channels are flat rectangular, and the geometry parameters are listed in Table 4.1. 

The experimental platform is shown in Figure 4.1g. 

It should be noted that, as the low-permeability pathways have a depth of 17 µm 

and a width from 27 µm to 67 µm, the characteristic dimension of those channels would 

be from 20-40 µm, which is commonly observed in high-permeability sandstone reservoirs, 

like Bentheimer sandstone 235. In the flow experiments, the total flow rates were controlled 

between 25 µl/hr to 30 µl/hr. Assuming a typical porosity of 0.2, the Darcy velocity of 

emulsion in high-permeability pathway (much like the fractures in sandstone reservoirs) is 

between 37 ft/day to 45 ft/day. Since the width of low-perm pathways are one order of 

magnitude smaller, under this pressure gradient the characteristic flow in those channels 

would be of the order of 1 ft/day, within the range of typical flow rate in the matrix of 

sandstone reservoir. 
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Table 4.1: Channel dimensions in the microfluidic device 

Channel Width (µm) Depth (µm) 

Aqueous Phase Inlet 1 47 17 
Aqueous Phase Inlet 2 35 17 

Oil Inlet 47 17 
Main Channel 617 17 
Main Throat 67 17 
Side-Path 1,2 27 17 
Side-Path 3,4 37 17 
Side-Path 5,6 67 17 

  

Experiment operation and emulsion-stability test 

As shown in Figure 4.1c, monodispersed oil droplets were generated from the 

emulsion generator, and then flow downstream into dual-permeability geometry. All 

images and videos were captured after the flow reached steady state, i.e., when droplet 

generation frequency and droplet sizes showed no change with time and the passing of 

droplets through the main throat is of constant frequency. 

 Emulsion stability is an important factor in the emulsion-flooding process. The 

decrease in volume fraction of emulsion layer under gravity force in quiescent state with 

time is a good preliminary way to quantify the emulsion stability. However, it is well 

documented that the method has major shortcomings for this study 231. For realistic 

representation of dynamic stability of emulsions at reservoir flowing conditions, a better 

measurement approach is required, especially to evaluate effectiveness of emulsion 

stabilizers for EOR applications. At least two factors may affect the stability of emulsion 

flowing in porous media: (1) liquid–solid surface interactions, which is significant in 

porous media because of confined spaces at the micron-scale, and (2) much larger 

asymmetric compressive stress on droplets 236 driven by a shearing force of the continuous 

phase, both of which are absent in the quiescent method. 
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An improved measurement of emulsion stability, which is more representative of 

in situ reservoir conditions, can be easily achieved in this microfluidic design: from the 

captured videos of emulsion flow along the 4.5 mm long main channel, the coalescence 

strength can be measured by ”counting” the change of droplet diameter when the flow is 

steady state. 

Image processing and data analysis 

All data were captured when the emulsion flow was at steady state. 2-D images of 

the flowing emulsion in the microchannel were captured by a digital camera connected to 

the microscope. Due to the difference in refractive indexes between the oil and aqueous 

phases, the edges of oil droplets were clearly identified and recorded. Then the images were 

converted into a binary format with oil phase in black and water phase in white. A Matlab 

program was created to count the black and white pixel ratio in order to calculate the area 

fraction of the oil phase in the channel. Because the depth of the channel is much less than 

the width and the droplet diameter, droplets are in the form of circular discs. Therefore, the 

2-D area fraction of oil droplets was assumed equal to the volume fraction of oil phase; 

and further, this oil volume fraction is defined as the local “oil saturation” for the 

microchannel system. 

4.3. QUALITATIVE INTRODUCTION OF FLOW BEHAVIOR 

When the flow in the main channel meets a side-path, the flow diverges and some 

fluid flows into the low-permeability channel. For all divergences, more water than oil 

flows into the side paths due to capillary resistance. If the emulsion was not stable enough, 

coalescence could be observed along the main channel, as shown in Figure 4.1d and Figure 

4.1e. 
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It is noticeable that the volume fraction of oil phase in the channel is much larger 

than its flux fraction, which indicates that the velocity of aqueous phase is considerably 

larger than that of oil phase, mainly due to the existence of the main throat, where oil 

droplets were slowed down by capillary forces. Upstream of the main throat, oil droplets 

have close contact with each other and experience deformation, until they pass the main 

throat. 

4.4. DYNAMIC STABILITY OF O/W EMULSION WITH DIFFERENT STABILIZERS. 

For consistency, the total flow rate is maintained at 30 µl/hr, oil injection rate at 

10 µl/hr and the droplet diameter at about 190-210 µm. It was observed that an oil droplet 

needed about 14-16 seconds to reach the throat from the time of generation. Four stabilizing 

systems were tested in the experiment: (1) 2 wt% surfactant, (2) 2 wt% NP, (3) trace 

amount of surfactant (0.05 wt%), and (4) a combination of 2 wt% NP and 0.05 wt% 

surfactant.  

The quantitative results of the test are provided in Figure 4.2a. In the plot of average 

droplet size versus flowing distance, a larger slope indicates more frequent coalescence. 

For the two surfactant-only systems, 0.05 wt% surfactant (purple curve) cannot maintain a 

very stable emulsion, while 2 wt% surfactant (green curve) can. For the two NP systems, 

2 wt% NP alone (red curve) could barely prevent the droplets from coalescence, the 

stabilizing effect of which is even poorer than 0.05 wt% surfactant; however, when 0.05 wt% 

surfactant was mixed with 2 wt% NP in the aqueous phase (blue curve), the stability of 

emulsion was substantially improved and became as good as the 2 wt% surfactant.  

Images of flowing emulsion at the emulsion generator and before the main throat 

are shown for the 2 wt% NP case (Figure 4.2b and Figure 4.2c, respectively) and the 

combination case of 2 wt% NP and 0.05 wt% surfactant (Figure 4.2d and Figure 4.2e, 
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respectively). The images allow visualization of how emulsion stability can affect the 

droplet size. 

 

Figure 4.2: (a) Relative average droplet size versus flow distance of emulsion along the 
main channel for four different emulsion stabilizing system. Blue crosses 
represent 2wt.% NP mixed with 0.05wt.% Tween40; red circles represent 2 
wt.% NP; green diamonds represent 2 wt.% Tween 40; purple triangles 
represent wt.% Tween 40. (b)(c) Images of droplets stabilized by 2 wt% NP, 
at the emulsion generator and before the main throat, respectively. (d)(e) 
Images of droplets stabilized by 2 wt% NP combined with 0.05 wt% 
Tween40, at the emulsion generator and before the main throat, respectively. 
The scale bars in (b)-(e) represent 200 µm. 

It can be concluded conclude from the above results that trace amounts of surfactant 

improve the NP’s performance in stabilizing emulsions. It indicates that surfactant plays a 

very important role in enhancing the adsorption of NPs from the aqueous phase onto the 

oil-water interface. This synergistic effect could be attributed to the surfactant’s effect to 

make silica NPs more hydrophobic 231-232. Continued analysis is focused on the two most 

effective stabilizers: 2 wt% Tween 40, marked as ‘’SF’’, and a combination of 2 wt% NP 

with 0.05 wt% Tween 40, marked as ‘’NP/SF’’. The water-oil IFT was found to be similar 
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for the two stabilizers (9.8 mN/m and 9.1 mN/m for SF and NP/SF, respectively) according 

to a pendent drop experiment. 

4.5. QUANTIFICATION OF EMULSION BLOCKAGE WITH DIFFERENT STABILIZERS 

Local oil saturations along the high-permeability channel 

Because of the entrance capillary pressure, it is easier for water than oil to imbibe 

into the low-permeability side paths. As a consequence, the volume fraction of oil increases 

with each passing of a side-path. No oil droplets were observed to enter the 27 µm and 37 

µm side-paths in this experimental conditions, but some could enter the 67µm side-paths 

which has the same dimensions as the main throat and thus similar capillary forces. When 

the flow reached steady state, the oil volume fraction (local oil saturation) reached its 

maximum just upstream of the main throat. We refer to the local oil saturation in the main 

channel just downstream the emulsion generator as ‘average oil saturation (Soa)’, and refer 

to the local oil saturation downstream all divergences and upstream the main throat as 

‘maximum oil saturation (Som)’. 

Soa and Som are important parameters of this work; analysis can provide a deeper 

understanding of the emulsion fluidic behavior. The difference between Soa and injection 

flow ratio could help to describe the velocity difference of the two phases. The comparison 

between Soa and Som may indicate the difference of emulsion texture in the main channel 

and in the side-paths. The Som is also a good indicator of how well the droplets block the 

high-permeability path: for fixed IFT, larger Som indicates better blockage of the high-

permeability path, which can force more liquid into low-permeability paths.  

Figure 4.3 shows the difference of Soa and Som. At the beginning of the main channel 

where the oil droplets are generated, droplets flow without much compression from their 

neighbors. After all divergence and right before the main throat, droplets are blocked by 
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the throat and become crowded, deform, and water is forced to flow through the very 

narrow gap at the two sides of the main channel. 

 

  

Figure 4.3: Two observation location for local oil saturation comparison: the upstream 
part of the main channel before meeting any side paths (before divergence), 
where the oil saturation is marked as ‘average saturation’ Soa; the part of the 
main channel right before the main throat and after all side paths (after 
divergence), where the oil saturation reaches its maximum for a given 
system, marked as ‘maximum saturation’ Som 

  

Soa and Som were calculated at the fixed total flux of 26 µl/hr for different droplet 

sizes. The results from two oil/water injection fractions (0.192 and 0.385, corresponding 

to oil injection rate 5 µl/hr and 10 µl/hr, respectively) and two stabilizing systems (SF, 
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NP/SF) are compared in Figure 4.4. Here Som is generally 10-20% higher than Soa; and both 

are considerably larger than the corresponding oil injection fraction, indicating a much 

larger relative permeability of water than of oil in this geometry. When increasing the oil 

injection ratio, both Soa and Som increase. These trends were observed in both SF and NP/SF 

systems.  

 

Figure 4.4: Soa and Som vs. oil droplet diameters at fixed total emulsion flux of 26 µl/hr 
when applying (a) 2 wt% Tween 40 or (b) 2wt.% NP mixed with 0.05wt.% 
Tween40 as emulsion stabilizer. Circles represent oil saturation when oil flux 
is 5 µl/hr and water flux is 21 µl/hr, i.e. the fractional flow of oil is 0.192; 
triangles represent oil saturation when oil flux is 10 µl/hr and water flux is 16 
µl/hr, i.e the fractional flow of oil is 0.385. Solid line represent the maximum 
oil saturation Som, i.e the local oil saturation in the main channel after 
divergence and before main throat; dots line represent the average oil 
saturation, i.e the local oil saturation when droplets are just generated, before 
flowing through any side paths. 

 

The Soa data do not show clear trends when plotted against droplet diameter, as 

shown in Figure 4.4. It may be attributed to the randomness of droplet movement upstream 

of the main channel because of infrequent interaction among free oil droplets, as well as 

the pressure fluctuation corresponding to trapping and mobilization of oil droplets at the 
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main throat. As a result, further discussion is only based on Som, the data of which is 

consistent. 

Remarkably, Som remains almost constant for different droplet sizes in all parallel 

experiments. I propose that the accumulation of droplets before the main throat is 

controlled by the balance of shear force and capillary pressure. Thus, if the droplet size is 

considerably larger than the throat size, then both the shear rate and the capillary force 

would be similar and not related to the droplet size. 

Som was obtained when the total injection rate is 30 µl/hr and the oil injection rate 

is 20 µl/hr, as shown in Figure 4.5. Similar to findings in previous experiments, only small 

changes in Som were observed when the droplet diameter changes from 100µm to 400µm, 

for both SF and NP/SF systems. 
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Figure 4.5: Maximum oil saturation Som with different oil droplet diameters and injection 
ratio, when applying (a) 2 wt% Tween 40 or (b) 2 wt.% NP mixed with 
0.05wt.% Tween40 as emulsion stabilizer. Triangles represent the case for 
when oil flux is 10 µl/hr and water flux is 16 µl/hr, i.e. the fractional flow of 
oil is 0.385; squares represent the case when oil flux is 10 µl/hr and water 
flux is 20 µl/hr, i.e. the fractional flow of oil is 0.333; diamonds represent 
the case when oil flux is 5 µl/hr and water flux is 21 µl/hr, i.e. the fractional 
flow of oil is 0.192. 

 

Flow divergence quantification and potential thickening effect on sweep efficiency 

The “emulsion blockage” effect is a commonly-cited reason why emulsion flooding 

can improve oil recovery 214, 216, 224. Experimental results just showed that the increase of 

oil injection fraction can increase the local oil saturation at the main throat, which indicates 

an enhancement in emulsion blockage in the high-permeability pathway. Here future 

quantifications show how the change in blockage effect can affect the flow into low-

permeability regions.  
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As shown in the channel geometry (Figure 4.1b), the high-permeability pathway 

and the low-permeability pathways merge downstream of the main throat, which leads to 

a sudden change of flow rate in the main channel before and after the merge. As a 

consequence, the droplet’s velocity in the main channel after the merge, denoted as v2, 

should be larger than that before the merge, denoted as v1. v1 and v2, are calculated by 

tracking a droplets’ moving distance during a certain time period, as shown in Figure 4.6a-

b. Assuming that the velocity of the oil droplet is proportional to the total flow rate, the 

flux fraction into the low-permeability pathways (flow-perm) can be calculated by the equation: 

flow-perm=(v2-v1)/v2. When the total flow rate is controlled as 30 µl/hr and then change the 

oil injection ratio, the flow distribution between the low-permeability pathway flow 

fraction and the main channel can be calculated, as shown in Figure 4.6c. The stabilizer 

used in this set of parallel experiments is 2 wt% Tween 40. Clearly, the higher the oil 

injection fraction, the more liquid will flow into low-permeability pathways. This result, 

together with the observation that oil blockage in the high-permeability pathway is 

enhanced with higher oil injection fraction, leads to the conclusion that the oil droplet 

blockage in the high-permeability pathway does have a positive effect on improving sweep 

efficiency.  

The results are also consistent with the theoretical approach that the apparent 

viscosity of oil-in-water emulsion is positively related to the phase ratio of oil 220, 222. In 

this experiment, it was observed that the oil ratio in the low-permeability pathway is much 

lower than that in high-permeability pathway, which indicates a thickening effect: the 

apparent viscosity of emulsion in the high-permeability pathway is larger than the apparent 

viscosity of emulsion in the low-permeability pathway. In this way, more liquid will tend 

to flow into low-permeability pathway than Newtonian fluid. It shows a much better 
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potential for improving sweep efficiency and conformation control than Newtonian and 

shear-thinning fluids, such as polymer.  

 

 

Figure 4.6: (a) The image at the emergence of high-permeability and low-permeability 
pathways, at time 0 s. The droplet surrounded by red solid lines is a droplet 
before emergence at this moment; the droplet surrounded by yellow solid 
lines is a droplet after the emergence at this moment. (b) The image at the 
emergence of high-permeability and low-permeability pathways, at time 2 s. 
The droplet surrounded by red solid lines and the droplet surrounded by 
yellow solid lines are the same droplets as those surrounded by red solid lines 
and yellow solid lines in (a), respectively. The red and yellow dashed lines 
indicate the positions of those two droplets at 0 s, respectively. L1 and L2 are 
the distances that the oil droplets were mobilized during the past 2 s, which 
are used to calculate the droplet velocities before and after emergence. (c) Plot 
of the relationship between low-permeability pathway flow fraction (relative 
to the total flow rate) and oil injection fraction, made with the image analysis 
method shown in (a) and (b) 
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Different packing mode of droplets for two stabilizers and its effect on sweep efficiency 

In this section, the blockage performance between surfactant-stabilized emulsion 

(SF system) and nanoparticle/surfactant synergistically stabilized emulsion (NP/SF system) 

are compared. Som was averaged over the values corresponding to different droplet size and 

plotted against oil and water injection ratio, for both SF and NP/SF systems, as shown in 

Figure 4.7a. For all injection conditions, it is observed that Som are always larger in the 

NP/SF system than in the SF system. As mentioned in the previous section, the better 

blockage effect in NP/SF system than in SF system implies more liquid into low-

permeability pathways. Flow fraction in low-permeability pathway is also compared 

between SF system and NP/SF system, as shown in Figure 4.7b. The results support the 

hypothesis that NP/SF systems can better re-direct liquid into low-permeability regions, 

and thus have a better potential in improving sweep efficiency than the SF system.  

 

Figure 4.7: (a) The comparison of maximum oil saturation for different oil injection ratio 
with different emulsion stabilizer. (b) The comparison of low-perm pathway 
flow fraction for different oil injection ratio with different emulsion stabilizer. 
In both (a) and (b), red diamonds represent 2 wt% Tween 40 and green 
triangles represent 2wt.% NP mixed with 0.05wt.% Tween40.  

It was found from microscopic observation that the difference in Som is a result of 

different droplet packing modes, as seen in Figure 4.8. Droplets stabilized by NP/SF system 
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experience more compression and deformation than those stabilized by SF alone, when 

injection rates (oil flow rate is 10 µl/hr and total water flow rate is 16 µl/hr) and droplet 

diameters (140±5 µm) are the same. For the SF system, droplets are in ‘point to point’ 

contact with little deformation of the droplet surface. However, for the NP/SF system, 

droplets are squeezed and contact each other in a ‘lamella’ fashion. In the SF system, 

relative movements between droplets were observed at all directions, while for the NP/SF 

system, all droplets were found to move together almost as a rigid body along the principle 

flow direction. 
 

 
 

Figure 4.8: Microscopic images for emulsion flow through the main channel after all 
divergence and before the main throat for (a)-(c) applying 2 wt% Tween 40 
as emulsion stabilizer and (d)-(f) applying 2wt.% NP mixed with 0.05wt.% 
Tween40 as emulsion stabilizer. For both cases, oil injection rate is 10 µl/hr 
and water injection rate is 16 µl/hr, droplet diameter are controlled at 140±5 
µm. (a) and (d) are origin image captured by the camera, and the scale bars 
represent 400 µm. (b) and (e) are local magnification of droplet packing mode 
from the red squares in (a) and (d), and the scale bars represent 200 µm. (c) 
and (f) are processed from (b) and (e) by marking the oil phase in black and 
aqueous phase in white in order to show a clear packing mode of the droplets. 
Arrows in (a) and (b) indicate the flow direction.  
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In general, a confined droplet tends to deform under asymmetric pressure field 

around it, while the deformation resistance is provided by the interfacial tension. Because 

the water-oil IFT was found to be similar for the two systems, the deformation resistances 

are not much different. Thus, the difference in droplets’ deformation comes from the 

asymmetric pressure field around the droplets. 

The asymmetric pressure comes from two sources: (1) hydraulic force from viscous 

flow field and flow, as well as (2) interactions between neighboring oil-water interfaces. 

Flow rates for both phases are rigidly controlled to be similar in this experiment. Therefore, 

hydraulic force is not the primary reason for the different droplet packing modes between 

SF and NP/SF systems. 

Here the difference of droplet packing arrangement upstream of the main throat is 

attributed to the formation of NP network in the thin aqueous liquid film between adjacent 

droplet 237-238 or even bridging induced by mono-layer of NPs 239. NPs adsorbed on the oil-

water interface can interact with other NPs, including those adsorbing on the neighboring 

oil-water interface, and form a network that can join two interfaces together. In this way, 

neighboring droplets’ interfaces can be bounded together when they are brought to contact 

and deform under shearing force. Further research is required to determine whether 

surfactant also plays a role in the formation of the NP network in the thin liquid film 

between neighboring interfaces. 

4.6. SUMMARY 

A microfluidic device was used to study the mechanism for sweep improvement 

for the emulsion-based EOR process. Emulsion with controllable droplet size, phase 

injection ratio and total flow rate was produced, and emulsion behavior in a simplified 

natural fracture – matrix was investigated. Important conclusions from the work are: 
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•   A novel in-flow test of emulsion stability was employed to quantitatively 

measure the coalescence of emulsion droplets while flowing in micron-scale 

porous media. Trace amounts of surfactant (0.05 wt%) with NP (2 wt%) can 

produce a synergic effect to prevent droplet coalescence. The droplet stability 

in these systems is at least as good as that with high concentration surfactant (2 

wt%).  

•   Stable emulsion droplets were found to effectively block the high-permeability 

pathway and improve flux through low-permeability pathways, when there is 

throat-like geometry in the high-permeability pathway and the droplet size is 

larger than the throat diameter. In this case, maximum local oil saturation 

immediately upstream of the throat has a weak correlation with the droplet size, 

which is attributed to the pressure continuity of oil phase at that location.  

•   The fraction of flow into the low-permeability pathways is positively related to 

the blockage ability of emulsion in the high-permeability pathway. It can be 

explained by the positive relationship between oil fraction and apparent 

viscosity in an oil-in-water emulsion. As oil saturation in high-permeability 

pathway is much larger than in low-permeability pathways, emulsion shows 

larger apparent viscosity in high-permeability pathways than in low-

permeability pathways, which indicates that the blockage effect does have the 

potential to improve sweep efficiency and flood stability.  

•   NP/SF stabilized emulsion can lead to a higher oil saturation before the main 

throat than SF- stabilized emulsion, when flow condition and droplet size are 

the same, and then re-direct more liquid into low-permeability region than SF 

stabilized system. Droplets stabilized with NP/SF show closer packing mode 

with more deformation. It shows that a nanoparticle-surfactant synergistic 
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system can enhance the emulsion blockage effect compared with the surfactant 

as stabilizer, which can lead to a better sweep efficiency and flooding stability. 
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CHAPTER 5: 2.5-D MICROMODEL: THEORY AND 
FABRICATION3  

Two-dimensional (2-D) micromodels have been widely applied for presenting the 

flow behavior of multiphase systems in the oil and gas industry. However, those 2-D 

designs’ depths are almost always uniform. Compared to naturally-occurring 3-D porous 

media, those 2-D designs sacrifice the continuity of grain phase. In other words, the 

“passway” for wetting phase was cut discretely in a 2-D design, and it is unclear whether 

the phenomena and physics in 2-D micromodels can be applied to understanding flows in 

3-D porous media. In this chapter, a simple way to insert 3-D features into a 2-D pore array 

is presented, and it is shown that these 3-D features are necessary for presenting realistic 

flow behavior. By introducing 3-D features and creating 2.5-D micromodel, capillary snap-

off and the generation of isolated non-wetting residual oil can be realized, which is 

physically difficult or even impossible in 2-D designs. 

5.1. BACKGROUND: LIMITATIONS IN USING 2-D MICROMODELS TO MIMIC 3-D POROUS 
MEDIA 

Investigation of multiphase flow in realistic porous materials, such as membrane 

devices and oil-displacement corefloods, is common 240-242. In those studies, macro-scale 

data, such as pressure drop, outlet fluid properties, and saturation profiles, are often 

measured 110. However, direct visualization and quantitative description of micron-scale 

behavior of multiphase fluids is still difficult, due to the complex 3-D geometry of real 

porous media (e.g. subsurface rocks). Naturally-occurring 3-D porous media are 

complicated networks of pores and throats. While single-pore or single-channel flow 

                                                
3 Most part of this chapter (before minor revisions) was published with Ke Xu listed as the primary and 
first author at: Ke Xu, Tianbo Liang, Peixi Zhu, Pengpeng Qi, Jun Lu, Chun Huh, and Matthew Balhoff. "A 
2.5-D glass micromodel for investigation of multi-phase flow in porous media." Lab on a Chip 17, no. 4 
(2017): 640-646. 
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studies are useful, they are not sufficient for fully understanding flow behavior in porous 

media. Consequently, 2-D “micromodels”, a simplified pore-throat network system on 2-

D microchips, are often used to study flow in porous media. “2-D” here indicates the 

micromodel has varying size in horizontal dimensions but has uniform depth in the vertical 

dimension. In recent years, many common fluidic phenomena in porous media have been 

investigated by using 2-D micromodels as summarized in Chapter 2. 

These micromodels are limited by their 2-D geometry, i.e. their absence of varying 

depth. For example, in multiphase flow “capillary snap-off” 101 is an important mechanism 

for oil and bubble break-up; it only occurs if the size of throats are smaller than that of pore 

bodies in the two dimensions perpendicular to the flow direction (the pressure at the “neck” 

must be larger than that of the droplet front). This limitation of micromodels is well 

documented and it has been noted 228 that “studying snap-off in 2-D porous media is 

inherently problematic”. In addition, if pores are designed continuous (connecting with 

each other through throats) in a 2-D micromodel, the grains must be non-continuous 

(isolated from each other), while both grains and pores are continuous in naturally-

occurring 3-D porous media. This has considerable significant effect on wetting-fluid 

imbibition in 2-D micromodel 243 very different from that observed in 3-D porous media 

244. 3-D features in the micromodel geometry are therefore required for studying many 

physics in porous media, especially those related to multiphase flow (e.g. two phase 

displacement, emulsion flow, foam flow, three-phase flow, etc.), where capillary effects 

are significant. 

In this chapter, a novel and simple approach to fabricate “2.5-D” (depth-variable) 

micromodels is introduced, with no additional complexity in the fabrication procedure. The 

depth ratio of throat to pore body is easily controlled. Multiphase flow experiments on the 

2.5-D micromodel were performed, where phenomena that have never been correctly 
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observed (or were mistakenly presented) on 2-D micromodels are reproduced and observed. 

I believe that 2.5-D micromodels could be a more advanced platform for a better 

understanding and optimization of current fluidic theories/models in porous media.  

 

5.2. FABRICATION, PORE-THROAT GEOMETRY CONTROL, AND CHARACTERIZATIONS 

5.2.1. Theory and Approach: From Isotropic Etching to 3-D Features 

The most widely applied method to fabricate glass microfluidic chips follows a 

standard lithography process and hydrofluoric (HF) acid etching 245. Horizontal 

dimensions of the microchannels are determined by the 2-D blueprint design (CAD), and 

the depth is obtained by HF-etching speed and time. The etched glass piece is bonded to a 

cover glass piece mostly by heating at 500-700℃ for hours. A sketch of the standard 2-D 

micromodel fabrication is shown in Figure 5.1a. 

Due to isotropic etching of HF, the cross-section of the channel is not strictly 

rectangular but somewhat trapezoidal. This is generally considered a disadvantage of HF 

etching because it makes the cross-section shape “non-ideal”. In most previous 2-D 

micromodel studies, researchers either accepted the imperfection 246, or attempted to avoid 

it by applying more complex/expensive technology, such as lasers 158.  

Here a novel approach is proposed that utilizes, rather than ignores or avoids, the 

isotropic HF etching and the resulting trapezoidal cross-section, followed by controlled 

fabrication of the micromodels with important 3-D features.  

As shown in Figure 5.1b, if two neighboring “pores” in the 2-D blueprint are 

designed close enough that the maximum horizontal etching distance (at the top) is larger 

than half of the minimum distance between two designed “pore edges”, the glass wall 

between the two pores would form a “channel” at the upper side of pores after HF etching. 
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Thus, neighboring pores are created connected by a throat, which is not only horizontally 

narrower than the pore body (like previous 2-D micromodels), but also vertically shallower 

than the pore body. A microscopic image of a 2.5-D micromodel is shown in Figure 5.1c. 

The micromodel consists of repeating pore-grain systems with every pore connected to 

four other pores. Noticeably, there is a barrier geometry (the throat) between two pore 

bodies where the depth is considerably smaller than the pore body.  

 

Figure 5.1: a) Typical HF etching procedures to fabricate glass micromodel, where 
trapezoidal cross-section is formed due to the isotropic etching of HF. b) 
Fabrication of 2.5-D micromodel, where a shallower throat was obtained by 
making use of the isotropic etching of HF by controlling the distance between 
pores and the etching depth. c) Microscopic image of the 2.5-D micromodel. 
Grains, pore bodies, and barrier-like throats between neighboring pore bodies. 
d) Relationship between throat depth and vertical etching depth on the pore 
body. The blue triangles are data measured from profilometer, and the orange 
dot line is the data calculated from Equation (5.1).  
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5.2.2. Control of Pore-Throat Depth Ratio 

Importantly, the depth difference between the pore body and the throat can be easily 

controlled by adjusting the maximum etching depth and the distance between pore bodies 

on the 2-D blueprint. A larger maximum etching depth can bring a smaller depth difference, 

while a larger distance between two pores on 2-D blue print can make the throat much 

shallower or even disappear. A theoretical equation is derived to predict the throat depth’s 

(Hthroat) relationship with maximum vertical etching depth (Hpore) and the minimum 

horizontal distance between the edges of two pores on the 2-D blueprint(L), as shown in 

Equation (5.1):  

   (5.1) 

Figure 5.1d shows the plot between Hpore and the Hthroat, when L is fixed at 40 µm, 

comparing data measured with a profilometer and that calculated by Equation (5.1). It 

shows that the data measured from the profilometer is predicted well by Equation (5.1) 

although with some minor positive bias.  

Noticeably, according to Equation (5.1), as the throat size is only determined by 

neighboring two pores on the blueprint, it is possible to create pores with unequal and 

anisotropic sizes and throats with different depths and widths, although only homogenous 

micromodels with isotropic pores in this work for simple validation are demonstrated.  

5.2.3. Blueprint and Characterization of Micromodels for Following Experiments 

As shown in Figure 5.2(left), regularly positioned pore-bodies are drawn on a 2-D 

blueprint. On the blueprint, a pore body is combined by a circular main body and four 

rectangular edges. Neighboring pore bodies are not connected on the blueprint. The pore 

bodies here are the regions which are exposed to UV light, as well firstly contacted to HF. 

2 21 
4throat poreH H L= -
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Figure 5.2(right) shows the grain edge shape after HF-etching. The designed etching depth 

is 23 µm, similar to the horizontal etching distance at the top plane. The horizontal etching 

direction is shown as a red arrow in the figure. After etching, the neighboring pore-bodies 

get connected from the top, while still unconnected at the bottom plane. As a result, the 

shape of un-etched volume becomes “jagged” circles at the top, as shown in all optical 

images in the main text.  

  
  

Figure 5.2: Pore and grain shape in 2-D blue print and after HF etching. left) The 2-D 
blueprint of the porous medium, where the pore bodies are designed as a 
circular main body and four edges, not connected with neighboring pore 
bodies. right) 2.5-D geometry after isotropic HF etching. The neighboring 
pore bodies get connected from the top, leaving a jagged grain shape at the 
top plane.  

 

On a profilometer platform, the 3-D structure of the 2.5-D micromodel could be 

clearly identified from a non-vertical view, as shown in Figure 5.3. Grains, pore-bodies 

and throats are consistent as the design shown in Figure 5.2.  
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Figure 5.3: Optical images of 2.5-D micromodel, before sealing and from non-vertical 
viewing angle. Images are taken under a profilometer. left) Grains, throats 
and pore-bodies are indicated, and non-vertical pore edges could be observed. 
right) A throat is circled, where there is actually a “wall” or “dam”, which is 
a barrier between two pore bodies, as well as a bridge between neighboring 
grain edges. 

The 2.5-D micromodel can be used to study a broader range of physics than the 2-

D model, especially those that involve capillary forces in multiphase flow. Several 

experiments of multiphase flow were performed in a water-wet 2.5-D glass micromodel. 

From those experiments, some important phenomena were observed and analyzed, the first 

using micromodels to my knowledge. Geometric parameters of the micromodel that are 

used for all the flow experiments shown in this paper are listed in Table 5.1. 

 
Table 5.1. Geometric parameters of the 2.5-D glass micromodel applied in this paper 
 
Geometric  Parameters   Length  
Porous Medium Length 2.4 cm 
Total Pore Volume 7 µl 
Pore Body Depth 20.3 µm 

Throat Width 23 µm 
Throat Depth 3.2 µm 
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5.3. VALIDATION OF 2-5D MICROMODEL: WATER IMBIBITION EXPERIMENTS 

In water-wet hydrocarbon reservoirs (such as sandstone reservoirs) after the oil 

phase is displaced by water (herein referred to as a waterflood), un-recovered oil is often 

classified by two types: residual oil, which is isolated oil droplets trapped by capillary 

forces in pore bodies, and unswept oil, which is oil that occupies a continuous region 

uninvaded by the water phase. If a reservoir is a relatively homogeneous porous medium, 

and if the oil is less viscous than the water phase, the residual oil (isolated oil droplets in 

pore bodies) is typically the majority of unrecovered oil 4. This classic imbibition theory is 

presented by Dong et al. 247 and Muggeridge et al. 248, as shown in Figure 5.4a. In this 

section, waterflood experiments were performed on both a 2-D micromodel and a 2.5-D 

micromodel, with oil viscosity less than water.  

The 2-D micromodel is identical in geometry to the 2.5-D micromodel (as listed in 

Table 5.1), except that the depth is uniformly 23 µm both at the pore bodies and at the 

throats. In both experiments, n-octane was used as the oil (non-wetting) phase and was pre-

saturated into the micromodel before waterflood. Dyed water (colored blue) was used as 

the aqueous (wetting) phase. The IFT between the two phases is 50.6 mN/m. Viscosity of 

water is 1.0 cP, and the viscosity of octane is 0.52 cP. In the experiment, the water flow 

rate was 7 µl/hr (~2 ft/day along the porous medium). 

Figure 5.4b and Figure 5.4c show the 2-D and 2.5-D micromodel, respectively, 

after waterflood. It is clearly shown in the 2-D micromodel, a pore body is either occupied 

completely by water, or by continuous oil phase. No isolated oil droplet trapped in a pore 

body, as described in realistic porous media, was observed. The result is similar to previous 

2-D micromodel observations on waterfloods from other researchers 168, 249. However, in 

the 2.5-D micromodel, almost every pore body traps an isolated oil droplet, with water 

phase occupying the throats and pore edges. It is exactly what the theory describes as shown 
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in Figure 5.4a, for realistic 3-D porous media. In summary, the formation of residual oil in 

real porous media matches the observation in 2.5-D micromodel well, but does not match 

the observation in 2-D micromodel. Thus, I claim that this 2.5-D model is more advanced 

in capturing and mimicking the multiphase fluidic phenomena in 3-D porous media, than 

a traditional 2-D micromodel with uniform depth. 

The transient process of water imbibition into the oil-saturated, water-wet 2.5-D 

micromodel is shown in Figure 5.4d-g and Supporting Movie A of ref. 250. In the imbibition 

process, water phase did not displace the oil phase as a piston flow, but rather along pore 

body edges and the throats. Water’s invasion along those high specific area regions (throats 

and edges) was clearly induced by capillary force at the oil-water-glass contact line, which 

prefer pathways with larger curvature when water is the wetting phase. Connections 

between oil phase in neighboring pore bodies “snap off” due to the 2.5-D feature at the 

throats, thus the water phase isolates the oil phase from a continuous phase into dispersed 

oil droplets trapped in the pore. As a comparison, the waterflood in the 2D micromodel is 

shown in Supporting Movie B of ref. 250. In the 2-D case, although the preferential flow of 

the wetting fluid along the grain edges could also be observed (as in this experiment and 

by Zhao et al. 130), grain edges are isolated, without efficient connections to conduct water 

from one grain to the next (which is the role of throats in the 2.5-D micromodel). Thus, 

snap-off does not happen simultaneously.  

In summary, the waterflood experiment on micromodels showed that the 2.5-D 

geometry successfully introduced necessary 3-D features into the micromodel. Capillary 

snap-off of oil at the throat, and the formation of isolated trapped oil droplets, were 

successfully realized on the 2.5-D micromodel, which could not be observed from the 2-D 

micromodel, neither in previous studies or my own experiments. 2.5-D micromodel is thus 

promising for research on multiphase flow in porous media. 
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Figure 5.4: Validation of 2.5-D micromodel with waterflood experiments. (a) Classical 
theory on waterflood in water-wet porous media described in ref. 248, where 
isolated oil droplets could be formed in pores due to capillary snap-off after 
flooding. (b) Microscopic image of post-waterflood 2-D micromodel, where 
the pores are either completely occupied by water, or occupied by a 
continuous oil phase, with no isolated residual oil droplet observed. 
(c) Microscopic image of post-waterflood 2.5-D micromodel, where most 
pores are occupied by isolated oil droplets. (d)-(g) Water imbibition into oil-
saturated 2.5-D micromodel at different times. It can be observed that the 
water only flows along the throats and the edges of the channel, without 
displacing the oil in the pore bodies, and isolated oil droplets are thus trapped 
in the pore body. The flow direction is from left to right.  
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5.4. SUMMARY 

A novel 2.5-D micromodel fabrication technique has been developed on glass 

microchips, with no more complexity in fabrication than traditional 2-D micromodels. 

Variation in depth was included in the 2.5-D micromodel in order to better mimic real 3-D 

porous media. Phenomena that occur in 3-D micron-scale porous media, such as capillary 

snap-off and formation of isolated residual oil droplet in water-wet media, were 

successfully realized on the 2.5-D micromodel (overcoming 2-D micromodels’ inability to 

capture the physics). The work demonstrates that 2.5-D micromodels could be a more 

advanced tool to investigate multiphase flow in porous media. 

It should be noted that the most important conclusion of this work is not how I made 

this 2.5-D micromodel, but importance of 3-D features, which provide necessary continuity 

of grain phase when using micromodel to study multiphase flow in porous media. Insertion 

of appropriate pore-scale 3-D features in micromodels is necessary to realize some 

important phenomena that can occur in 3-D natural porous media. Without those 3-D 

features, the flow phenomena for wetting phase can be very different from that in naturally-

occurring 3-D porous media. 
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CHAPTER 6: CASE STUDIES ON 2.5-D MICROMODELS4  

In the last chapter, details of the fabrication approach for a 2.5-D micromodel was 

presented. In this chapter, I introduce case studies that apply 2.5-D micromodels as a tool 

to improve our understanding of multiphase flow in porous media. These studies include a 

study on oil-wet capillary desaturation behavior, a demonstration of macro-emulsion flow 

in homogeneous micromodel with simple statistics, and an observation of ultra-low IFT 

displacement on a micromodel which provided some new insights into the modeling of 

such process. All case studies discussed here are preliminary and proof-of-concepts, 

showing the feasibility of this platform for some important applications. 

6.1. CAPILLARY DESATURATION BEHAVIOR IN OIL WET MICROMODELS 

6.1.1. Background 

The objective of this work is to study capillary desaturation behavior in oil wet 

porous media by visualization on a micromodel with unique 3-D characteristics. The 

capillary desaturation curve (CDC) is one of the most fundamental principles upon which 

EOR techniques are based. However, pore-scale mechanisms of CDC in oil-wet rock are 

still not well understood, although theories have been proposed 251. In recent years, 

micromodels have been utilized to directly visualize pore-scale fluidics, which provided 

rich new knowledge to the EOR community. Unfortunately, classic two-dimensional (2-D) 

micromodels, due to the absence of depth variation, show very different wetting-phase flow 

behavior from that in real rocks (which are 3-D); in Chapter 5 3-D features were 

incorporated in the novel 2.5-D micromodels. Here, CDCs in oil-wet media are developed 

                                                
4 Part of this chapter (before minor revisions) was published with Ke Xu listed as the primary and first 
author at: Ke Xu, Tianbo Liang, Peixi Zhu, Pengpeng Qi, Jun Lu, Chun Huh, and Matthew Balhoff. "A 2.5-
D glass micromodel for investigation of multi-phase flow in porous media." Lab on a Chip 17, no. 4 
(2017): 640-646. 
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experimentally and pore-scale visualizations are conducted, which qualitatively explain 

previous coreflood experiments.  

 

6.1.2. Materials and Experimental Setup 

Materials and Micromodel Wettability 

In this experiment, seawater (synthesized following ASTM D1141-98 standard) 

and highly active crude oil (140 cp) were used as the aqueous phase and oil phase, 

respectively. An identical 2.5-D micromodel to that described in Chapter 5 was used. The 

micromodel was aged in crude oil under 70 °C for 1 week. Figure 6.1 shows the invasion 

process of seawater against the defending crude oil, where we can see that the water-oil 

interface curvature is towards the water phase, indicating that the water invasion is a non-

wetting drainage process. 
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Figure 6.1: Microscopic image of the seawater invasion process, where the drainage of 
water can be clearly observed; therefore this micromodel is oil-wet with the 
fluid system. 

  

Pre-Saturation 

Waterfloods without and with connate water were both conducted. For the waterflood 

without connate water, the micromodel was pre-saturated with 100% crude oil by injecting 

crude oil directly into an air-saturated micromodel at a flow rate of 20 µl/hr for 2 hours. 

For the waterflood with connate water, seawater first saturated 100% of the pore space, 

and then crude oil was injected to displace the seawater at a flow rate of 20 µl/hr for 2 

hours. As seawater is the non-wetting phase, many individual aqueous droplets were 
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generated and trapped in pore bodies. It should be noted that it is difficult to precisely 

control the connate water saturation, but the connate water saturation data from 

experiments show that the connate water saturation is always between 22% and 28%. 

Waterflood 

After pre-saturation, capillary desaturation experiments were conducted. Every 

desaturation experiment was started from an initial drainage rate. When a steady state was 

reached (oil saturation no longer decreases), both saturation and distribution of oil were 

recorded, and the seawater flooding rate was then doubled to reach a new steady state, until 

the capillary number (Ca, as defined in Chapter 2) reached 10-3.  

Seven independent experiments were conducted, with different initial flooding 

rates from 2 µl/hr to 32 µl/hr, as listed in Table 6.1. 

 

Table 6.1: Irreducible water saturations and initial flooding rates of seven experiments 
 

Exp-‐1   Exp-‐2   Exp-‐3   Exp-‐4   Exp-‐5   Exp-‐6   Exp-‐7  
Irreducible  Water  

Saturation  
0.281   0   0   0.261   0.227   0.258   0.230  

Initial  Flooding  Rate  
(µl/hr)  

2.0   2.0   4.0   3.0   3.0   3.0   32.0  

 

6.1.3. Results and Discussion 

Qualitative Observations 

Images at every steady-state are shown in Figure 6.2. At low flow rates, viscous 

fingering appeared, which was expected because of the two order of magnitude smaller 

viscosity of seawater than crude oil.  
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As flow rate increases, the swept area widens, and the sweep efficiency increases. 

When flow rate was higher than 128 µl/hr, sweep efficiency was nearly 100%. Above this 

flow rate, further decrease in oil saturation can be observed. Simultaneously, although the 

average volume of oil ganglia decreases with increasing flow rate, the number of oil ganglia 

increases with increasing flow rate.    

 

 

 

Figure 6.2: Microscopic image from Exp-2 at every steady state. 
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Desaturation Curves Data 

Oil saturations at different steady state were calculated by image analysis using 

ImageJ. Data from all seven experiments were plotted as shown in Figure 6.3. All 

desaturation curves show a monotonically decreasing trend. As opposed to CDC’s in water-

wet porous media 251-252, no “plateau” in these desaturation curves is observed, which 

indicates that the desaturation mechanisms in the oil-wet case are different from the water-

wet case. 

 

 

Figure 6.3: Desaturation curves of all seven experiments. The numbers after “start at” are 
the initial flooding rates of each experiment. “NoConnate” indicates 
experiments without connate water, and “Connate” means experiments with 
connate water. The numbers following “Connate” are the saturations of 
connate water. 
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Reproducibility 

As discussed in Chapter 2 and in reference 173, some researchers question the 

reproducibility of unstable displacement experiments on micromodels. Thus, in order to 

prove that the experimental data are reproducible, three “parallel” experiments were 

conducted (Exp-4, 5, and 6 listed in Table 6.1). As shown in Figure 6.4, although there are 

small differences in the irreducible water saturation, these three desaturation curves overlap 

very well. It proves that the reproducibility of these desaturation experiment is good, at 

least for cases with connate water.  

 

 

Figure 6.4: Desaturation curves for three parallel experiments with connate water, all 
with initial flooding rate of 3.0 µl/hr. Lines are just connecting the dots. 
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Effect of Connate Water 

As stated in previous publication 253, connate water may play a very important role 

in unstable displacements in water-wet porous media. Desaturation experiments on this oil-

wet micromodel also show that the connate water can bring considerable differences, as 

shown in Figure 6.5. 

 

 

Figure 6.5: Desaturation curves with and without connate water. 

 

Figure 6.5 shows that, with connate water, the oil saturation is lower than the case 

without connate water for all capillary numbers studied. However, the difference between 

those two curves is smaller than the connate water saturation, which means that amount of 
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oil recovered by the desaturation is higher in the case without connate water than in case 

with connate water.  

When using a log-scale for the Ca, the desaturation curve without connate water 

can be divided into two regimes: when Ca is smaller than 10-5 (flow rate ≤ 64 µl/hr), the 

desaturation curve slope is very small; above 10-5 (flow rate ≥ 128 µl/hr), the oil saturation 

decreases much faster with increasing Ca.  

This inflection point matches well with qualitative observation (Figure 6.2); at this 

critical Ca, sweep efficiency is nearly 100%. Before this point, the desaturation comes from 

“broadening of fingers”, and after this point, the desaturation comes from reducing residual 

oil.  

Images of the micromodel during the first steady state (2 µl/hr) were captured for 

both cases without connate water, as shown in Figure 6.6a, and the case with connate water, 

as shown in Figure 6.6b. Without connate water, the viscous fingering effect is very 

obvious, leaving a large area completely unswept at low Ca. However, in the case with 

connate water, the displacement is very homogeneous, even when the viscosity ratio is 

more than 100. Stabilization of viscous fingering by connate water in water-wet cases has 

been reported 253, but no report on such stabilization in an oil-wet case was found in the 

literature.  
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Figure 6.6: Images of the first steady state (2 µl/hr) without (top) and with (bottom) 
connate water. These results demonstrate that a more homogeneous 
displacement can be achieved in the case with connate water. 

 

Effect of Initial Flow Rate 

The initial flow rate does appear to have a significant effect on the desaturation behavior, 

as shown in Figure 6.7. However, no trend was observed and, given the limited number of 

experiments and lack of precise control on connate water saturation, no conclusive 

statements on the effect of initial flow rate on desaturation can be made. 
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Figure 6.7: Comparison of desaturation curves for different experiments with connate 
water  

 

Average Ganglia Size and Capillary Number 

From classic theories, the size of an oil ganglion is controlled by the balance of 

capillary and viscous forces. Thus, there should be a clear relationship between the average 

ganglia size and Ca, because the definition of Ca is the ratio of viscous force and capillary 

force. The average ganglia length is calculated by counting average oil ganglia area using 

ImageJ, and taking the square root. The relationship between normalized ganglia length 

(average ganglia length divided by pore diameter) and Ca is shown in Figure 6.8.  
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Surprisingly, all data, regardless of connate water saturation and initial flow rate, 

collapse onto a master curve. There are a few outliers, but only for cases without connate 

water and in relatively low Ca regions.  

A correlation between ganglia size and Ca during oil-wet desaturation process is 

well supported by experiments, which is consistent regardless of connate water saturation 

and initial flooding rate, especially for Ca larger than 10-5.  

 

 

Figure 6.8: Relationship between average normalized ganglia length and Ca for all seven 
experiments. 
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6.2. STEADY-STATE FLOW OF MACRO-EMULSION IN HOMOGENEOUS MICROMODEL 

6.2.1. Background 

Emulsion and foam fluidics in porous media is a growing research area for both 

enhanced oil recovery and in the chemical/food industry.  

A long-standing question is how the size of non-wetting phase droplets/bubbles 

varies spatially in the porous medium. Droplet size distribution is one of the most important 

parameters to determine the rheology of an emulsion. It has been shown that varying the 

droplet size alone may lead to a 104 times difference in emulsion apparent viscosity 254. 

Traditional black-box (e.g. coreflood) experiments can provide data such as the inlet 

droplet size distribution and the outlet droplet distribution. However, as the emulsion 

droplets are breaking and coalescing dynamically in a porous medium, it is not easy to 

capture the droplet size variation along the flow direction.  

Micromodels can be applied to visualize the droplet/bubble size variation along the 

porous medium, as shown in some experiments on traditional 2-D micromodels 228. 

However, as discussed in Chapter 5, the 2-D geometry prohibits some important 

droplet/bubble breakup physics such as capillary snap-off, so the 2-D micromodel 

experiments may not represent the evolution of droplet/bubble size realistically.  

 The complex behavior of emulsion flooding (similar to foam flooding in many 

aspects) can be easily observed and studied on 2.5-D micromodels.  

6.2.2. Materials and Experimental Setup 

Octane was used as the oil phase in the experiment, and 1000 ppm silica 

nanoparticle (5 nm in diameter) and 500 ppm Tween 80 (surfactant) were added into dyed 

water as emulsion-stabilizer, which is shown to be a good emulsion stabilizer in Chapter 4.  
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A 2.5-D micromodel (identical to that shown in Chapter 5) was used in this 

experiment, which contains a T-junction connected with two injectors in the upstream of 

the porous matrix. With the fluids system, the micromodel is strongly water-wet.  

During the experiment, oil and aqueous phases are co-injected both at 7 µl/hr flow 

rate. At the T-junction in the upstream, oil droplets with about 250 µm diameter were 

generated and injected into the main matrix. After the system achieved steady-state, 

microscopic images at different positions along the flow direction were captured and the 

average droplet size was calculated. 

6.2.3. Results and Discussion 

Intensive Break-up at the Inlet 

From the microscopic images (Figure 6.9), it is shown that the relatively big 

droplets get broken at the inlet. From the video in the Supplemental Materials of 250, 

different mechanisms of droplet break-up can be identified as described in previous 

references: cut-off by continuous phase’s shearing, pinch-off by neighboring droplets and 

capillary snap-off. In addition, although the system is in “macroscopic steady-state” 

(constant total flow rate), flow in every single pore is dynamic. This observation matches 

well with the discoveries from 3-D digital rock simulations 61.  
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Figure 6.9: Microscopic image of emulsion flooding at the inlet of the 2.5-D micromodel 
at steady state. It can be observed that the injected large droplets breakup 
over very short distances. 

 

Droplet Size Evolution 

By averaging at least 50 droplets at different cross-sections, droplet size change 

along the homogeneous micromodel was calculated based on the microscopic images 

captured during the experiment, which is plotted in Figure 6.10.  
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Figure 6.10: Droplet size change along the porous medium, from the beginning to the 
outlet, with standard deviation marked as the red vertical error bars. 

 

From this plot, we can see a very sharp drop of droplet diameter from 250 µm to 

about 50 µm in very short distance from the inlet. After the sharp decrease in droplet size, 

the droplet size slowly decreases with distance. At the outlet, very few droplet break-ups 

were observed, and the average droplet size nearly stabilized at around 20 µm. This size is 

very close to the throat size, as shown in Figure 6.11, which is a microscopic image of 

outlet and a local zoom-in.  

It should be noted that the end of micromodel matrix is only 2.4 cm away from the 

inlet. This indicates that, in a homogeneous porous medium with a much larger scale, the 

droplet size can be stabilized at approximately the throat size from a cross-section which 

is very close to the inlet. In other words, when predicting or describing the rheology of 
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emulsion in this porous medium, the outlet droplet size can be applied as the representative 

droplet size in the whole matrix. A much larger average droplet size is only in a very small 

region, which is from the inlet to about 1-2 cm away from the inlet. 

 

 

Figure 6.11: Image of emulsion droplets at the end of the homogeneous micromodel.  

 

6.3. OBSERVATIONS OF ULTRA-LOW IFT DISPLACEMENTS IN MICROMODELS 

6.3.1. Background 

Enhanced oil recovery by injecting ultra-low IFT surfactants (surfactant flooding) 

is reported to recover more than 90% of the oil in a light-oil reservoir 255. Among all three 

types of ultra-low IFT systems (10-2-10-4mN/m), bi-continuous microemulsion can be 

generated and is reported to have the best oil displacement efficiency 255. The fluidic 

properties and behaviors of the microemulsion phase is an important problem for 

understanding this process. However, although 2-D micromodels have been applied to 

study the surfactant flooding process, there are no published studies of a flowing 

microemulsion phase in a micromodel (although it has been frequently studied by 
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coreflood (real 3-D) experiments 256). Howe et al. 146 recently reported microemulsion 

phase as a residual phase in a 2-D micromodel, but no evidence about the flowing 

microemulsion phase was presented. 

6.3.2. Materials and Experimental Setup 

An ultra-low IFT system, identical to that of Liang 257, was used to perform a 

surfactant flooding experiment on 2.5-D micromodel.  

The IFT is 8.5×10-4 mN/m, calculated from Huh Equation 258. It is a “Type-III” 

system, where the microemulsion forms an independent phase rather than dissolved in oil 

or aqueous phase.  

Displacement experiments were conducted. The micromodel was firstly saturated 

by light oil, and then surfactant solution was then flooded at 15 µl/hr (about 6.7 ft/day). 

Microscopic images were captured at different locations and different times. 

6.3.3. Results and Discussion 

Longitudinal Observation 

During the displacement flow, a piston-like stable front was observed as expected 

(the viscosity of oil is lower than the surfactant solution). 

In order to capture the longitudinal phase change, a snapshot of the on-going 

displacement was taken from the camera, and microscopic images from upstream to 

downstream are shown in Figure 6.12a-c.  
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Figure 6.12 Surfactant flooding process in 2.5-D micromodel. (a)-(c): Microscopic 
images of the flooding micromodel from upstream to downstream, where we 
can visualize a distinct water-oil two phase front at the oil-water contact line 
in (c), residual oil following the front in (b), and microemulsion phase in far 
upstream in (a). (d)-(g): Zoom-in images of a fixed region in surfactant 
flooding with a 4 mins time interval to capture. Microemulsion can be 
observed generated from residual oil in (d) and (e), and then co-flowing with 
water phase like a belt in (f), and the entire region was finally with neither 
residual oil nor microemulsion as shown in (g). 
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From those images, it can be observed that: 

(1)  A stable water–oil front forms, as shown in Figure 6.12c, while microemulsion 

is not observed at the water-oil front. It contradicts some interpretations of 

coreflood experiments and assumptions in numerical simulations 259, where 

authors claimed that microemulsion can be generated immediately when 

surfactant solution contacts with the oil phase. 

(2)  Several millimeters behind the front, residual oil droplets can be observed that 

are trapped on grain surfaces, as shown in Figure 6.12b. Those oil droplets are 

generated due to the shearing and by-passing at the water-oil contact front. At 

this region, there is still no microemulsion observed.  

(3)  Further upstream (1 cm away from the front, swept by surfactant solution for 

7.5 min), oil droplets can no longer be observed. Instead, at the positions where 

residual oil was previously located, microemulsion clusters can be observed, as 

shown in Figure 6.12a. In microscopic images, those microemulsion cluster 

show cloud-like color, which is different from oil (pure white) and surfactant 

solution (blue).  

In summary, the above experimental observations appear to disprove the theory that 

there is an oil-microemulsion-surfactant solution sequence from downstream to upstream 

during ultra-low IFT displacement. Actually, oil is firstly dispersed into residual droplets 

trapped on the grain surface, and then those residual oil droplets gradually interact with the 

flowing surfactant solution and finally become microemulsion. 
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Fixed Point Observation  

Another displacement experiment was conducted with identical parameters under 

identical conditions. This time, the camera was fixed onto one location, and captured the 

dynamics of residual oil droplet recovery by transformation into a microemulsion. 

Figure 6.12d-e show the process of residual oil (white liquid attached on grains) 

gradually being dissolved into microemulsion phase (light-blue liquid coming from 

residual oil which has a clear interface between both aqueous phase and oil phase) and then 

co-flowing with the aqueous phase (blue liquid). Figure 6.12f-g show how the 

microemulsion phase gradually disappears during the surfactant flooding. Almost all oil, 

both in the oil phase and in the microemulsion phase, were finally recovered, as shown in 

Figure 6.12g. 

The shifting process from oil phase to microemulsion phase, and the co-flowing of 

microemulsion phase along with the aqueous phase, which (to my knowledge) has never 

been observed on 2 D micromodels, can now be observed. It is attributed to much better 

ability of the 2.5-D micromodel in trapping residual oil due to the more significant and 

realistic pore-throat geometry: it affects the flow field and generates “dead zones” (low 

velocity zones) at the pore edges, where oil is more likely to be trapped. 

 

6.4. DISCUSSION AND SUMMARY 

6.4.1. Sectional Summary of Capillary Desaturation Behavior in Oil wet 
Micromodels 

Desaturation curves were created for displacement experiments on an oil-wet, 2.5-

D micromodels. Existence of connate water and initial flooding rate were studied and were 

shown to be very important factors to determine the desaturation behaviors. 
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The reproducibility of experiments was confirmed by three parallel experiments, 

where, although the connate water saturations are not exactly the same, the desaturation 

curves overlap.  

Existence of connate water can reduce the oil saturation during desaturation. For 

the application of oil recovery, the existence of connate water has a positive effect. In 

addition, the existence of connate water can make the displacement much more stable than 

zero connate water displacement where strong fingering effect can occur. 

Initial flooding rate was shown to affect desaturation curves; however, no definitive 

conclusions or trends could be determined due to the small number of experiments 

conducted  

With increasing Ca, oil ganglia break into smaller ones due to a change in viscous 

– capillary force balance. When plotting the average ganglia size and the capillary number, 

all experiment data fall onto a single curve.  

6.4.2. Sectional Summary of Steady-State Flow of Macro-Emulsion in Homogeneous 
Micromodel 

On these micromodel flooding experiments, it is successfully pointed some 

interesting phenomena out that was not pointed out in previous literatures: macro-droplets 

experience severe break-up in near the inlet of the porous medium, and then remains at a 

small size which is in the same order as the throat size. Thus, it can be inferred that in 

homogeneous core-scale experiments, the outlet droplet size could be applied to 

characterize the representative droplet size in in the whole core. 

It should be noted that this work was only preliminary and an investigative study. 

A few limitations of the work are summarized here. 

Limit 1: This experiment is with a very stable emulsion system. With this system, 

droplets can only break-up, and the coalescence is negligible. The condition is not always 
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true in practical cases, and taking the coalescence into consideration in the future can 

improve this work significantly. 

Limit 2: Very little physics were applied in quantification and modeling this droplet 

size evolution model. In recent years, many different bubble population models have been 

widely applied to describe the flow phenomena of emulsion and foam in porous media. 

Future work should focus on advanced mathematical tools and physical models, combined 

with more systematic experiments. 

6.4.3. Sectional Summary of Observations of Ultra-Low IFT Displacements in 
Micromodels 

From this experiment, two major conclusions relevant to surfactant enhanced oil 

recovery are made. 1) There is a microemulsion zone during surfactant flooding, which is 

upstream of the water-oil front but not closely following the front, which agrees with the 

observations in coreflood experiments 256; 2) The microemulsion is generated from the 

residual oil in the swept region, and then co-flows along with aqueous phase without further 

trapping. This leads to an almost 100% water region without oil left behind, which agrees 

with most surfactant EOR coreflood data 255.  

6.4.4. Conclusive Summary of Three Case Studies 

In this chapter, three different case studies are presented which use a 2.5-D 

micromodel as a tool. Those case studies show that visualizations on a porous micromodel 

can provide useful and new knowledge to our understanding of multiphase flow in porous 

media.  

Appropriate application of image analysis is shown to be very important in analysis 

of micromodel experiment results. Image analysis tools can provide information such as: 

identification of phases, quantification of saturations, oil/water cluster number/size, etc. 
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The advantage of the micromodel over traditional black-box (e.g. coreflood) experiments 

can be maximized by acquiring and analyzing these data. 

In addition, the case studies show that the 2.5-D geometry can bring more realistic 

phenomena into 2-D pore array, without losing the convenience of visualization and 

quantification. Partially due to the insertion of 3-D geometry, more realistic results can be 

achieved, such as droplet size evolution in homogeneous porous media, and the generation 

of micro-emulsion during ultra-low IFT displacement. 

Finally, these studies were only preliminary and investigative in nature. They are 

listed here mostly as a demonstration about how 2.5-D micromodels can help to provide 

knew knowledge to the EOR community. More experiments and theoretical analysis are 

needed.  

The 2.5-D micromodel platform can be applied to a broad range of applications. In 

the following two chapters, two systematic, detailed studies are conducted (1) to develop a 

novel EOR fluid (Chapter 7) and (2) to discover new physics in multiphase geofluid 

systems (Chapter 8). 
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CHAPTER 7: MICROMODEL STUDY OF NANOPARTICE-
TREATED OIL (NPTO) AS A NEW EOR FLUID FOR HIGHLY 

FRACTURED RESERVOIR  

In this chapter, I show an example of how to apply the micromodel platform to 

develop a new EOR fluid and evaluate its performance for specific reservoir conditions. 

This EOR fluid (NPTO) is based on smart application of NPs, mixed with produced oil and 

produced brine, and then is tested on a highly fractured 2.5-D micro-reservoir with viscous 

oil phase. Micromodel flooding experiments show that injection of 0.2 PV and 0.3 PV of 

NPTO can lead to recovery of 0.4 PV and 0.6 PV of oil, respectively. A brief economic 

estimation shows that NPTO can be an affordable EOR solution for a fractured, relatively 

water-wet reservoir saturated with oil much more viscous than water. 

7.1. BACKGROUND: DISCUSSION OF EOR ON A HIGHLY FRACTURED WITH VISCOUS OIL 

Enhanced oil recovery is challenging in reservoirs that are highly fractured, initially 

oil-wet, and saturated by viscous oil, where waterflooding often results in low oil recovery 

260 due to very low sweep efficiency caused by (1) high heterogeneity and (2) viscous 

fingering and capillary fingering 261.  

Improvement of sweep efficiency and alteration of wettability are important for 

successful EOR operations in these cases. Several possible solutions have been proposed 

to improve recovery in highly fractured oil-wet viscous reservoirs: 

(1)  Polymer flooding. Polymers have long been applied in reservoirs for sweep 

efficiency improvement due to their much higher viscosity than water 262. 

However, the efficiency of polymer flooding can be severely reduced in high-

salinity environments, due to loss of viscosifying ability of polymer 263. Thus, 

in the presence of relatively high salinity, polymer flooding may not be effective.  
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(2)  Surfactant flooding. Surfactant flooding is well accepted as an EOR method 

because it can substantially reduce the IFT and can alter the reservoir wettability 

from oil-wet to water-wet 264. The reduced IFT primarily helps to mobilize 

residual oil in the swept region rather than to recover unswept oil 265. 

Furthermore, the wettability alteration comes at the expense of significant 

surfactant adsorption on matrix. In addition, due to the coexistence of unswept 

low permeability regions saturated with high viscosity oil and large volume of 

fractures, vugs and fingers saturated with low viscosity water, much of the 

surfactant solution may flow through these low-resistance pathways and 

breakthrough to the producing well without contacting much of the oil. 

(3)  Foam flooding. Foam has been proposed and applied as an efficient EOR 

method to improve sweep in heterogeneous reservoirs 266. Due to the high 

apparent viscosity of foam, gas bubbles can block high permeability region by 

capillary forces and re-direct displacing liquid into unswept region. One of the 

most important issues in applying foam EOR is the in-situ generation of foam 

from surfactant solution and injected gas 267. As direct injection of foam into a 

reservoir can reduce injectivity, operators typically inject surfactant solution 

first and then chase with gas. In porous media, gas passes through complex 

diverging-converging geometry saturated with surfactants and thus bubbles are 

generated in the reservoir. However, if there are fractures and vugs dominating 

the flow, the relatively wider channels with few pore-throats may make the 

generation of foam much harder.  

In summary, for a highly fractured, oil-wet reservoir with viscous oil, EOR fluids 

with the following properties would be preferred: 
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(1)  The displacing fluid should have a higher viscosity than the crude oil, in order 

to improve the sweep. 

(2)  The fluid should have the ability to alter the wettability from oil-wet to water-

wet, in order to allow spontaneous imbibition that can re-direct water into low-

permeability matrix.  

(3)  The fluid should be easily prepared on rig, without shipping of too much 

chemical. 

(4)  The fluid should not harm the injectivity. 

(5)  The fluid should be economically competitive at least for some specific 

conditions. 

If a fluid with above properties can be found, it would have great potential to solve 

the problem stated at the beginning of this chapter: efficient EOR on a highly fractured, 

oil-wet, viscous reservoir. 

 

7.2. NANOPARTICLE-TREATED CRUDE OIL (NPTO): PREPARATION AND 
CHARACTERIZATION  

7.2.1. Materials 

In this chapter’s microfluidic experiments, 144.3 cp crude oil with high acid 

number was used as the oil phase, and synthetic seawater was used as the aqueous phase. 

A crude oil’s wetting ability is positively related to total acid number 268-269. Silica NPs 

(identical to the NPs applied in Chapter 3) is highly negatively charged hydrophilic and 

has an average size of 5 nm, and were initially dispersed in DI water at a concentration of 

20 wt%. 
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7.2.2. Preparation of NPTO (Nanoparticle-Treated Oil) 

Preparation of NPTO follows well-established methods to create water-in-oil 

miniemulsion，which is a kind of emulsion with sub-micron droplets dispersed in the bulk 

and is at least dynamically stable 270. NPs were first diluted with seawater (synthesized 

following ASTM D1141-98 standard) to 4 wt%, and then mixed with crude oil (with a 

volume ratio of 1:9 and 5:5). The two liquids were shaken by hand to get a coarse water-

in-oil emulsion, and then put under sonication for 5 mins. After sonication, the mixture was 

left to rest for several hours, and finally a new “two-phase” system was achieved. The 

upper phase is the NPTO. 

7.2.3. Characterizations of NPTO 

Optical Appearance 

Figure 7.1 shows two solutions; the NPTO on the right and the original crude oil 

on the left, under reflective light. Under reflective light NPTO has a much lighter color 

than the original, untreated crude oil. That is because NPTO contains small brine droplets 

which reflect light back from NPTO, while crude oil does not contain those droplets.  

Crude oil and seawater were also mixed, without NPs. After following similar 

procedures for making NPTO, and crude oil showed little difference from that before 

treatment. It proves that NPs are the crucial component in making NPTO. 
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Figure 7.1: Crude oil (left) and NPTO (right) in glass bottle, under reflective light. It 
should be noted that the crude oil had been treated similar to NPTO, except 
that the aqueous phase contains no NPs.  

 

Crude oil and NPTO are injected into micromodels to visualize their optical 

properties at the micron scale and under transmitting light, as shown in the microscopic 

image, Figure 7.2. Under transmitting light, crude oil is a clear yellow liquid in the 

micromodel, while NPTO is much darker than crude oil with many tiny droplets (mostly 

with smaller diameter than 1 micron). The darker color of the NPTO compared to crude oil 

is because small droplets reflected light back and thus allow less light to pass through the 

liquid.  

Optical observations under both reflective and transmitting light shows that mini 

droplets in NPTO can make the NPTO easy to be differentiated from crude oil by optical 
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methods. As mentioned before, very little NPs are left in aqueous phase after treatment, 

most NPs are in NPTO phase rather than in lower brine bulk and the fact that NPs were 

modified to be highly hydrophilic, it can be inferred that the mini-droplets in NPTO are 

brine droplets including highly concentrated NPs. 

 

Figure 7.2: Microscopic optical image of (a)crude oil and (b) NPTO in porous glass 
micromodel under transmitting light. The scale bar is for both (a) and (b), 
which represents 100 µm. 

 

Wetting ability against glass in seawater environment 

The wettability of crude oil and NPTO was studied in a 2.5-D glass micromodel. 

The micromodel, with polar surface, is identical to that applied in Chapter 5. The crude oil 

used in this study is highly surface active with relatively high total acid number, which 

makes it very wetting, even against the glass surface (which is always identified as a water-

wet surface) in the seawater environment. Figure 7.3a shows that the crude oil is wetting 

the glass surface, while the NPTO is completely non-wetting when seawater, crude oil and 

NPTO co-exist in a glass porous micromodel.  

In this system, brine salinity and glass chemical properties are uniform. Thus, this 

difference in wettability indicates that the outer surface of NPTO is different from that of 

crude oil due to some differences in the oil phase rather than in the water or glass phase. A 
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reasonable explanation is that some components that are more wetting to glass are 

considerably removed from the oil bulk phase in NPTO, which is attributed to the NPs in 

mini-droplets. 

 

Figure 7.3: (a) Wetting ability of NPTO and crude oil in glass micromodel under 
seawater environment. It is clear that the crude oil is more wetting than 
seawater, and NPTO is completely non-wetting in presence of seawater. (b)-
(c) schematic image of the mechanisms of NPTO’s weaker wetting ability: 
in presence of small brine droplets with concentrated NPs, natural 
surfactants in crude oil are attached to mini-droplets, and thus the adsorption 
on solid surface and on the outer surface of NPTO become much less than 
that in crude oil case.  

 

A theory is proposed here to explain this phenomenon. In crude oil, there are initially some 

polar components which function like non-ionic surfactants (natural surfactants). When 

crude oil contacts with brine and a polar solid surface, those natural surfactants are 

adsorbed onto the solid-oil interface as well as the solid-water interface. This adsorption 

reduces the solid-oil interfacial energy, which can sometimes make glass surface (which is 

always identified as a water-wet surface) oil-wet, as shown I n experiment. However, in 

NPTO, there are many very small droplets which have a very large specific area. Those 

droplets provided even much larger oil-water surface area than oil-solid contact area, and 
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those surface areas are stabilized by NPs that have been shown to have a strong synergistic 

effect with nonionic surfactants to enhance adsorption of those natural surfactants and polar 

components 271. Due to the competition from the much larger NP-stabilized interface, the 

solid-NPTO interface would attract much less natural surfactants than untreated solid-

crude oil interface, which finally makes the NPTO less wetting to surface than crude oil. 

A brief diagram of this proposed mechanism was shown in Figure 7.3b-c. 

 

IFT (Interfacial Tension) 

If the proposed mechanism above is correct, (e.g. the sub-micron, NPs-concentrated 

droplets’ interfaces “lock” natural surfactant in the oil bulk and prohibit those natural 

surfactant to adsorb on other interfaces), it can be inferred that there should be less 

adsorption of natural surfactants not only on the solid-oil interface, but also on the water-

oil interface. Thus, IFT between NPTO and water should be higher than IFT between crude 

oil and water. 

The IFTs of crude oil and NPTO in DI water were measured, using the spinning 

drop method with a tensiometer (Kruss, SITE100). Results are shown in Table 7.1. As 

expected, NPTO’s IFT with water is about 40% higher than crude oil. Specifically, 9:1 

ratio NPTO has almost similar IFT against water to 5:5 ratio NPTO, which proved that 10% 

NP-brine suspension for making NPTO is enough to “deactivate” most natural surfactants, 

and make the oil non-wetting to glass (and possibly to sandstone). 

In addition, the contact angles of crude oil and NPTO on glass in seawater 

environment were also measured and shown in Table 7.1. The results matches our direct 

observations in micromodel that the NPTO is non-wetting while crude oil is wetting to 

glass in seawater environment.  
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Viscosity 

The viscosities of NPTO and crude oil were measured using a rheometer (ARES 

LS-1). They both show Newtonian-like rheological behavior. As shown in Table 7.1, 

NPTO has larger viscosity than crude oil, and the viscosity is positively related to the NP 

suspension used for NPTO preparation. Actually, it is not surprising to see the mini-

emulsion’s viscosity always higher than continuous phase’s viscosity, as supported by 

Einstein 272. In other words, no matter how viscous the crude oil is, NPTO made of the 

crude oil is more viscous.  

 

Table 7.1: IFTs, contact angles and viscosities of crude oil, 9:1 NPTO, and 5:5 NPTO at 
25 ºC  

Mix Volume Ratio  
(Oil: Brine) 

IFT 
(against water)  

COntact Angle 
(Seawater, glass) 

Viscosity 
 

10:0 (Crude Oil) 10.58 mN/m 57 ° 144.3 mPa·s 

9:1 (NPTO) 14.22 mN/m 149 ° 168.2 mPa·s 

5:5 (NPTO) 14.41 mN/m 151 ° 189.7 mPa·s 

 

Stability 

The long-term stability of NPTO has not been determined by lab experiments. 

However, NP-stabilized mini-emulsions have long been proven to be at least dynamically 

metastable 273, and sometimes even thermodynamically stable 274. 

Although NPTO is a multiphase system, the droplets in NPTO are smaller than 

most pore-throats in conventional reservoirs and thus not likely to plug pore-throats and to 

damage the injectivity.  
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Brief Summary of NPTO Characterizations 

In summary, NPTO can be made from produced brine and produced crude oil with 

a small amount of NPs (as low as 0.4 wt%). The highly concentrated NPs in mini-brine-

droplets “lock” natural surfactants and other polar components in oil bulk, and then reduce 

the polar components’ adsorption on NPTO surfaces against connate/flooding brine and 

against the glass solid. NPTO has flowing key properties:  

(1)  NPTO is a multiphase system with many small brine-NPs complex mini-

droplets suspending in crude oil. Those droplets have an average size of smaller 

than 1 micron and are dynamically stable, indicating that NPTO can flow in 

conventional reservoirs without plugging. 

(2)  NPTO is non-wetting to the micromodel surface under seawater, although 

untreated crude oil is wetting to the micromodel surface. This is attributed to 

the “deactivation” of polar components which are trapped by the mini-droplets’ 

surface. This deactivation of polar components allows a small amount of polar 

components (natural surfactants) to distribute onto the NPTO-solid surface. 

Without the adsorption of natural surfactants on the oil-solid surface, the 

wetting ability of NPTO to polar solid surfaces (such as sandstones, 

conglomerates, shales) becomes much weaker than crude oil without treatment. 

(3)  NPTO is slightly more viscous than crude oil. 

(4)  NPTO is at least dynamically metastable, and possibly thermodynamically 

stable.  

(5)  The total amount of NPs in unit volume of NPTO can be as low as 0.4 wt %. In 

addition, all other components for fabricating NPTO except NPs can be 

acquired from produced oil and produced brine. 
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7.3. PROOF OF CONCEPT BY MICROMODEL EXPERIMENT: NPTO-BASED-EOR 

The NPTO properties listed in Section 7.1 meet the desired properties of EOR fluids 

for a highly fractured, oil-wet reservoir with viscous oil listed in Section 7.2 Thus, it is 

proposed to use NPTO as an EOR fluid for such reservoirs, with polar rock surface. 

If we use NPTO as an EOR fluid, we are using “oil” to produce oil. If the injection 

of 1 unit NPTO can bring more than 1 unit incremental oil recovery (IOR), this injection 

can be potentially economically profitable. In this section, several NPTO EOR experiments 

on a viscous, highly fractured and initially oil-wet glass micromodel reservoir are presented, 

in order to validate the NPTO-EOR proposal, investigate NPTO-EOR’s mechanisms and 

finally evaluate the economic potential/limits of this new method. 

 

7.3.1. Micromodel set-up and flooding procedure 

The glass micromodel is modified from the homogeneous 2.5-D glass porous 

micromodel introduced in Chapter 5. The geometric properties in the regular pore array 

and the overall size of the micromodel are similar to the homogeneous micromodel. 

However, a dead-end fracture was added starting from the inlet, which is 600 µm wide and 

0.76 inch long. As shown in Figure 7.4, the micromodel is oil-wet under crude oil and 

seawater system. 
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Figure 7.4: The fractured glass micromodel used for experiments in this chapter. The 
scale bar is 4 mm. The flow direction of this image (and following other 
images from experiments) is from right to left. 

 

The flooding experiment is conducted with 4 steps. 

1. Saturate the micromodel with 100% crude oil 

2. Seawater flood for 2 PVs 

3. NPTO flood for 0.3 PV 

4. Flood with seawater for 5 PVs 

During the experiment, images were captured by a camera with 4000×6000 pixels. Images 

were further analyzed with ImageJ in order to quantify the volume fractions (saturations) 

of crude oil, grain, brine and NPTO. 
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4.3.2. Image process, analysis and quantification 

For better quantification, different phases or components (crude oil, NPTO, brine, 

grain) were identified by image analysis technologies. The Image-i (the ith image in time 

sequence, i = 0,1,2,….) was analyzed by the following procedure: 

(1)  Split the original Image-i into RGB channels. 

(2)  Pick the red channel, enhance the contrast by normalization, and then make the 

image binary by the “MaxEntropy” method, and then filter all black particles 

smaller than 100 pixels. The remaining black region is NPTO, called Shape (i, 

A). 

(3)  Pick the blue channel, enhance the contrast by normalization, and then make 

the image binary by MaxEntropy method. The remaining black region is all oil, 

including NPTO and crude oil, called Shape (i, B). The white region is the 

combination of brine and grains called Shape (i, C). 

(4)  Subtracting Shape (i, B) by Shape (i, A), the crude oil phase can be identified, 

called Shape (i, D). 

(5)  Subtracting Shape (i, C) by Shape (0, C), the water phase was identified, called 

Shape (i, E). 

(6)  Calculate the total area of Shape (i, A), Shape (i, D) and Shape (i, E). Thus, 

relative volume of NPTO, crude oil and brine at the moment that Image-i was 

captured can be quantified respectively. 

Figure 7.5 shows the original images captured by camera without image analysis. 

It can be pointed out that from the original images, it is not easy to differentiate the grain 

phase from the water phase, and to differentiate the NPTO from crude oil. Figure 7.6 shows 

the modified images by merging the four phases with fake colors (crude oil in red, NPTO 

in yellow, brine in blue, and grain in black) 



 117 

 

 

Figure 7.5: Optical images of the micromodel at different time. Those are images directly 
from camera, without ant modification and treatment. It is not easy to 
differentiate grain and brine, crude oil and NPTO from those original 
images. 
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Figure 7.6: Optical images of the micromodel at different time with fake colors. Those 
are images after modification, crude oil phase is colored in red, seawater is 
colored in blue, NPTO is colored in yellow and grains are colored in black.  

From Figure 7.5 and Figure 7.6, we can see that the oil recovery after waterflood is 

very low, due to almost zero sweep in the region parallel to the fracture, and very low 

efficiency after the end of fracture due to viscous fingering effect. After ~0.3PV injection 

of seawater, the reservoir reaches steady-state and no more oil can be further recovered by 

seawater flooding. At 2 PV, injection of 0.3 PV NPTO begins. As can be seen in the matrix 

region near the injection face (right side boundary), a stable front supports that the viscosity 

of NPTO is larger than crude oil. At the same time, NPTO occupies the previous water-

channels and redirects chasing seawater to the unswept region and thus more drainage 
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fingers are generated in the crude oil occupied region. After ~2.8 PV, we start to see a 

different type of sweep improvement: water starts to imbibe into the NPTO-occupied 

region, slowly, with much wider fingers than the drainage fingers. At the end of the 

flooding experiment (~7.3 PV), a considerable improvement in sweep efficiency than that 

after waterflood can be observed. 

 

7.3.3. Quantitative results  

Figure 7.7 shows the change of saturation of original oil (crude oil), NPTO and 

their summation during the flooding process. Only 10.8% of oil was recovered by water 

flooding. However, by injecting 0.3 PV NPTO (as shown by the blue curve), about 0.6 PV 

more crude oil was recovered (as shown by the red circles). By subtracting the injection 

cost, the NPTO flooding achieved 29.6% IOR after 5 PV of seawater chasing (as shown 

by the green triangles). 

The oil saturation quickly declined from the waterflood in the first ~0.2 PV and 

then asymptotically reached a plateau of 89.2%. After 2 PV of waterflood, NPTO was 

injected, which results in an abrupt increase in the total oil saturation to 93.7% at 2.17 PV. 

However, right after the increase, the total oil saturation declines quickly to 72.2% at 2.7 

PV, right after the NPTO injection and about 0.4 PV of seawater chasing. After that, total 

oil saturation continued to decline (at a slower rate), and at 7 PV, the oil saturation was 

stabilized at 59.6%. It should be noted that, although the injection of NPTO is from 2 PV 

to 2.3 PV continuously, about 0.1 PV NPTO was not directly injected into the micromodel 

on time, but resided in the upstream dead volumes and flowed into the micromodel during 

the following seawater chase.  
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At the end of the experiment (7.3 PV), the total oil saturation is 59.6%, including 

30.9% NPTO and 28.6% original crude oil. It can be easily calculated that 71.4% of the 

original crude oil was finally recovered, including 10.8% before NPTO injection and 60.8% 

after NPTO injection. In other words, 0.309 PV investment of NPTO results in 0.606 PV 

return.  

 

Figure 7.7: Saturations’ changes during experiment. The red circles are crude oil 
saturations, blue diamonds are NPTO saturations, and green triangles are 
total (net) oil saturation.  

 

Oil cut during the flooding is shown in Figure 7.8. It shows that the waterflood had 

zero oil cut after about 0.6 PV injection. However, when injecting NPTO, the oil cut spiked 

to almost 100% immediately (due to the numerical differentiation, some error does accrue). 
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After that peak, although oil cut decreased significantly, it maintained a non-zero value 

until after 7 PVs. 

 

Figure 7.8: Oil cut changes during experiment. The first peak with very short tail is 
before the breakthrough of brine flooding, and the second peak with a long 
tail represents the NPTO flooding and the chasing seawater flooding. 

 

7.3.4. Discussion of mechanisms: two stages  

From observations of both the oil saturation and the oil cut results, two different oil 

production stages after NPTO injection can be identified: (1) fast production from 2 PV to 

2.7 PV, corresponding to NPTO injection period and immediate afterward seawater chase, 

during which time 17.0% incremental recovery was achieved; and (2) slow production 

from 2.7 PV to 7 PV, corresponding to most seawater chasing process, during which period 

the oil cut was maintained at around 4% to 10% and 12.6 % incremental recovery was 

achieved. 
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Recovery in stage (1) is likely a result of improved sweep efficiency by the more 

viscous liquid. As shown in the second row of Figure 7.6, the oil recovery from this stage 

is due to the generation of more drainage fingers of brine in the original crude oil saturated 

region (the red region), and the primary effect of NPTO is the blocking of the high-

permeability region initially channeled by brine. 

However, the additional displacement of oil in stage (2) is very different form that 

in stage (1). As shown in Figure 7.9, during stage (2), the water distribution in the original 

crude oil region (red region) has little change. However, we can see considerable miscible 

displacement of original crude oil by NPTO (yellow region), and then a flowing 

displacement of NPTO by chasing brine (blue). It should be noted that, different from the 

fingers by drainage, which were of 1-2 pore bodies wide and were generated relatively fast 

129, the fingers created from the displacement of NPTO by brine are much wider and slower. 

Due to the wettability altering properties shown in Figure 7.9, this displacement of NPTO 

by brine is not a drainage process, but an imbibition process. 
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Figure 7.9: Local images at the initial of brine chasing (left) and after 5 PVs of brine 
chasing (right). It is clear that the brine finger (blue) in initially crude oil 
saturated region (red) changed little, but the region displaced by NPTO 
(yellow) was followed by brine, with a very different displacement mode 
from the thin fingers by drainage. 

 

Figure 7.10 is a cartoon of the hypothesized mechanism of the displacement of a 

wetting oil slug, a non-wetting oil slug, and a wetting-nonwetting oil hybrid slug as 

appeared in my flooding experiment. For a wetting oil slug or nonwetting oil slug, the 

capillary force on the two ends of the slug are in opposing directions, which suggests that 

an extra force is required to mobilize this oil slug. However, for a wetting-nonwetting oil 

hybrid slug, with wetting oil downstream and non-wetting oil upstream, the capillary forces 

at the two ends are both towards the downstream direction, which indicates that it can be 

spontaneously mobilized towards the downstream direction until the NPTO and crude oil 

are well mixed.  
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Figure 7.10: Schematic images of the capillary force direction on (top) wetting oil slug 
such as active crude oil in this chapter’s experiments, (mid) non-wetting oil 
slug such as NPTO, and (bottom) hybrid oil slug with wetting oil in 
downstream and non-wetting oil in upstream.  

 

In summary, the NPTO based EOR can be identified into two stages with different 

displacement mechanisms. During and shortly after NPTO injection, IOR is from more 
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drainage fingers due to the blockage of high permeability regions by more viscous NPTO; 

after that period, IOR is from the spontaneous imbibition of brine against NPTO. 

 

7.3.5. Additional experiment: fractured model with 0.2 PV injection 

A displacement experiment with NPTO on the same micromodel, but less NPTO 

injection, was performed. Quantifications of saturations and oil cut are shown in Figure 

7.11, and the microscopic images are shown in Figure 7.12. Similar phenomena, including 

the two displacement stages, were reproduced in this experiment successfully. During this 

experiment, 22.3% net improved oil recovery was achieved (41.5% more crude oil 

recovered by injecting 19.2% NPTO). The production/NPTO ratio in this experiment 

(41.5/19.2=216%) is even higher than injecting 0.3 PV NPTO (60.6/30.9= 196%) 

 

 

Figure 7.11: Data for Section 7.3.5’s experiment: (a) saturations and (b) oil cut. Very 
similar behavior of oil saturation change and oil cut to that for previous 
chapters can be observed. The injection of NPTO roughly recovered double 
amount of oil, and a long tail can be observed in the oil cut curve. 
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Figure 7.12: Microscopic images without modifications for Section 7.3.5’s experiment at 
different times: (a) before injection, (b) start of NPTO injection (2.04 PV), 
where we can see fingers in downstream and almost zero sweep in upstream, 
(c) shortly after NPTO injection (2.5PV), where we can see improved 
drainage sweep efficiency, (d) end of brine chasing (7.3 PV), where 
additional water swept region from imbibition is observed. 

 

7.4. DISCUSSION OF ECONOMICS  

For flooding experiments presented in this chapter, the volume ratio of IOR to 

injected NPTO is about 1.0. One volume unit of NPTO needs 0.1 volume unit of brine with 

0.4 wt% NPs. Consequently, 4 g NP is required to recover 1 liter of incremental crude oil. 

Other components of NPTO (crude oil and brine) can be directly collected from produced 

liquid. 

The price of silica nano powder is in the order of $1000-3000/ton ($0.01-0.03/g) in 

2017 (https://www.alibaba.com/showroom/nano-silica-price.html). Using $60/barrel 
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(about $0.5/liter) as crude oil price, the relative addition price from NPs can be as low as 

$0.08-0.24 NPs/$ crude oil, which is comparable to traditional surfactant EOR in the year 

2013 275. 

This encouraging result shows that NPTO can potentially be an economically 

profitable EOR method, at least for highly fractured reservoirs with highly active crude oil, 

which is common in heavy oil reservoirs, including North Sea oilfields 276, California 

oilfields 277, Kuwait off-shore reservoirs 278, Daqing oilfield in China 279, etc. 

It should be emphasized that this is a preliminary study; the composition of NPTO 

and injection procedure presented in this work were not been systematically optimized. In 

future work, it may be possible to develop NPTO compositions using less nanoparticle and 

NPTO flooding methods with better efficiency, which can further decrease the costs.  

 

7.5. SUMMARY 

EOR in highly fractured reservoirs with highly surface-active crude oil that can wet 

the rock surface is a challenging problem in industry, especially when the reservoir is off-

shore and large amount of EOR fluids are expensive to ship from land to the rig.  

A concentrated nanoparticle suspension in brine was dispersed in crude oil as a 

stable Pickering mini-emulsion, which is called nanoparticle-treated oil (NPTO). NPTO 

shows larger viscosity and less wetting ability to glass surface than untreated crude oil. The 

wettability change is due to the adsorption of oleic polar components on highly 

concentrated NP-brine suspension mini-droplets in NPTO, which inhibit those polar 

components to adsorb on solid’s polar interface. 
NPTO was applied as an EOR fluid in a highly fractured micromodel, with crude 

oil wetting the surface in the presence of seawater. The micromodel experiments 
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demonstrate great performance in fractured oil-wet micromodel flooding experiments. By 

injecting 0.31PV and 0.19 PV of NPTO following by chasing brine, 0.61PV and 0.42 PV, 

respectively, more crude oil can be recovered. 
Incremental oil recovery during and after NPTO injection can be divided into two 

stages based on two very different mechanisms. The first stage, with a relatively fast oil 

production, is a result of redirected drainage into crude oil occupied region; the second 

stage, with a slow but continuous oil production, is a result of spontaneous imbibition of 

brine into NPTO-occupied region, while NPTO further pushes crude oil to downstream.  

Encouragingly, a simple economic analysis suggests that the price of NPTO can be 

as low as $0.08-0.24 NPs/$ crude oil, which is in the same range as traditional surfactant 

EOR. Additional studies with NPTO are needed for implantation to the field. 

Based on mechanisms and economics proposed above, NPTO maybe a good choice 

when the reservoir is (1) highly fractured, (2) saturated with viscous surface-active crude 

oil, and (3) the matrix solid surface is polar. In addition, NPs employed should be carefully 

screened to ensure the formation of NPTO. 

This chapter presented a template for using micromodel to develop, validate and 

optimize new EOR methods. With the help of advanced image analysis technology, direct 

visualization helped to reveal the underlying physics of a new EOR fluid. 
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CHAPTER 8: OSTWALD RIPENING DERIVED ANTI-
COARSENING PHENOMENON: A MICROMODEL DISCOVERY5 

8.1. BACKGROUND: OSTWALD RIPENING 

Coarsening of particles, drops and bubbles, or Ostwald ripening 280 is a well-known 

phenomenon that occurs in two-phase or multiphase mixtures such as foam and emulsions 

281-283 and in nanoparticles synthesis processes 284-286. During an Ostwald ripening process 

in an open system, the gas in small bubbles, for example, dissolves in the surrounding fluid 

and diffuses to larger bubbles to grow them. This mass transfer is driven by higher capillary 

pressure or chemical potential of the gas in the small bubbles relative to that in the larger 

bubbles. Ostwald ripening reduces the surface energy. Lifshitz and Slyozov 287 proposed a 

theory of a steady-state growth regime with the average cluster size R increasing in time 

following 𝑅 ∝ 𝑡$	  (𝛼 ∈ [0,1]), which was further improved by others 288-295. 

Theories proposed to quantify the kinetics of the evolution of bubble size during 

Ostwald ripening are based on an assumption of an open system, where bubbles or other 

particulate phases (i.e., droplets, particle-clusters) can grow freely without any restriction 

from a closed boundary and/or geometric confinement 288, 295-296. A few experiments and 

simulations have shown that geometric confinement does affect the dynamics of Ostwald 

ripening. Numerical simulations reported 297-298 for a two-dimensional (2-D) fiber-shaped 

channel-network, specifically representing the Vycor glass structure, showed that the 

Ostwald ripening slows down considerably, although no direct experimental evidence is 

available. Huang et al. 299 recently showed experimental results that 2-D arrays of micro-

pillars can limit the growth of bubbles, although no quantitative comparison to a model 

                                                
5 Most part of this chapter (before minor revisions) was published with Ke Xu listed as the primary and 
first author at: Ke Xu, Roger Bonnecaze, and Matthew Balhoff. "Egalitarianism among Bubbles in Porous 
Media: An Ostwald Ripening Derived Anticoarsening Phenomenon." Physical review letters 119, no. 26 
(2017): 264502.  
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was provided to describe the evolution of the bubbles. Chalendar et al. 300 applied a 

numerical simulation approach that modeled the ripening of bubbles in a “digital rock” and 

found that that ripening can lead to equilibrium situations with multiple disconnected 

ganglia. However, they did not provide corresponding experiments to validate their 

numerical models on ripening dynamics. 

In nature and industrial applications, one of the most common geometric 

confinements is micron-scale 3-D porous media consisting of interconnected pores 

segregated by solid grains, as appears in soils, rocks, packed-beds, and many membrane 

systems, where pore bodies with relatively larger sizes and throats with relatively smaller 

sizes are periodically distributed. Ostwald ripening in such a geometry is significant for 

understanding the distribution of NAPL pollutants in soil and aquifer systems 301, EOR 302-

303, flow in fuel cell membranes 304, and CO2 storage in underground stratums of porous 

rock 305-306, where bubbles and droplets are confined and trapped in pores due to large 

capillary forces.  

Here it is shown that the evolution of the size of bubbles in a micron-scale porous 

medium is very different from that in an open system. Unlike the coarsening typically 

observed in open systems, an initially polydisperse population of bubbles will ultimately 

become monodisperse and there is egalitarianism in bubble size for sufficient confinement 

in a homogenous porous medium, with gas from the larger bubbles diffusing to smaller 

bubbles. Experimental measurements of the size distribution and curvatures of the bubbles 

were conducted on a glass micromodel, and a theoretical model was developed that 

accurately predicts the dynamics of individual bubbles and evolution of the bubble 

population towards a uniform size.  
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8.2. INVERSED OSTWALD RIPENING IN POROUS MEDIA: CONCEPT AND THEORY 

In an open system (Figure 8.1a), there is a positive feedback between the bubble 

size and the bubble growth rate. Governed by the Laplace equation (the capillary pressure 

Pc = κγ, where κ is the curvature of bubble surface and γ is the surface tension), a growing 

bubble has decreasing surface curvature, leading to decreasing capillary pressure and lower 

chemical potential for the gas, which increases the driving force to further grow the bubble 

from smaller ones. However, in a porous medium, geometric confinement can reverse this 

feedback. As shown in Figure 8.1b, when a bubble is large enough to be deformed by the 

solid grain, the capillary pressure would increase, rather than decrease, with an increase in 

droplet size. Figure 8.1c shows a typical relationship between relative bubble volume 

(defined as the ratio of bubble volume to pore volume) and surface curvature (which is 

proportional to capillary pressure) in a 2-D medium, with circular grains with diameters of 

165 µm and throats with widths of 35 µm. The bubble is assumed at rest and the internal 

and external pressures are in equilibrium. The capillary pressure does not decrease 

monotonically with the volume of the bubble. Near one pore volume, capillary pressure is 

at a minimum when the bubble edge just contacts the surfaces of the grains. Above this 

size bubbles of varying volumes are shown to have almost linearly increasing curvature as 

they become larger and are constrained by the surrounding porous medium (Figure 8.1d). 

A similar trend is also observed when the bubble is larger than one pore volume. Thus, a 

larger bubble can have a larger capillary pressure than smaller bubbles, leading to gas 

molecular diffusion from larger bubbles to smaller bubbles, until they achieve the same 

capillary pressure. X-ray measurements in real rock on carbon dioxide bubbles by Garing 

et al. 307 strongly support this statement, although those authors did not show the ripening 

process. For the simple two-bubble case shown in Figure 8.1b, those two bubbles 

eventually reach the same size.  
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Figure 8.1: (a) Schematic of typical Ostwald ripening in an open system. Driven by the 
capillary pressure difference gas molecules diffuse from a smaller bubble 
with high gas pressure to a larger one with lower pressure, until the small 
bubble disappears. (b) Ostwald ripening in homogeneous porous media. 
Because of the geometric confinement, the larger bubble can have a larger 
capillary pressure than the smaller one, driving gas molecules from the 
larger bubble to smaller one, until they reach the same shape and capillary 
pressure. (c) Sketch of the relationship between relative bubble volume and 
curvature in a 2-D array, which is non-linear. (d) Curvatures measured from 
experiments compared to that predicted by the 2-D model presented in this 
paper. The curvatures are measured during the ripening process. Case 1-4 
represent the size-curvature relationship during the ripening of 4 different 
bubbles.  
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8.3. EXPERIMENTAL PROOF OF CONCEPT: RIPENING OF AIR BUBBLES IN HOMOGENEOUS 
MICROMODEL 

8.3.1. Micromodel Parameters and Materials 

In order to validate this hypothesis, a homogeneous, 2.5-D glass micromodel very 

similar to that descript in Chapter 5 was fabricated to observe bubble evolution in porous 

media. The depth of the pore body (h) is 26.4±1 µm, and minimum depth of the throat 

( ) is 14.7±1 µm, the grain diameter is 165 µm, the distance between the centers of 

two neighboring grains (  ) is 200 µm, and the width of throat ( , at the narrowest 

cross-section) is 35 µm. The area of the pore (  ) was measured to be 1.87×104 µm2, 

and the maximum bubble that can maintain a circular shape has a diameter (  ) of 

118 µm and area from top view (  ) of 1.08×104 µm2. One pore body is neighbored by 

four other pore bodies through throats, except the pores at the boundaries.  

Two injections are set in the upstream and one outlet is set at the downstream. A 

flow distributor was positioned between the injection holes and the porous matrix in order 

to ensure uniform pressure at the head of the matrix. 

Deionized (DI) water (surface tension = 71.2 mN/m) and surfactant aqueous 

solutions (0.005 wt% with =35.1 mN/m and 0.1 wt% TX-100 with =25.4 mN/m) are 

used as aqueous phases. Liquid phases are dyed for clearer visualization. Air was applied 

as the gaseous phase. The experimental pressure is 1 atm and at room temperature.  

8.3.2. Generation and Trapping of Gas Bubbles 

Bubbles are generated by co-injection of two phases into the porous medium and 

gas is trapped in the pore-bodies due to the capillary pressure. The gas trapping was 

conducted in two steps: 

throath

lD throatW

poreA

critD

critA

g
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 (1) Gas and the aqueous phase were co-injected into the micromodel at flow rates 

of 1 µl/h and 19 µl/h, respectively. In the porous medium, bubbles were generated, 

following classic bubble/droplet break-up mechanisms 102, 227, 308-309. Most bubbles are 

smaller than the pore size but larger than the throat size after adequate mixing in the 

entrance section of the porous medium.  

(2) Both injections were stopped, and the injectors and the output were sealed with 

impermeable plastic to prevent the mass transport between the porous medium and the 

atmosphere. At this stage, bubbles are trapped in the pores by capillary force. 

8.3.3. Image Analysis 

Several microscopic images were taken over several days, during which the size 

distribution of the bubbles evolves. Bubble sizes and curvature are captured from 

microscopic images.  

Bubble sizes and bubble surface curvatures were analyzed by image analysis 

software ImageJ. Since all bubbles share the same curvature in the dimension perpendicular 

to the microscopic image plane, we can calculate the differential capillary pressures by 

using only the curvature in the horizontal dimension (the plane of microscopic images).  

Another important note is that, the curvatures are captured at the free interfaces of 

the bubbles, i.e. the surfaces not touching the grain surfaces. That is because a bubble 

surface touching the solid is not only maintained by capillary force, but also by disjoining 

pressure, electrostatic force, and other complex interface effects between the bubble 

surface and the contacting solid surface. In practice, for bubbles keeping circular shape, 

ImageJ can calculate the curvature automatically; for bubbles deformed by geometric 

confinement (not circular), the curvatures of all four free surfaces (towards four throats) 

are measured manually by four times independently and then averaged. 
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For visualization purpose, some microscopic images were modified with fake 

colors.  

 

8.3.4. Experiment Results and Discussion 

A confirmatory experiment was conducted with a surfactant stabilized gas-in-water 

system. Microscopic images at time 0 and after 120 hours of ripening are shown in Figure 

8.2. Initially, both small and large bubbles are observed. However, after 120 hours of 

ripening, the size distribution of bubbles becomes narrower. The statistics of bubble sizes 

are shown in Figure 8.3. The size distribution of bubbles is initially wide: about 30% of 

bubbles are smaller than 60% of one pore volume, and about 20% are larger than 80% of 

one pore volume. After 120 hours of ripening, more than 97% of the volumes of all bubbles 

fall in the interval of 60% to 80% of one pore volume. These results agree with the 

hypothesis of confinement causing large bubbles to shrink to grow the smaller bubbles, 

contrary to the coarsening effect observed in open systems.  
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Figure 8.2: Evolution of bubble sizes at two different times. (a)-(c) Microscopic image, 
color-modified image, and close up of color-modified image of the bubble-
in-water system in micromodel at time 0. (d)-(f) Microscopic image, color-
modified image, and close up of color-modified image of the bubble-in-
water system after ripening for 120 hrs. Images in the same column share 
the same scale bars. The brown regions are grains, blue regions are filled 
with aqueous phase, and the yellow regions are bubbles. 
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Figure 8.3: Evolution of bubble size distribution from the experiment in Figure 8.2. (a) 
The percentage of bubbles falling into different volume intervals, after 
ripening for 0, 12, 60, and 120 hours. (b) The cumulative bubble volume 
distribution curves, after ripening for 0, 12, 60, and 120 hours. 

 

8.4. THEORETICAL MODEL CONSTRUCTION OF THE RIPENING DYNAMICS IN 
HOMOGENEOUS POROUS MEDIA 

8.4.1. Assumptions 

A mathematical model of the bubble size distribution dynamics was developed to 

better understand and predict this anti-coarsening effect in porous media. In order to 

achieve a simplified but useful model, several assumptions are made:  

(1) The porous medium is homogeneous. 

(2) The average bubble volume is larger than the maximum volume of a spherical 

bubble that can fit in the pore body (critical volume, at which volume the capillary pressure 

is at a minimum). This is always true according to previous observations in micromodels 

227 and in this experiment. It should be noted that existence of very small bubbles may 

make the average bubble volume smaller than the critical volume; however, some of those 
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very small bubbles can disappear in a relatively short time due to classical Ostwald ripening 

with volume transferred to other bubbles, which finally brings the average bubble volume 

above the critical volume, as shown in supplemental experiments and discussion presented 

in Section 8.4.4.  

(3) There is no more than one bubble in one pore. If there is no strong interfacial 

stabilizer 310 to prevent coalescence, this assumption is likely to hold after flow is ceased.  

(4) One bubble occupies no more than one pore. This assumption holds if capillary 

snap-off can occur (which is always true in 3-D porous media and in this 2.5-D micromodel 

250), or after adequate shearing and pinching on droplet/bubbles when flowing in porous 

media 102, 227, 308-309.  

(5) The total number of bubbles is constant during the experiment. As very small 

droplets will dissolve into the liquid in very short time, the existence of those bubbles can 

be neglected if the ripening time is on a much longer time scale.  

(6) Total gas volume is constant, with no flow and no gravity effect.  

8.4.2. Model Development for Individual Bubble Ripening 

Mathematical Derivation  

As a first order approximation, only the interaction between neighboring bubbles 

are considered to model the evolution of a single bubble. Similar to the Ostwald ripening 

in an open system, the difference in capillary pressure is the driving force. Thus, a single 

bubble’s volume change rate should be proportional to the average difference of capillary 

pressure between a bubble and its neighbors ( ), defined as 

   (8.1) 

The gas diffusion follows Fick’s law 

cPD
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   (8.2)  

where J is diffusion flux, ρliq is the density of liquid phase, Dgas-liq is the diffusion coefficient 

of gas molecules in the liquid, and ygas is the mass ratio of gas molecules in liquid phase. 

Based on Henry’s law, ygas is related to gas phase pressure by:  

   (8.3) 

Where Kpx is Henry volatility defined as the ratio of gas phase pressure divided by gas 

molar ratio in the aqueous phase, Mgas and Mliq are the molecular weight of the gas phase 

and liquid phase, respectively, Pliq is the liquid pressure, which is constant. Thus, the 

diffusive flux is as: 

   (8.4) 

The diffusive flux can be also written by definition as: 

   (8.5) 

where ρgas is the gas density, Ac is the total effective area of the cross-section on all diffusing 

pathways, and V is the bubble volume. As Ac is the summation of all connections towards 

neighboring bubbles, we further define Ac = nAcross, where Across is the average effective 

cross-section on one pathway. Thus, by equating Equation (8.4) and Equation (8.5), we 

finally get: 
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Then, substitute  by  as a first-order approximation, where  is the 

average mass transfer distance between the specific bubble and its neighboring bubbles. 

We can finally get the dynamics of a single bubble during the ripening: 

   (8.7) 

where, k is a constant for specific fluids and geometry. Small amount of surfactant, bubble 

size distribution and phase ratio do not affect k. Clearly, larger IFT, smaller distance 

between two pores, better connectivity can accelerate ripening on a specific bubble.  

Experimental Validation  

In order to validate the model, five independent experiments were conducted on the 

same micromodel. Among those five experiments, eleven individual bubbles were selected 

from those three experiments to validate the single bubble ripening dynamics, with details 

shown in Table 8.1. All assumptions listed in the text were observed valid for these 

experiments.  

Table 8.1: Eleven single bubble analysis parameters 

 Case# 1 2 3 4 5 6 7 8 9 10 11 

IFT (mN/m) 25.4 25.4 71.2 25.4 71.2 71.2 25.4 25.4 35.1 71.2 71.2 

Open Throats, n 4 4 2 4 4 4 4 4 4 2 4 

 (µm) 80 80 80 280 80 280 80 80 80 80 80 
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Figure 8.4: Modeling of single bubble and bubble population ripening dynamics. (a)-(d) 
The bubble in case 1 at times 0 hr to 60 hrs. Brown regions are grains, blue 
regions are aqueous phase, and yellow regions are bubbles. Those eleven 
images share the same scale bar under (a). (e) The relationship between 
single bubble volume change rate and , for all eleven cases. Lines are 
linearly fitted lines. (f) The relationship between single bubble volume 
change rate and the modified capillary pressure gradient, where all data 
points collapse into the red dotted straight line across the zero point. 

Figure 8.4 (a-d) show a typical ripening process for a single bubble. As shown in 

Figure 8.4e, the relationship between dV/dt and  is linear [as suggested by 

Equation (8.7)] for all eleven cases. Figure 8.4f shows that the theoretical model [Equation 

(8.7)] could be used to collapse all data from the eleven cases onto one straight line. 

Equation (8.7) is therefore validated as a good model to describe the ripening dynamics of 

a specific bubble. 

cPD

 cPD



 142 

It should be noted that, Across of specific bubble is different from case to case, and 

could even change at different time. However, when we are to talk about bubble population, 

which contains adequate number of bubbles, where will be ways to accurately estimate 

Across, as shown in following paragraphs.  

Not all bubbles are analyzed from the experiments, because the focus of this work 

was on the more important issue: bubble population dynamics (derived from the single 

bubble model). Additionally, there were some challenges and errors associated with the 

single bubble evolution: numerical differentiation for single bubble size (with limited pixel 

number) can bring considerable error, and capture and measurement of surface curvature 

are also challenging which is not very accurate. Thus, there is significant scatter around the 

theoretical line, as shown in Figure 8.4. 

8.4.3. Model Development for Bubble Population Ripening Dynamics 

Mathematical Derivation  

It is useful to define an appropriate statistical indicator to characterize the bubble 

volume distribution. Here we introduce U, the half total absolute deviation, which is 

defined as: 

   (8.8) 

where Vi is the volume of bubble i, Vave is the average bubble volume in the system. We 

chose U as distribution indicator because of its clear physical meaning: U is the minimum 

amount of gas to diffuse globally in order to achieve monodisperse bubbles.  
The  for every specific bubble i ( ) can be approximated as: 

   (8.9) 
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where Pc,ave is the average capillary pressure of the bubbles in this whole system. Thus,  

   (8.10) 

where κave is the average curvature in this system, and κi is the curvature of bubble i. Based 

on the definition of U from Equation (8.8), by summation of the evolution dynamics of all 

bubbles [Equation (8.10)] in this system, with first-order approximations to extract 

different specific bubbles’ n, k and  out of the summation symbol, we find 

  (8.11) 

  

where l0 is the mass transfer distance between the surfaces of two bubbles in neighboring, 

which can be estimated as Dl - Dcrit,  is a constant determined by porous medium’s 

geometry and fluids’ diffusive properties, defined similar to Equation (8.7), and nave is 

defined as the average neighboring bubbles number of a bubble in this system, which is 

estimated as: 

   (8.12) 

where Vpore is the volume of one pore and n0 is the average number of throats connected on 

one pore.  

Although the complex bubble volume-curvature relationship and the random initial 
bubble size distribution makes the relationship between and U complex at 

the very beginning of the ripening, assumption (2) and assumption (4) ensure that the 

bubble volume primarily distributes on the increment side of the bubble volume – surface 
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curvature curve. As shown in Figure 8.1c, an approximately linear relationship can hold 

between κi and Vi (confirmed with micromodel experiments): κi = mVi + q. So we can get 
the proportional relationship between U [definition in Equation (8.8)] and 

as: . Thus,  

   (8.13) 

which could be re-written as: 

   (8.14) 

where µeq =1/mk. Solution to Equation (8.14) with the boundary conditions in 

Equation (8.11) gives the dynamics of bubble volume evolution function, which is: 

 

 ,  (8.15) 

It should be noted that Equation (8.15) is a completely theoretical model, and all 

parameters in Equation (8.15) can be directly measured or estimated from the geometry of 

porous media and fluid properties before getting any ripening data, and without any 

empirical constants. 

Experimental Validation  

In order to validate these derived models, five independent experiments were 

conducted on the same micromodel. Key parameters are shown in Table 8.2. During the 

experiments, all listed assumptions were observed to be valid.  
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Table 8.2: Parameters for five experiments 

 Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 

𝜸 (mN/m) 71.2 25.4 25.4 35.1 35.1 

  0.700 0.396 0.440 0.581 0.696 

 (PVs) 4.74 2.99 2.66 3.54 5.70 

/ (PVs) 0.802 0.699 0.705 0.766 0.834 

 

Bubble size distribution of all experiments (other than Exp.2, which has been 

shown in Figure 8.3) are shown in Figure 8.5. For all experiments, a clear trend from a 

wide distribution to a narrow distribution can be observed: 

 

gS

0U

aveV poreV
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Figure 8.5: Evolution of bubble size distribution from (a) Exp.1, (b) Exp.3, (c) Exp.4, (d) 
Exp.5. The initial size distribution, mid-term size distribution and the size 
distribution at the end of the experiments are shown. Data in Exp.2 have 
been shown in Figure 8.3 of the main text.  

It should be noted that, the defects in fabrication can also bring additional U to the 

system. We measured U for all experiments after adequate long time of ripening (> 1 week). 

For all experiments, the attribution of every bubble on the final U is about 0.025-0.027. 

Thus, the U is actually modified to eliminate this natural geometry-introduced error by: 

   (8.16) 

 

0.026measured bubbleU NU= - ×
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Figure 8.6: Modeling of bubble population ripening dynamics. (a)The evolution of U0-U 
for five experiments, where those five sets of data follows different curves. 
(b) Fitting of five sets of data against Equation (8.15), where the evolution 
curves of five experiments collapse into one. 
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Figure 8.6 shows the evolution of the bubble population during ripening process 

from experiments, compared to the theoretical model. The time evolutions of U for five 

independent experiments are shown in Figure 8.6a. A deceleration in ripening rate is 

observed. As shown in Figure 8.6b, all data from five independent experiments collapse 

onto one curve, with the unified scale factor (by fitting) µeq =2.8×107 Pa·s. 

Estimation of µeq in Experiment 

In experiment, necessary properties for predicting µeq are: 

, 

, 

, 

 311, 

 312.  

Across is estimated by using the narrowest value on the throat as 

.  

Thus, it can be calculated that . In addition, m is 

calculated from pore-throat geometry and data shown in Figure 8.1c-d to be 1.6×1017 m-4. 

Then, µeq can be easily estimated as: 

   (8.17) 

Which matches the µeq measured from experimental data (2.8×107 Pa·s) well. The 

excellent matching between the model predictions and experimental observations validates 

Equation (8.15).  
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Discussion on Error  

There are a few possible sources of the O(1) difference between the value calculated 

by Equation (8.17) and the experimental values. For example, Across is chosen according to 

a representative value, rather than an “effective” or “average” value. Additionally, the 

capillary pressures are calculated only from the horizontal dimension, but the vertical 

dimension can be different if the bubble is large enough that the bubble surface can be very 

close to the throat center, which is not simple to include in this model.  

Our derivation assumes a relatively uniform distribution of bubble positions. 

However, there are only 100-200 pores for every observation, which may not be a sufficient 

sample size for statistics. The sample number is sacrificed in order to get enough pixels on 

every bubble for more accurate calculation of sizes and curvatures. Finally, diffusivity and 

solubility data extracted from the references may have some error, due to the difficulty in 

acquiring those data experimentally.  

 

8.4.4. Validation and Discussion on Assumptions: Small Bubble Effect 

In the assumptions section, we introduced assumptions: (1) “the average bubble 

volume is larger than the maximum volume of a spherical bubble that can fit in the pore 

body (where the capillary pressure is at a minimum). This is always true according to 

previous observations in micromodels and (2) “the total number of bubbles are constant”. 

The derivation of Equation (8.15) (mainly the determination of parameter µeq) is highly 

dependent on those assumptions. Thus, it is necessary to discuss their validity and 

limitations. 

These assumptions are always true with the gas injection method of this chapter, as 

explained in the assumption section. However, in real naturally-occurring porous media 

with gas injection or gas formation process ongoing, many small bubbles may exist that 
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are smaller than the “critical volume” (defined as the maximum volume of a spherical 

bubble that can fit in the pore body). Those small bubbles may come from extreme shearing, 

heterogeneous pore sizes, or in-situ generation of bubbles due to pressure depletion. If so, 

the assumption that the average bubble size is above the critical volume may be not valid.  

In order to make observations when the average bubble size is smaller than the 

critical volume, an additional experiment was conducted.  

In this experiment, gas and the aqueous phase were co-injected into the micromodel 

at flow rates of 100 µl/h and 900 µl/h, respectively, which are two orders of magnitude 

more than that used in other experiments. The corresponding flow velocity is much larger 

than typical situations of naturally-occurring porous media. Under this much larger flow 

rate, bubble sizes are smaller than those cases under low flow rates. As shown in Figure 

8.7, many small bubbles are trapped in the pore bodies. 

The experiment shows that small droplets can result in ripening dynamics different 

from our theory at early times: most of the small bubbles shrunk and disappeared due to 

classic Ostwald Ripening mechanisms. However, the disappearance of those small bubbles 

increase the average bubble size above the critical volume, which then causes the ripening 

dynamics back to follow our model, and all surviving bubbles finally achieved a uniform 

size distribution. 
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Figure 8.7: Local image from bubble size evolution with small bubbles. Images at the 
very beginning, after 7 hours and after 38 hours are listed from left to right. 
Two very small droplets (in red squares) disappeared after 7 hours, and all 
other remaining bubbles evolve towards uniform size. The grains are 
marked by the grey “Grain”. 

In general, limits do exist for our theory. If the bubbles are extremely small due to 

harsh shearing with a good bubble stabilizer, the assumption that one bubble in one pore 

may be invalid; if a very high quality foam (for example, foam with gas volume fraction > 

90%) is injected into porous media, most of the assumptions may be invalid.  

 

8.5. SUMMARY 

In summary, it is shown that the direction of Ostwald ripening of bubbles is 

reversed in porous media due to confinement. Under certain circumstances, the system can 

even achieve egalitarianism among the bubbles in terms of their size. That is, gas bubbles 

with a wide size distribution trapped in a porous medium will evolve into a monodisperse 

size distribution. This anti-coarsening effect is driven by the capillary pressure difference, 
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and directed by the micron-scale geometric confinement. The evolution dynamics on 

bubble population is described by Equation (8.15), which is a completely theoretical with 

no empirical parameters. Experiments conducted on a 2.5-D micromodel proved those 

ripening dynamics models, with the bubble population evolution dynamics model match 

the experimental data well.  

Based on experiments and models, this anti-coarsening effect significantly changes 

the bubble size distribution in tens of hours. Thus, understanding this anti-coarsening effect 

of bubbles/droplets in porous media is of great significance for better description and 

operations in many applications which involve time scales similar to or longer than several 

hours, such as underground storage of carbon dioxide (decades to centuries), the formation 

and concentration of oil and gas in reservoirs (millions of years), transport of NAPLs in 

soil (days or even years), foam-based enhanced oil recovery (months to years).  

However, it should be noted that the model presented here is for idealized 

homogeneous porous media, so the modifications of those models should be introduced 

when heterogeneity occurs. In addition, if there are a significant number of bubbles larger 

than one pore volume without snap-off, the monodisperse bubbles will not be achieved. 

When flow occurs, all diffusion related calculations must be re-derived. All those problems 

should be analyzed in future work. Regardless, the conclusion that geometric pore-throat 

confinement will drive all survived bubbles towards identical capillary pressure (i.e., 

identical surface curvature at free interfaces) is applicable to multiphase behavior in 

underground aquifers, hydrocarbon reservoirs, fuel cell systems, and the deep stratums for 

CO2 storage hydrocarbon reservoirs, when the capillary forces are dominant.  
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 

By constructing both simple-channel microfluidic devices and 2.5-D pore-array 

micromodels, many multiphase flow phenomena in porous media have been systematically 

studied in both single-pores (micron level) and in pore-networks (millimeter-centimeter 

level).  

A series of experiments show that microfluidics devices, including single-pore 

models and pore-array models, are powerful tools not only for easy visualization and fast 

quantification, but also for exploration and innovation. Based on investigations mentioned 

in this dissertation, many new insights—from fundamental physicals to practical EOR 

strategy optimization —were revealed, including droplet trapping/clogging at different 

geometric constrictions, nanoparticles’ roles in different fluid system, phase behavior 

during ultra-low IFT displacement, novel EOR fluids for specific heterogeneous geometry, 

long-term stability of droplet/babble in porous media, etc.  

This dissertation focuses on the development of microfluidics platforms for general 

study of multiphase flow phenomena in porous media, rather than focuses on using certain 

microfluidic devices to resolve specific problems. Hopefully, the work presented in this 

dissertation will foster new micromodel-based investigations of multiphase flow in porous 

media. Some recommendations on continuing, improving and enriching works based on 

this dissertation are discussed at the end of this chapter. 

  

9.1. CONCLUSIONS ON SIMPLE CHANNEL MICROMODEL DESIGNS AND EXPERIMENTS 

Two different types of simple channel micromodel designs are presented in this 

dissertation: single pore-throat geometry (as shown in Chapter 3) and dual-perm parallel 
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channel geometry (as shown in Chapter 4). Some conclusions from those experiments are 

listed below.  

9.1.1. Single pore-throat geometry micromodel 

(1)  The single pore-throat geometry micromodel as shown in Chapter 3 can be 

employed to efficiently trap a single non-wetting droplet. The droplets are 

generated at a T-junction geometry upstream, and the droplet size can be 

precisely controlled over a large range from tens of micrometers to millimeters. 

(2)  The ability of the continuous wetting phase to mobilize non-wetting droplets is 

quantified by finding the critical droplet length for every flow rate. Below this 

critical length, the non-wetting droplet can be trapped and beyond this length 

the droplet can be mobilized.  

(3)  A correlation between the Capillary number (Ca) and the corresponding critical 

droplet size (L) is derived and validated experimentally: L is linear to Ca -1/3, if 

there are only capillary and viscous forces between the droplet and the flooding 

liquid.  

(4)  This geometry can be used to investigate a large variety of displacement wetting 

fluids’ efficiency, including but not limited to Newtonian fluids, viscoelastic 

fluids, nanofluids, etc.  

9.1.2. Dual-permeability parallel channels 

(1)  Dual-permeability parallel channels as shown in Chapter 4 can be applied to 

demonstrate the blockage of macro-emulsion or foam in heterogeneous porous 

media. On this geometry, three key parameters for emulsion flow (oil/water 

injection ratio, droplet size, and flow velocity) can be independently controlled, 
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by a T-junction droplet generator and a continuous fluid modifier, which are 

operated by three independent injectors. 

(2)  As a by-product, emulsion stability can be quantified by counting the droplet 

size change along the main channel. 

(3)  Macro-emulsions are shown to block the main channel (larger permeability 

channel) with converging-diverging geometry, and then re-direct water phase 

into side channels (lower permeability channels). The blockage and re-direction 

efficiency can be quantified by measuring the local oil saturation change along 

the main channel.  

(4)  Experiments show that the droplet size’s role is not significant if the size is 

larger than the geometric restriction in the main channel. Oil injection ratio is 

positively related to the blockage efficiency. 

 

9.2. CONCLUSIONS ON 2.5-D MICROMODEL, VALIDATION AND CASE STUDIES 

Chapters 5, 6, 7, and 8 present a new methodology to create important local (pore-

level) 3-D geometric properties into an easy-to-visualize 2-D micromodel, demonstrate its 

advantages and provide several examples of how this 2.5-D micromodel can be applied to 

address oil recovery and subsurface flow problems. Conclusions of those studies are listed 

below: 

(1)  By utilizing the isotropic etching property of wet-etching fabrication 

technology, a porous micromodel with 3-D features at pore-throats (which are 

not only narrower, but also shallower than the pore bodies) can be manufactured. 

The pore-throat depth ratio can be controlled by adjusting the pore bodies’ 

distance on a 2-D blueprint and adjusting the maximum etching depth. 
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(2)  3-D features allow the 2.5-D micromodel to reproduce many multiphase 

phenomena that traditional 2-D micromodels cannot reproduce, such as 

capillary snap-off in spontaneous imbibition and the trapping of wetting-phase 

at the throats due to relatively higher local specific area. 

(3)  Capillary desaturation behavior in oil-wet porous media with relatively viscous 

oil was investigated on a homogeneous 2.5-D micromodel and was shown to be 

reproducible. Connate water was shown to be very important in determining the 

desaturation behavior: it can stabilize the displacement front and prevent 

viscous fingering, even in the case that the crude oil is more than 100 times 

more viscous than brine. Initial flooding rate is also shown to affect the 

desaturation curves, and additional experiments are expected to provide a more 

definitive conclusion of initial flooding rate’s effects. In addition, a clear 

relationship between the average oil ganglia size and Ca was found, with all 

experimental data collapsing on a master curve, regardless of the initial flow 

rate and the existence of connate water.  

(4)  Steady-state macro-emulsion flow in homogeneous micromodels was 

investigated. It shows that the droplet size decreases rapidly over the first few 

pores, but then slowly decreases with distance from the inlet. The final droplet 

size is very close to the size of throats, which can be reached in tens of pore-

lengths from the inlet. This result shows that, for homogeneous porous media 

in most scales of application, the output droplet size can be treated as the 

representative droplet size of emulsion along the porous medium, and the 

injection droplet size can only affect the flow over a very short range around 

the inlet. In addition, the output droplet size can be used to estimate the throat 
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size, if the emulsion is stable enough and coalescence is not as frequent as 

droplet break-up. 

(5)  Ultra-low IFT displacement was observed in a micromodel. It is the first 

published work to visualize, track and explain the phase transition process and 

mechanism during a surfactant EOR process. The micromodel experiments 

show that there is a clear aqueous phase – oil front during displacement without 

the existence of a microemulsion. Many residual oil droplets were generated 

due to the shearing and cutting at the front and trapped on grain surface, which 

finally and gradually interact with surfactant solution and becomes 

microemulsion, which co-flow with the surfactant solution. Those observations 

contradict the assumptions and physical models applied in many published 

numerical simulation works.  

(6)  Ostwald ripening in homogeneous porous media was investigated in a 

homogeneous 2.5-D micromodel. Different from Ostwald ripening in an open 

space, in which case small droplets will finally disappear and average droplet 

size increases, Ostwald ripening with geometric restrictions in homogeneous 

porous media, under certain conditions, is anti-coarsening: larger droplets 

become smaller, and smaller droplets become larger, and finally all droplets 

approach uniform size. This new finding not only contradicts the conventional 

wisdom of Ostwald ripening, but also provides new insights on the dispersion 

state of CO2 in sequestration applications : if the bubble size can be broken into 

the pore-size at early stages, it will not be coarsened again by Ostwald ripening 

and then released by buoyant rising under a gravity force.  
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9.3. CONCLUSIONS ON NANOPARTICLES’ EFFECT IN MULTIPHASE FLOW IN POROUS 
MEDIA 

The role of nanoparticles (highly hydrophilic 5-nm silica particles, used in all 

experiments in this dissertation) in multiphase flow in porous media were studied on 

different microfluidics platforms and with different fluid systems. Experimental results 

show that NPs function differently in different systems. When interacting with surfactants 

(hydrophilic synthetic surfactants or oleic natural surfactants), with proper optimizations, 

NPs can show significant benefits on EOR purpose.  

(1)  NP’s role in mobilizing model oil (pure alkanes without natural polar 

components) when dispersed in aqueous phase without surfactants was studied 

on a single pore-throat geometry. Experimental results show that this NP 

suspension follows a similar displacement principle to Newtonian fluids (L is 

linear to Ca -1/3, as shown in Chapter 3), indicating that it helps the mobilization 

of non-wetting oil droplets in a similar way as a surfactant, that is reducing IFT. 

(2)  NP’s role in oil-in-water emulsion systems was studied in the parallel-channel 

dual-permeability micromodel. It shows that, for model oil droplets, adding 

NPs alone cannot stabilize emulsion efficiently. However, when adding a small 

amount of non-ionic surfactant (500 ppm) in water with nanoparticles, the 

emulsion is very stable. This NP-surfactant synergy is not only shown in 

emulsion stability, but also shown in the droplet-packing mode when emulsion 

blocks high-permeability channel. NP-surfactant stabilized emulsion can have 

a larger packing density than surfactant stabilized emulsion, and shows 

potential in improving sweep efficiency.  

(3)  NPTO (nanoparticle-treated oil) was prepared and then tested in a 2.5-D 

micromodel with a model fracture as a novel EOR fluid. NPTO is generalized 
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by mixing produced crude oil with NPs’ suspension in produced brine. NPs, 

brought into oil phase by brine mini-droplets, are believed to preferentially 

adsorb the natural surfactants in crude oil, thereby “lock” them on mini brine 

droplets’ surface. The adsorption of natural surfactant to the crude oil-grain 

interface is then prevented, thus making the NPTO significantly less wetting to 

polar grain surface than the original oil. It is shown that NPTO-based EOR, 

which is “injecting oil to produce oil”, can be very efficient in fractured 

reservoirs: injecting 0.3 PV NPTO in the fractured micromodel can produce 0.6 

PV more oil recovery (0.3 PV net IOR), which is a significant finding for 

fractured, heterogeneous reservoirs. NPTO can be made simply from produced 

oil and produced water, with a very small amount of nanoparticles, which is 

particularly convenient for off-shore oil recovery. Economic estimation based 

on micromodel experiments show that the cost for NPTO based EOR can be as 

low as 0.24 $ NP/$crude oil, which is competitive with existing surfactant based 

EOR strategies.  

 

9.4. RECOMMENDATIONS FOR FUTURE WORK 

The value and potential of microfluidics for better understanding of multiphase 

flow in porous media and for developing new solutions for EOR have been demonstrated 

in this dissertation, which I believe serve a solid foundation for many future fundamental 

researches and practical applications. Specifically, the role of NPs has been studied as 

examples on many platforms. Based on the experiences gained during this research and the 

limit of the current platform, some suggestions and recommendation are proposed for 

related future research. 



 160 

9.4.1. Micromodel platform/equipment improvements 

As a tool, micromodels should be continuously improved in order to be useful for 

addressing new challenges. In order to broaden the capability of our microfluidics platform, 

several recommendations are listed below: 

(1)  In-situ and real-time monitoring of differential pressure should be better 

established. Although we have constructed a pressure transducing system, there 

are still gaps in sensitive and real-time pressure measurement. In order to 

construct practical “2-D coreflood” systems which can be applied as a 

simplified and cheaper supplements to real corefloods, this is an essential and 

necessary improvement. 

(2)  Temperature control system is in need for many applications. All of our 

current and previous experiments are conducted at room temperature. However, 

since subsurface applications are almost always at elevated temperature, a 

temperature control system is important (particularly for experiments with 

phase behavior or chemical reactions involved). One challenge is the 

coordination of the temperature control system and the visualization system. 

Many simple temperature control systems have limitations on either the 

visualization or the connection between pump and the microchips. A 

transparent heating cell should be inserted in visualization systems, which can 

insure both good visualization and good temperature control. 

(3)  Capability to construction high-pressure micromodel systems is necessary, 

as many geosystems are at high pressure conditions. Specifically, pressures in 

underground hydrocarbon reservoirs are hundreds of times higher than 

atmosphere pressure; CO2 underground storage also faces very high pressure 

that makes CO2 supercritical. Thus, high pressure is an unavoidable issue for 
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understanding the coupling of flows and phase behaviors in practical conditions. 

We will need high-pressure cells for microfluidic systems with transparent 

surfaces, appropriate injection systems, piping systems and connections that 

can hold high pressure, and a precise pressure control system with as small dead 

volume as possible. 

(4)  Feasibility to fabricate a mixed-wet micromodel should be explored. 

Wettability is one of the most important properties that affect multiphase flow 

in porous media; more realistic and complex wettability control is important for 

predictions and studying real systems. Homogeneous water-wet or 

homogeneous oil-wet micromodels may not be sufficient to investigate realistic 

flow in reservoir. Appropriate application of UV-sensitive coating, as shown in 

ref. 168, might be a way, although that work was on polymer micromodel rather 

than glass micromodels.  

9.4.2. Micromodel geometry designs: some tips 

For every specific research goal, a specific micromodel design should be made. 

Good micromodel geometry design can be useful for controlling variables, extracting key 

factors, enhancing experiment reproducibility, and thus generating accurate information.  

Specific recommendations of micromodel geometry design cannot be made without 

knowledge of the specific application. Nevertheless, several general suggestions and tips 

for geometry design/fabrication are: 

(1)  Some important features of porous media have not been investigated in this 

dissertation, including coordination number of pores, effect of gravity, pore size 

distribution, surface chemistry of micromodel surfaces, etc. In future 

experiments, investigations of those features are highly recommended 
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(2)  Perfectly designing microfluidic device is not easy. As flow behaviors in 

micron-scale geometry have not been well understood, it is common that 

experiments can fail even after very careful design. Thus, although it is 

recommended to design carefully before an experiment, conducting several 

iterations (design-fail-design-fail…) should be expected before getting a good 

enough design that can complete the initial purpose.  

(3)  The 2.5-D design shown in Chapter 5 is a good design for now as a compromise 

between 3-D geometry and 2-D visualization, but definitely not the only design. 

For example, double-etching method (to etch the pore bodies and throats 

separately to make the throat shallower) can also create necessary local 3-D 

features, which can be even more flexible. In addition, novel micro-fabrication 

technologies are rapidly developing, and we experimentalists should always be 

aware of new technologies and apply them for our research if possible. 3-D 

printing is a very promising technology for future micromodel experiments, 

although the current accuracy is still not high enough to mimic porous rock and 

soil. However, 3-D printing technologies will likely be feasible to replace the 

current micromodel fabrication procedures within the next decade, if not sooner. 

(4)  2.5-D micromodel can be improved to be more realistic by applying more 

complex fabrication processes. For example, double-etching (etch once for pore 

bodies and once for throats) can dramatically improve the feasibility of our 

design by much easier creation of geometric heterogeneity. The price of this 

design is more complexity in fabrication, but it is not a big price when complex 

heterogeneity is required. In addition, by this double-etching method, more 

realistic parameters from 3-D micro CT images (pore-size distribution, 

connectivity, pore-throat ratio) can be inserted in micromodel easily.  
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9.4.3. Continued work on ultra-low IFT systems 

As shown in Chapter 6, ultra-low IFT flooding was investigated and new 

knowledges are learnt. However, the experiments in that chapter are very simplified (as 

those experiments are only a “case study” in this dissertation). Real ultra-low IFT flooding 

on field is much more complex. In order to get deeper understanding of this very complex 

flow system and to finally provide useful and direct knowledge to the field operations, 

some further researches are recommended here: 

(1)  Most surfactant floodings, including those using ultra-low IFT systems, are 

conducted after waterflood. In those cases, the generation and flow of 

microemulsion may be different from those observed in the surfactant-

displacing-oil experiments in Chapter 6. Thus, further experiments would better 

include a waterflood before surfactant solution injection. Furthermore, taking 

connate water into consideration is also recommended.    

(2)  Polymer chasing is always conducted on field in order to stabilize the flow. 

Similar operations are recommended for future experiments. 

(3)  In Chapter 6, very light oil is used in order to eliminate the unstable oil-water 

front’s effect. However, oil can be much more viscous than aqueous solution in 

real reservoirs. If viscous fingering effect is coupled with the ultra-low IFT 

flooding, the generation and flow of microemulsion would be more complex. 

The coupling of ultra-low IFT flow and unstable displacement can be a very 

interesting and meaningful research area.  
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9.4.4. Continued work on NPTO 

NPTO was tested as a potential EOR fluid in Chapter 7, but the work was only 

preliminary. The experiments did show its feasibility and potential effectiveness in highly 

fractured reservoirs with polar solid surface and saturated with surface-active oil, 

especially for off-shore applications. Economics estimation also indicates that NPTO may 

be economically profitable at least for some types of reservoirs. Thus, more investigations 

into NPTO are highly recommended. 

Some necessary studies that should be conducted in order to practically apply 

NPTO in the field are: 

(1)  Clarify the relationship between optimum surface coating of silica NPs and the 

fluid system (crude oil and brine) in order to optimize the properties of NPTO.  

(2)  Clarify the distribution of NPs in brine phase and in NPTO during NPTO’s 

preparation. It can be a key factor in determination of NPTO flooding cost. 

(3)  Optimize the oil-water-NP ratio that can optimize the economics (efficient EOR 

fluids with affordable price). 

(4)  More study on NPTO’s thermodynamic properties should be conducted, 

especially its stability and EOR performance in higher temperature and in high 

salinity cases.  

(5)  Core-flood experiments on fractured/highly heterogeneous rock. As a first step, 

using the chemical properties of glass micromodel pores, I recommend 

experiments using clayless sandstone cores with artificial fractures, or using 

heterogeneous conglomerate cores. If good results can be achieved from 

flooding experiments with those cores, limestone cores and even carbonate 

cores with vugs are further recommended.  
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9.4.5. Continued work on bubble population ripening in porous media 

In Chapter 8 as well as in Xu et al. 313, the ripening dynamics of bubbles in 

homogeneous micromodel was investigated and modelled. However, it should be noticed 

that there are many assumptions to derive the theoretical model, and those assumptions 

may not be valid in real reservoirs. For example, in real porous media, there can be gas 

slug occupying many pore bodies; there can be wide pore size distribution; there can be 

considerable heterogeneity. In addition, there may be enrolment of oil phase and salts, 

rather than only of aqueous phase and gas phase, in the ripening process. In order to extend 

the theoretical model to more practical applications, further researches that take those 

complexities into consideration are recommended.  
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Appendix: Snap-off in 2-D and 3-D Throats 

In Chapter 5, it is mentioned that capillary snap-off can occur in a 3-D throat but 

cannot occur in a 2-D throat. Herein, I give a brief proof of this statement. “2-D” throat is 

defined as a throat with similar depth to and smaller width than the pore bodies; “3-D” 

throat is defined as a throat with smaller depth than and smaller with than the pore bodies. 

Width is assumed always larger than the depth. In this discussion, Ca is small enough the 

viscous force is much smaller than capillary force, thus the pressure of the wetting phase 

can be assumed constant everywhere. This is always valid in the realistic flow of porous 

media. 

 

 

Figure A.1: Schematic illustration of droplet/bubble capillary snap-off at a throat. Top) 
before snap-off; Bottom) after snap-off. 
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In order for the non-wetting liquid breakup at the neck, the non-wetting phase 

pressure at the neck should be larger than the non-wetting phase at the front, which allows 

non-wetting fluid at the neck flow to the front: 

   (A.1)  

The capillary pressure for a fluid-fluid interface can be calculated from Laplace 

Equation: 

   (A.2) 

Here  and  are the curvature radius of the interface, and  is the IFT. 

Thus,  

   (A.3)  

In the “2-D” case, the depth everywhere is uniform, so = 0. In 

addition, the y-axis curvature of the non-wetting phase at the neck is negative ( < 0) 

and he y-axis curvature of the non-wetting phase at the front is positive > 0. Thus, 

for 2-D cases, we have 

   (A.4) 

Equation (A.4) is contradicting with Equation (A.1). It indicates that in the 2-D case, 

capillary snap-off cannot happen physically. Only when > 0, can it be 

possible that Equation (A.1) is valid and capillary snap-off can happen, as in most 

naturally-occurring 3-D porous media. 
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Glossary 

Some terminologies that are frequently used in this dissertation are abbreviated by 

several capital letters. In alphabet sequence, they are listed below to avoid confusion in 

reading: 

 

Terminology (Abbr.) Terminology (Full Name) First Appearance Page 

CDC Capillary Desaturation Curve Page.26 

EOR Enhanced Oil Recovery Page.3 

IFT  Interfacial Tension Page.3 

IOR Incremental Oil Recovery Page.117 

NAPL Non-Aqueous Phase Liquid Page.19 

NP:  Nanoparticle Page.3 

NPTO Nanoparticle-Treated Oil Page.6 
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