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Abstract 

Immiscible two-phase flows in porous media is of great importance to many fields, 

such as water management in fuel cells, micro-reactors, electronic chips, 

microbubbles-aided drug delivery, oil recovery, CO2 sequestration, and underground 

water remediation. The transport of two-phase flows in the porous media directly 

affects the system performance, heat and mass transfer efficiency. Resistance to a 

two-phase flow is normally regarded as the criterion to evaluate the transport 

performance of two-phase flows, and it is measured by the pressure drop for fluids 

flowing through the system. This PhD thesis experimentally and theoretically 

investigates the effect of two-phase interfaces on pressure resistance in both 

constricted microchannels and complex capillary networks, the effect of fluid 

properties, network structure and channel geometry on fluid transport and the pressure 

drop, evaluates the pressure drop required for dislodging a bubble from the complex 

capillary network and estimates the pressure distribution in a complex capillary 

network.  

Two-phase interfaces play a significant role for two-phase flow in porous media, 

especially when the porous media possess pore with a diameter less than “the 

effective pore throat”, irregular pore shape, complex flow path structure, and 

interconnected channels, etc. Investigations of the effect of interface on the pressure 

drop in constricted microchannels (i.e. microchannel with a gradually decreasing pore 

size) indicate that the capillary force applied to a two-phase flow is mainly due to the 

interface. If a flow channel with a diameter is larger than the “effective pore throat”, the 

capillary resistance to the interface, or to the two-phase flow, is almost zero. If the flow 

channel has a pore size less than the “effective pore throat”, capillary force to two-
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phase interfaces takes significant effect, and the resistance to two-phase flows 

increases suddenly when the two-phase interface reaches the effective pore throat. 

The ‘effective pore throat’ is between 150 to 650 microns depending on capillary tip 

size and it is very different from the geometrical throat of a channel. To predict the 

pressure drop for a two-phase flow in constricted capillaries, a new equation has been 

derived based on Darcy-Weisbach equation to calculate the frictional pressure drop in 

constricted capillaries. The effect of the capillary tip diameter, capillary gradient, 

surface tension, viscosity, gas type, and contact angle on the effective pore throat of 

constricted capillaries has been studied in detail. Experimental measurement indicates 

that effective pore throat depends on fluid surface tension and the capillary geometry, 

but not on liquid viscosity. The higher the fluid surface tension, the larger the diameter 

of the effective pore throat. A channel with a large tip diameter or gradient will give a 

large effective pore throat diameter. Fluid viscosity only affects the magnitude of the 

resistant pressure drops of fluid flows in constricted capillaries, but does not affect the 

effective pore throat diameter. The effective pore throat and the pressure profile 

measured in this study can be explained by the pore contact angle, but cannot be 

explained by the contact angle measured on a flat surface of the same materials. 

Resistance to two-phase interface in complex capillary network has been investigated 

further by measuring the pressure drop required to dislodge a bubble (i.e. dislodging 

pressure) from microfluidic networks with multiple bifurcations. More than 500 

individual experiments have been conducted to quantitatively characterize the factors 

affecting the dislodging pressure from a lab-on-a-chip network. The experimental 

results indicate that the dislodging pressure is determined by bubble length, channel 

dimensions, bifurcation, bifurcating angle, surface tension and fluid viscosity. Based 

on the experimental results, the network structure is a dominant factor. The dislodging 
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pressure increases with the increase in network complexity. The effect of the network 

structure, bubble position, proximal channels on the bubble dislodgement in 

microfluidics networks has been further studied by employing networks with one 

bifurcation. The results indicate that bifurcations, multiple channels, and curvature of 

channels, all affect bubble dislodging pressure and the pressure distribution in 

capillary networks. A parameter cj is used to characterize how the overall pressure 

applied to the system distributes to an individual channel. The cj value is smaller for 

the channel with complicated surrounding network, such as multiple bifurcations and 

multiple microchannels with varied diameters. The cj value increases with bifurcating 

angle of microchannel j, and a high bifurcating angle results in a decrease of cj value 

in the proximal microchannel.  

Theoretical investigation on resistance to two-phase interfaces has been conducted in 

both constricted microchannels and complex capillary network. Theoretical equations 

have been derived based on Darcy-Weisbach equation to predict the pressure drop in 

the constricted structure of microchannel. Combined with homogenous flow model and 

separated flow model, our newly-derived equation can be used to predict the pressure 

drop for two-phase flows in constricted microchannels with the deviation of below 

±20%. For complex capillary network, a theoretical equation has been derived, and it 

indicates that the bubble dislodging pressure is the function of bubble length, channel 

dimension, and network structure. The equation theoretically agrees well with the 

experimental results. The effect of network structure on the pressure drop was 

characterized by introducing the parameter, cj. The analysis of model parameters NBj 

and MAj shows that parameter cj, rather than the channel size, dominates the 

dislodging pressure for bubbles with a length greater than 2 mm, and the increase rate 
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of the dislodging pressure is significantly affected by both channel size and parameter 

cj. 
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Chapter 1 Introduction  

 

1.1 Project background and Motivation  

Understanding of two-phase flows in porous media is essential in many biological and 

chemical applications, such as, enhanced oil recovery[1-3], cooling electronics[4], fuel 

cells[5, 6], microreactors[7], microbubble-aided drug delivery and gas 

embolotherapy[8-11]. Resistance to two-phase flows is an essential criterion to 

characterize the flow transport, heat and mass transfer in porous media. 

For example, in microbubble-mediated therapy, microbubbles are expected to deliver 

the therapeutic molecular to the targeted tissues or cells with high therapeutic effect 

and low undesirable side-effects[12, 13]. The microbubble encapsulates the drugs with 

hard shell (e.g. PLA[14]), and after arriving the targeted sites, drug-loaded 

microbubbles rupture and release the drugs with the aid of ultrasound. Microbubble 

can not only protect the drugs against degradation but also increase the therapeutic 

effect due to cavitation induced by microbubble rupture, i.e. the enhanced permeation 

and retention (E.P.R.) effect[15, 16]. However, the blood vessels are composed of 

thousands of vessels and capillaries which are highly interconnected, and the 

resistance to microbubble flow maybe too high due to the extremely small diameter of 

microvessels, especially the micro-capillaries (several microns)[17]. The resistance 

would stop microbubbles moving further, which may lodge in somewhere of 

microvessels, and causes the vascular blockage. With the development of lab-on-a-

chip technology, microfluidic network can be used to mimic the flow conditions of drug 

delivery systems in blood vessels based on scaling laws and basic fabrication 
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technologies[18]. With detailed investigation into the resistance to microbubble flow in 

microvessels, it is possible to evaluate if the microbubble can be driven by the blood 

pressure to the targeted tissues. In proton exchange membrane (PEM) fuel cells, one 

challenge to maintain the performance and durability of fuel cells is the water 

management on the gas diffusion layer, which is the pathway for reactant gases and 

liquid water[19, 20]. Understanding the resistance to gas-liquid flows through the 

porous membrane will provide a new version for designing the passage to optimize 

the mass transport of gas diffusion layer.  

The resistance to microbubbles in a pore network is controlled by pore structure, pore 

surface properties, fluid properties and the interaction between fluids and pores. 

Porous network is formed by two sets of elements: pore body and pore throat with 

various sizes and lengths[21, 22]. Single microchannels have been used to mimic 

pores and throats, through altering the geometry of microchannels, such as the cross-

sectional shape, lengths, and sizes. The complexity in the investigation into two-phase 

flows in porous media is not only caused by a huge number of pores and throats, but 

also the complicated connectivity of inner channels, or the network structure, and the 

interaction between fluids and pore network[23, 24]. The study on the two-phase flows 

in single microchannels and complex network will help to understand the mechanism 

of two-phase flows in porous media from two aspects: effect of individual pore on the 

flow resistance to bubbles and the effect of overall structure on the flow resistance to 

bubbles.  
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1.2 Thesis structure  

This thesis is structured to 8 chapters. 

Chapter 1 introduces the project background, motivations and objectives. Chapter 2 

provides the relevant theoretical background and literature review of related work. The 

fundamentals and principle of multiphase flows in porous media, flow resistance, 

capillary pressure drop, frictional pressure drop, bubble dislodgment, tree-shaped 

networks, and related fundamental equations and theories are discussed in Chapter 

2. Chapter 3 gives the major experimental methodologies and materials, such as the 

measurement of pressure drop for air-liquid flows through a constricted capillary. 

 

The main body of this thesis is composed of Chapter 4 to Chapter 7. These four 

chapters present the experimental results, theoretical modelling, and discussions on 

the impact of network structure and fluid properties on the resistance to two-phase 

flows in single microchannels and complex capillary network at the microscopic scale.  

Chapter 4 investigates the impact of the fluid interface on the two-phase flows in 

constricted microchannels through comparing the difference in the pressure drop for 

single-phase flow and two-phase flow. The effective pore throat has been defined 

based on the sudden increase in the resistance pressure in the measured pressure 

profiles, which indicates the threshold of pore size where capillary force starts to take 

effect in microchannels. Simulations were conducted to predict the two-phase flows in 

constricted microchannels through combining the new-derived Darcy-Weisbach 

equation with the homogenous flow model and the separated flow models. Chapter 5 

further studies the effect of factors including the surface tension, fluids viscosity, gas 
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types, capillary gradient and capillary tip diameter, on the size of the effective pore 

throat.  

Chapter 6 and 7 investigate the bubble dislodgment in complex capillary network with 

multi-microchannel and multi-bifurcation features. Chapter 6 focuses on the 

experimental investigations on the pressure required to dislodge a bubble from the 

complex network, and the effect of bubble length, channel sizes and network 

structures on the dislodging pressure. Chapter 7 further proposed one theoretical 

equation to illustrate the underlying physics of bubble dislodgment from microfluidic 

networks. The equation has been validated through the experimental data. In addition, 

the complexity of the network structure has been characterized by introducing a 

parameter cj. It was found that a small cj value of a microchannel indicates a greater 

impact of network structure on the bubble dislodgment. The cj value increases with the 

bifurcating angle of microchannel j, and a high bifurcating angle results in a decrease 

of cj value of the proximal microchannel. 

Chapter 8 concludes the main findings and highlights the significance of this study. 

The limitations of this work are addressed and the future work is therefore pointed out.  
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Chapter 2 Theory and literature background  

 

2.1 Porous media 

Multiphase flows in porous media are very common in natural and industrial systems. 

Typical examples (as shown in Fig. 2.1) are blood flows which carries oxygen, 

nutrients and other substances flows in blood vessels, gas and proton exchanging 

through gas diffusion layer in fuel cells; foam/gas-aided oil recovery in depleting oil 

fields, and the storage of CO2 in porous geological formations, etc. The porous 

reservoir rock contains pores and throats as shown in Fig. 2.1 (b), which creating flow 

path, accumulating hydrocarbon, and providing sealing mechanism for prohibiting 

hydrocarbon penetration to surface layers[1]. In proton exchange membrane fuel cells, 

the gas diffusion layer (GDL) is a very complex porous membrane, which ensures the 

reactants effectively diffuse to the catalyst layer, as shown in Fig. 2.1(c). The GDLs 

with a thickness of 100-300 μm, are commonly constructed from porous carbon paper, 

or carbon cloth with a PTFE coating to avoid the liquid water congestion in the GDL 

pores[2]. In porous media, Darcy’s equation has been used to express the relation of 

pressure drop and fluid velocity for the flow of two or more immiscible fluids, which 

was proposed by Henry Darcy in 1856[3].  

𝑣 = −
𝑘

𝜇
(∆𝑃 − 𝜌𝑔)          (2-1) 

Where 𝑣 is the mean fluid velocity, 𝜇 is the liquid viscosity, 𝜌 is the fluid density, 𝑔 is 

the gravitational acceleration, and 𝑘 is the permeability of the porous media, which 

indicates how easily a fluid penetrates the medium. ∆𝑃 is the pressure drops for fluids 

flows through the porous medium.  
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(a)                                                            (b) 

 

(c) 

Fig. 2. 1 (a) Bronchogram of human small airways, scale bar, 1cm[4]; (b) porous oil 

reservoir rock[5]; (c) composition of gas diffusion layer in proton exchange membrane 

fuel cells[6] 

 

2.1.1 Pore and Pore Throat 

Porous media are composed of solids and the pore voids. The pore voids are 

commonly segmented into pore (spaces) and pore throats[7, 8]. Pore space is defined 
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as the volume of voids that can be filled by water or air, and pore throat is the smaller 

pore which connects two larger pores. The pore spaces govern the value of porosity, 

and the pore throats control the fluids transport and migration in the media, and 

therefore the permeability[9]. It is thought that the fluids (oils, liquids and gases) would 

always be bound in the smaller capillary pores. The transport efficiency of the fluids in 

the porous media will therefore be affected by the size and types of the pore and pore 

throats. For example, the porosity in conventional high-quality reservoirs is high, in 

which the pores are fully connected. Reservoir rocks have pore sizes larger than 30 

μm and pore throat sizes larger than 10 μm. With large pore throats, the driving 

pressure required to overcome capillary resistance to recover the oil would be 

smaller[10]. However, for tight rocks, the typical size of pore throat may be less than 

0.1 μm based on the data shown in Fig. 2.2. The fewer connection of pores and smaller 

size of pore throat make the multiple phases difficult to deliver or transport in tight 

rocks and shales. In this way, these types of rocks require further special treatment, 

such as advanced drilling technology, correct way of completion and stimulation to 

produce gas in commercial scale[11].  
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Fig. 2. 2 Pore throat sizes in siliciclastic rocks[11] 

 

Experiments on porous media at pore scale still have some limitations due to the 

complexity of the multiphase flows processes, the difficulty of measurement at pore 

scale, and uncertainties in experimental results[12]. Computational and theoretical 

approaches have been employed as a substitute to obtain a more detailed 

understanding of multiphase flows in porous media. Computational methods can be 

classified as, conventional continuum-scale numerical models and pore-scale models 

in general. Continuum-scale models does not apply at pore scale, therefore, pore-

network models are typically employed to mimic the geometrical features of interstitial 

spaces of porous media. It is composed of pore bodies (large voids) and pore throats 

(narrow voids) which are connected to pore bodies[7, 8, 12]. The topology of a network 

can be characterized by the spatial location of pore bodies and the connectivity of pore 

elements. The geometry of pore network refers to the geometrical shape and size of 

pore bodies and pore throats. Pore-scale models are of great importance to 

understand the effect of the geometry and topology of pore space on the physics of 

multiphase flows. For example, geometrical shape of the pore plays non-negligible 

role in fluids wetting in porous media. A circular pore can only allow one phase to 

occupy at one time as shown in Fig 2.3. For a pore with an angular shape or irregular 

shape, the wetting phase may occupy the corners and the non-wetting phase occupies 

the main part of the pore[7].  
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Fig. 2. 3 Cross-sectional view of different types of pore shape[7].  

 

2.1.2 Microchannel and thin films 

Investigations on multiphase flows in porous media are commonly conducted from the 

simplest case-a microchannel/capillary with smooth and clean wall, and regular cross-

section. If such a capillary is filled initially with the wetting fluid, nonwetting fluid will be 

forced to displace the wetting fluid from the capillary, i.e. ‘drainage’. Then a thin liquid 

film will be formed between the microchannel wall and the gas phase. Due to the 

negligible of gravitational force and shear force of gas phase, the liquid film is 

commonly assumed to be stagnant and thus does not contribute to the frictional 

pressure drop [13, 14]. The thickness of this lubricating liquid film (d) in a circular 

capillary with a diameter D can be calculated through the equation (2-2), which was 

developed by Bretherton[15],  
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𝑑

𝐷
= 0.67𝐶𝑎2/3   (2-2) 

The stability of the thin liquid film closely depends on the surface roughness, surface 

defects, velocity of the non-wetting fluids, as well as the microchannel geometry, etc. 

Any small perturbation with a wavelength longer than the threshold value 𝜆𝑡𝑟 will lead 

to the rupture of the film because of Waals interactions [16, 17]. For a circular cross-

section microchannel, the liquid film is uniform. In the microchannel with rectangular 

cross-section, the liquid film is not uniform as two local minima in the film thickness 

(as shown in Fig. 2.4b) occur due to the liquid drainage towards the corners of the 

channel[17].  

𝜆𝑡𝑟 = (
𝛾

𝐴
)

1/2
ℎ𝑜

2          (2-3) 

where 𝛾  is the surface tension, A is the Hamaker constant, and ho is the initial 

thickness of the uniform film.  

 

(a)                                                       (b) 

Fig. 2. 4 (a) Schematic of a bubble in a microchannel with rectangular cross-

section[17]; (b) minimal thickness of the liquid film  
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2.1.3 Microfluidics  

The complexity of pore structure can be increased through using a microchannel with 

irregular cross-section, or capillary network with multiple branches[18] and various 

bifurcating angles[19-21]. Examples are shown in Fig. 2.5. Microfluidic devices are 

manufacturing microminiaturized devices containing channels and chambers through 

which fluids flow or are confined. Microfluidic devices have been frequently used to 

mimic human arterioles, airways in the lung[22], water distribution networks[23], solar 

panels, and the cooling of electronics[24], etc. Glass was first used to fabricate 

microfluidic chips through photolithographic and chemical etching. More recently, 

polymers, such as polydimethylsiloxane (PDMS) and polymethyl-methacrylate 

(PMMA), are used as an alternative for fabricating microfluidic systems as they are 

biocompatible, low-cost and easily treated by several techniques, including injection 

moulding, soft lithography, laser ablation, X-ray photolithography and hot 

embossing[25]. As microfluidics always deal with very small volumes of fluids, it has 

many advantages in using microfluidics, such as lower hardware cost and reagents 

consumption, shorter response time[26, 27], higher mixing efficiency and lower 

thermal resistance[28], whereas, these are achieved at the expense of increased 

pressure drop which may be induced by the parallel or serpentine microchannels. 

Many research articles focus on the optimization of power requirement and pressure 

drop in tree-shaped networks through adjusting one factor to achieve the optimal 

topology, such as channel geometry (height, width, aspect ratios, length, and cross-

sectional shape)[29, 30], branch level and branching angles [21, 31]. Due to the 

potentially large number of degrees of freedom involved in the network design, it is still 

a very challenging problem.  
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          (a) (b) 

Fig. 2. 5 (a) Y-shaped bifurcation and oblique bifurcation, flow direction is indicated 

through arrows and D0, D1, and D2 are width of the branches[32]; (b) a symmetrical 

tree-network with the bifurcating angle of 120˚[20] 

 

2.2 Multiphase flows 

2.2.1 Flow patterns 

Flow patterns (or flow regime in some references) of a multiphase fluid system is the 

temporally and spatially geometrical distribution of each phase. The characterization 

of flow patterns helps to optimize the transport efficacy for multiphase flows, and to 

validate empirical and numerical models which proposed to predict the pressure drop 

for multiphase flows in porous media. Flow patterns are dependent on the fluid 

properties, channel diameters and geometry, operation conditions, etc. Typical flow 

patterns for two-phase flows are shown in Fig. 2.6, which were recorded in transparent 

channels through high-speed camera and microscopy.   
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(a) 

(b) 

Fig. 2. 6 Flow patterns in (a) horizontal gas-liquid flow, and (b) vertical gas-liquid flow 

[33]  

 

In the bubbly flow, there are tiny bubbles with various diameters confined to the region 

near the top of the channel. With the increase of the gas flowrate, the average size of 

the bubble becomes larger. Once bubbles coalesce to become a gas plug which will 

occupy the entire cross-section of the channel, plug flow occurs. On increasing the 
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gas flowrate, a continuous gas layer forms in the upper part of the channel, which is 

stratified flow. The interface between the gas and the liquid is smooth for the stratified 

flow. With the further increase of the gas flowrate, the interfacial shear stress is 

sufficient to generate waves on the liquid surface, i.e. wavy flow. As the gas flowrate 

continues to increase, the liquid wave moves in the direction of gas flow until the liquid 

crest approaches the top of the channel, and this is known as slug flow. Needs to 

mention, slug flow in vertical flow is different from the same name ‘slug’ flow in 

horizontal flow, as shown in Fig. 2.6 b. At the higher gas flowrate, annular flow is 

formed and when the liquid film becomes very thin, the majority of the liquid will be 

dispersed as droplets in the gas phase, i.e. mist flow[33].  

 

2.2.2 Factors affecting flow resistance  

2.2.2.1 Permeability and porosity  

One of the most important macroscopic parameter for evaluating the transport 

capacity of the porous media is permeability. Prediction of the flow behaviour in porous 

media requires the estimation of the permeability. Direct measurement is often difficult 

to achieve, or time-consuming especially for porous media with low connectivity[34]. 

Many attempts to establish a relationship among permeability, porosity, capillary 

pressure, and water saturation have been made[35, 36].  

The types of the reservoirs can be divided by permeability into: conventional reservoir 

(permeability more than 1 mD), near tight (permeability between 1 and 0.1 mD) and 

tight reservoirs (permeability less than 0.1 mD), as shown in Fig. 2.7. In most cases, 

if the large pore space is associated with larger pore throat size, the permeability of 
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the reservoir will increase with the increase of porosity. However, the relationship is 

not systematic in some cases. For example, sandstone reservoirs may have large pore 

space, while the pore throat is small, then the predicted permeability would be greater 

than it should be if the prediction is based on the large pore spaces. Therefore, a pore 

throat cutoff method was defined to separate the volumes of the pores for recognizing 

the abnormal relationship of pore size and pore throats. The pore volumes which are 

controlled by the large pore throat were termed as macro-porosity. Pore volumes 

controlled by the small pore throat were termed as micro-porosity[9], and in this case, 

pore size has no effect as it is controlled by the pore throat size.  

 

Fig. 2. 7 Indication of conventional reservoir, near tight and tight reservoirs 

 

Coates[37] et al proposed an equation to predict the permeability, given as, 

𝐾 = (104)(𝜑4)[(𝑚𝑎𝑐𝑟𝑜 − 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑚𝑖𝑐𝑟𝑜 − 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦)⁄ 2
]    (2-4) 
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Where K is the permeability in millidarcies, and 𝜑 is the porosity. In this equation, the 

porosity was treated as two parts: macro-porosity which is active in pore network and 

contributes to the fluids flow, and micro-porosity which does not contribute to fluids 

flow[35].  

 

Pore-scale modelling is an alternative method to empirical equations for predicting the 

permeability. Network models represent a void space of a rock by a regular two- or 

three-dimensional lattice of wide pores which are connected with narrower throats[7]. 

Normally, the pore or throat will be assumed as the cylindrical or spherical, and the 

pore sizes are spatially uncorrelated. However, natural porous media have more 

random topology and correlated pore sizes. To obtain accurate predictions of the 

permeability, it is very important to determine the detail of pore space geometry, which 

is the major challenge. In addition, the simple network models based on regular 

(spherical or cylindrical) lattices have limited ability to predict the macroscopic 

properties, let alone obtain the accurate prediction.  

For two-phase flows in the porous media, for example, rock, the ability of one fluid to 

flow is reduced due to the presence of the other fluid. Therefore, a relative permeability 

has been introduced and defined as the ratio between the effective permeability of a 

given phase and the absolute permeability of the rock. Relative permeability can be 

calculated based on capillary pressure curves derived from mercury-injection methods 

through mainly three approaches: Purcell approach, Burdine approach and Mualem 

model.  

Purcell[38]: 𝑘𝑟𝑤 =
∫ 𝑑𝑆𝑤/(𝑃𝑐)2𝑆𝑤

0

∫ 𝑑𝑆𝑤/(𝑃𝑐)21
0

       (2-5) 
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Where 𝑘𝑟𝑤 and Sw are the relative permeability and saturation of the wetting phase, 

Pc is the capillary pressure as a function of Sw. 

Burdine[39]: 𝑘𝑟𝑤 = (𝜆𝑟𝑤)2 ∫ 𝑑𝑆𝑤/(𝑃𝑐)2𝑆𝑤
0

∫ 𝑑𝑆𝑤/(𝑃𝑐)21
0

      (2-6) 

Where 𝜆𝑟𝑤  is the tortuosity ratio of the wetting phase, which can be calculated as 

follows,  

𝜆𝑟𝑤 =
𝜏𝑤(1.0)

𝜏𝑤(𝑆𝑤)
=

𝑆𝑤−𝑆𝑚

1−𝑆𝑚
         (2-7) 

Where 𝑆𝑚 is the minimum wetting-phase saturation from the capillary pressure curve, 

𝜏𝑤(1.0) and 𝜏𝑤(𝑆𝑤) are the tortuosities of the wetting phase when the wetting phase 

saturation is equal to 100% and 𝑆𝑤, respectively.  

Mualem[40]: 𝑘𝑟𝑤 = (𝜆𝑟𝑤)𝑛(
∫ 𝑑𝑆𝑤/𝑃𝑐

𝑆𝑤
0

∫ 𝑑𝑆𝑤/𝑃𝑐
1

0

)2      (2-8) 

Where n may be positive or negative. 

 

2.2.2.2 Surface tension  

In the bulk of a liquid, molecules have interactions with all neighbouring molecules. At 

an interface, the liquid molecule contacts with the liquid molecules in a half-space, and 

interacts with gas molecules in another half-space. Due to the low densities of gases, 

the interactions between liquid and gases are less. Therefore, a dissymmetry of 

interactions is formed on the interface of the liquid and gas, which results in a defect 

of surface energy. At the macroscopic scale, ‘surface tension’ was named to take this 

molecule effect into account, and the dimension is energy per unit surface (J/m2 or 
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N/m). This means surface tension will increase with the intermolecular attraction and 

decrease with the interfacial surface area (molecular size).  

 

(a)                                                 (b) 

Fig. 2. 8 Schematics of (a) molecules in the bulk of the liquid and near the gas-liquid 

interface; (b) surfactants in the liquid[41] 

 

Adding surfactants which are long molecules with a hydrophilic head and a 

hydrophobic tail, into the liquid can reduce or adjust the surface tension. It is achieved 

through modifying the interaction forces between the particle and surface, including 

van der Waals force, electrostatic force and hydrophobic force[42]. At the macroscopic 

scale, surface tension is reduced by the migration of the surfactants to the interface 

which results in a reduction of the interfacial energy. The contact angle is also reduced 

as the deposition of surfactants on the solid surface changes the surface tension 

between the solid and the liquid. Surfactant applies significantly in enhanced oil 

recovery, which is called surfactant flooding. The addition of alkali to surfactant 

flooding helps to reduce the amount of surfactant required in practice, and this process 

is known as alkaline/surfactant/polymer flood (ASP) [43].  
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2.2.2.3 Wettability  

Wettability is the ability of one fluid to spread on a solid surface, and it is determined 

by the contact angle. A liquid will spread on a substrate in a film if the energy of the 

system is lowered by the presence of the liquid film, i.e. total wetting. Otherwise, the 

liquid forms a droplet on the surface of the solid, i.e. partial wetting. In this case, the 

line which contacts among three phases is called the contact line or triple line. The 

spreading parameter S determines the wetting is partial or total. 

𝑆 = 𝛾𝑠𝑔 − 𝛾𝑠𝑙 − 𝛾𝑙𝑔          (2-9) 

Where 𝛾𝑠, 𝛾𝑙, and 𝛾𝑠−𝑙 is the surface tension of solid phase, liquid phase and interface 

between solid and liquid phase, respectively. If S>0, the liquid will spread on the solid 

surfaces, if S<0, the liquid forms a droplet.  

 

Fig. 2. 9 The balance of surface tension of liquid, solid and interfacial free energy 

between solid and liquid[44] 

 

The Young’s equation is commonly used to express the relationship of surface tension 

of three phases with the contact angle, given as equation (2-10). In the cases of partial 

wetting, if the contact angle is less than 90˚, the surface is hydrophilic if the liquid has 

a water base; when the contact angle is more than 90˚, the surface is ‘hydrophobic’. 

However, if the liquid is oil-based, opposite wetting behaviour occurs as Fig. 2.10b 
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indicates. Contact angle is affected not only by the surface tension of three phases 

which were shown in equation (2-10), but also by physic-chemical properties of three 

phases (such as the chemical reaction between the liquid and solid), and surface 

roughness. 

𝜎𝑠 = 𝜎𝑙 ∙ 𝑐𝑜𝑠𝜃 + 𝜎𝑠−𝑙          (2-10) 

(a) 

(b) 

Fig. 2. 10 (a) Water and (b) silicone oil spreads on different surfaces  

 

There are two types of contact angle: static and dynamic contact angle. Static contact 

angle is measured through using a microscope attached with a camera, and the 

recorded image can be analyzed by a software. Dynamic contact angle refers to the 

contact angle when the droplet is in movement. It is accomplished by adding liquids to 
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a static droplet on a surface, which pushes the front of the liquid to wet the uncovered 

surfaces, as shown in Fig. 2.11. Hoffman first proposed an expression for the dynamic 

contact angle based on the experimental measurements, and Voinov and Tanner[45] 

developed a more workable correlation based on Hoffman[46],  

𝜃𝑑
3 − 𝜗𝑠

3 = 𝐴𝐶𝑎          (2-11) 

Where θd and θs is the dynamic and static contact angles.  

 

Fig. 2. 11 Measurement of advancing contact angle and receding contact angle. The 

advancing/receding contact angle is determined by increasing/decreasing the amount 

of volume in a droplet[47]. 

 

The difference of advancing contact angle and the receding contact angle for a contact 

line moving in an opposite direction at the same velocity is defined as the contact angle 

hysteresis[48]. As it is induced by the surface effects (such as surface roughness, 

chemical heterogeneity, surface deformation), contact angle hysteresis is often 

regarded as a mean of assessing the mean roughness of the surface. Experimentally, 

static contact angle hysteresis can be measured through three methods: tilted plate 

method, sessile drop method and Wilhelmy method. These methods are relatively 

simple as tilted plate method only requires a camera; the sessile drop method requires 
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a camera, a needle and a pump; and Wilhelmy method needs a motor and force 

measurement device. Through vibrating the droplet or the surface, the contact angle 

hysteresis can be reduced when a stable contact angle is required during the 

investigations[49].  

 

2.2.2.4 Viscosity  

The viscosity of a fluid (gas and liquid) is a measure of its resistance to deformation at 

a given rate. The viscosity of a Newtonian fluid has thermodynamic characteristics and 

it is affected by pressure and temperature of the fluid. The sensitivity of viscosity to 

temperature is greater than pressure[50]. Normally, it increases with temperature for 

gaseous systems at low densities, while decreases with the increase of temperature 

in liquids[51]. Simple examples of Newtonian fluids are water and blood plasma. For 

non-Newtonian fluids, three types are categorized based on fluid behaviour: time-

independent fluids, time-dependent fluids, and viscoelastic fluids. 

The Hagen-Poiseuille equation is a fluidic law to calculate the pressure drop in a long 

cylindrical pipe, and it applies to laminar, incompressible Newtonian fluid flows with 

no-slip at the solid boundary. It suggests that the resistance to fluids flow in porous 

media is greater when the fluid is more viscous.  
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2.2.3 Typical examples in natures 

2.2.3.1 Oil recovery  

Oil fuels the vast majority of the world’s mechanized equipment, and is also the primary 

feedstock for many chemicals. With the significant increase of energy demand, it is 

not only important to regenerate old oil fields which are in the declining production, but 

also to find new alternative fuels. As the oil is still the main energy, enhancing oil 

recovery rate is one way to release the pressure of energy risks. A particular method 

is to use enhanced oil recovery technology after the primary and secondary oil 

recovery. Primary production is the process by which oil naturally flows from the 

underground to the surface. Secondary recovery involves the injection of water into 

the oil reservoir to force oil to the surface[52]. From Fig. 2.12, it is obvious that EOR 

is an effective method to produce the residual oil from all kinds of hydrocarbons. 

 

Fig. 2. 12 EOR target for different hydrocarbons[53] 

 

Enhanced oil recovery implies to recover the oil retained in the pores due to capillary 

forces, and the oils which are immobile or nearly immobile due to the high viscous. 

EOR techniques are generally thermal methods, gas injections and chemical methods. 
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Depending on the different lithology, the most frequent used methods are shown in 

Fig. 2.13. Thermal methods are best suited for heavy oils and tar sands, and it supplies 

heat to vaporize some oil in the reservoirs. Oil viscosity can be reduced significantly, 

and thus the mobility ratio is increased[53]. Sandstone reservoirs have the highest 

potential to implement EOR techniques as most techniques have been tested at pilot 

and commercial scale. Polymer flooding is the most important chemical EOR method 

in sandstone reservoirs, and the injection of alkali, surfactant, alkali-polymer, 

surfactant-polymer and alkali-surfactant-polymer has been tested in a number of oil 

fields. Even though the high concentration and cost of surfactants and co-surfactants 

limit the polymer flooding use, it is still considered as a promising EOR process since 

the 1970’s[1]. For light, condensate and volatile oil reservoirs, gas flooding (N2, 

hydrocarbon gas, and CO2) has been the most frequently used methods during last 

decades. Among these gases, CO2 has been widely used because it is cheap and 

readily available from natural sources. Polymer flooding and gas flooding mainly aim 

at lowering the interfacial tension of oil-fluids and improving the mobility ratio in 

reservoirs.  

 

Fig. 2. 13 EOR methods based on lithology[1] 
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2.2.3.2 Microbubble-aided drug delivery  

In cancer treatment, a large number of anticancer drugs, especially cytotoxic drugs, 

show efficient in targeting cell division and preventing cancer cells proliferation, while 

the use of cytotoxic drugs is hampered by significant side effects. Microbubbles have 

shown great potential to carry the active pharmaceutical chemicals as microbubbles 

and nanobubbles have sufficient loading capacity due to their large surface area to 

volume ratio[54, 55]. There are many strategies (Fig. 2.14) to carry therapeutic agents 

onto or into MBs depending on the properties of the drugs and MBs materials to further 

increase the loading capacity. MBs can protect drugs degradation and enhance the 

accumulation of drugs on the diseased sites, therefore it is expected to achieve high 

therapeutical efficiency and reduce the undesired side-effects on healthy tissues[56]. 

As MBs can be monitored by ultrasound, once they arrive at the diseased sites, 

ultrasound with sufficient intensity can be employed to rupture the MBs and then 

release the drugs. The strong stress and force enforced by the rupture of MBs also 

generate temporary holes on the cell or blood wall membrane in the close vicinity of 

the MBs, which can further increase the membrane permeability and drug intake 

efficiency significantly, as indicated in Fig. 2.15 [57, 58]. Some particulate systems are 

responding to X-rays, magnetic field, light, or hyperthermia, and each method has its 

assets and drawbacks. For example, ultrasound has good penetration, while it is 

difficult to target moving organs and large zones. Light can be precisely and easily 

tuned, however, it is invasive for the deep zone and limited to tissue penetration [59].  
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Fig. 2. 14 Schematics of methods to incorporate therapeutics into/onto MBs[60]: (a) 

attachment of therapeutics onto the surface of the MBs shells; (b) encapsulation of 

therapeutics in the shell of the MBs; (c) multilayered architecture, lipid MBs coated by 

one or several layers; (d) encapsulation of therapeutics inside the MBs; (e) echogenic 

liposomes; (f) liposomes or nanoparticles which containing drugs attached onto the 

surface of MBs. 

 

Fig. 2. 15 Schematic of the delivery of drug-loaded MBs to tumor tissues by applying 

ultrasound transducer; in which drugs-loaded MBs (red) are small enough to 

extravasate into tumor tissue via the enhanced permeability and retention effect (EPR), 
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inertial or stable cavitation induced by rupture of MBs promotes intracellular uptake of 

drugs [54]. 

Despite the encouraging potential obtained from many in vitro and in vivo studies, 

many uncertainties still hamper the clinical implementation of MBs in biological 

applications. A clear understanding of flow behaviours of drug-loaded MBs inside the 

blood vessel and mechanisms of MBs-cell interactions is essential to ensure whether 

the transport of drug-loaded MBs is feasible in such complex network with multiple 

microchannels with high interconnectivity and irregular shape. In addition, problems, 

such as he relatively short in vivo half-life of MBs, undesired premature of drug release, 

the appropriate ultrasound responsiveness, the safety clinically evaluation, the 

entrapment of MBs in some small capillaries, require fully evaluated before the drug-

loaded MBs treatment can be used in clinical practice[61]. 

 

2.3 Hydraulic resistance to two-phase flows in a channel 

The simplest representation of a multiphase flow in a pore is the pressure-driven flow 

of a gas-liquid interface through a channel. When the bubble size is comparable to the 

channel diameter, the walls starts to affect the bubble shape and the bubble mobility, 

which in turn, causes the hydraulic resistance for flow[62]. Hydraulic resistance to two-

phase flows in a channel is a combination of viscous or frictional force, capillary force, 

buoyancy force, gravity force, and interactions among channel wall and fluids.  

The magnitudes of inertial effects, gravitational forces (or buoyancy force) and viscous 

force to surface tension are given by the dimensionless numbers as,  
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𝑊𝑒 =
𝜌𝑟𝑢2

𝛾
            (2-12) 

𝐵𝑜 =
(𝜌𝑤−𝜌𝑜)g𝑙2

γ
                                                                                           (2-13) 

𝐶𝑎 =
𝜇𝑢

𝛾
 (2-14) 

Where We is the Weber number, Bo is the Bond number and Ca is the Capillary 

number. ρ is the fluid density, subscripts w, o denoting the wetting and non-wetting 

phase. r is the radius of flow path, 𝑢 is the fluid superficial velocity, 𝛾 is the surface 

tension. g is the gravitational acceleration, 𝑙 is the characteristic length and 𝜇 is the 

fluid dynamic viscosity.  

 

2.3.1 Frictional pressure drop  

For single-phase flows, the frictional pressure loss for fluids flowing through a capillary 

with a constant diameter D, can be calculated through Darcy-Weisbach equation, 

given by, 

∆𝑃𝑓 = 𝑓
∆𝐿𝜌𝑢2

2𝐷
                                                               (2-15) 

where L is the length of flow path, 𝑢 is the mean fluid superficial velocity and 𝑓 is the 

Darcy friction factor.  

For two-phase flows, Darcy-Weisbach equation combined with two models, the 

homogeneous flow (HFM) and the separated flow model (SFM), is commonly used to 

calculate the frictional pressure drop caused by wall friction in a horizontal capillary. 

The homogeneous flow model averages fluid properties based on the ratio of liquid 

and gas components [63], and equation (2-15) becomes,  
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∆𝑃𝑇𝑃 = 𝑓𝑇𝑃
∆𝐿𝜌𝑚𝑢2

2𝐷
          (2-16) 

where 𝑓𝑇𝑃 is the two-phase flow frictional factor. 𝜌𝑚 is the homogenous mixture density, 

defined as, 

1

𝜌𝑚
=

𝑥

𝜌𝑔
+

1−𝑥

𝜌𝑙
                                                                (2-17) 

where 𝑥 is the mass quality, defined as 𝑥 =
𝑚𝑔

𝑚𝑔+𝑚𝑙
, in which 𝑚 is the mass flow rate of 

gas (g) and liquid (l).  

 

The separated flow model is based on the individual behaviour of each component 

[63]. Lockhart and Martinelli correlation [64] is commonly used in SFM to predict the 

frictional pressure drop for two-phase flows, (Δ𝑃𝑓)𝑇𝑃, given as: 

(
∆𝑃𝑓

∆𝐿
)

𝑇𝑃
= 𝜙2(

∆𝑃𝑓

∆𝐿
)𝑆𝑃        (2-18) 

where (
∆𝑃𝑓

∆𝐿
)𝑆𝑃 is the frictional pressure to single-phase flows in a capillary. 𝜙2 is the 

two-phase friction multiplier, widely calculated through equation (2-19). 

𝜙2 = 1 +
𝐶

𝑋
+

1

𝑋2 (2-19) 

where Chisholm parameter C is a constant, ranging from nearly 0 to 21 depending on 

the channel diameter and mass flowrate. Some typical example of parameter C were 

shown in Table 2.1. X is the Lockhart-Martinelli parameter, given by 

𝑋2 =
(∆𝑃𝑓 ∆𝐿⁄ )𝑙

(∆𝑃𝑓 ∆𝐿⁄ )𝑔
 (2-20) 

(
 ΔP

ΔL
)𝑙 =

𝐺2(1−𝑥)2𝑓𝑙

2𝐷𝜌𝑙
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(
ΔP

ΔL
)𝑔 =

𝐺2𝑥2𝑓𝑔

2𝐷𝜌𝑔
   

where G is the total mass flux and the subscript l, g is the gas and liquid phase. 

 

Table 2. 1 Value of parameter C in different flow regimes[65]  

Liquid  Gas  C value 

Turbulent  Turbulent  20 

Laminar  Turbulent  12 

Turbulent  Laminar  10 

Laminar  Laminar  5 

 

 

2.3.2 Capillary pressure for two-phase flows in a capillary 

The resistance of a pore to a two-phase flow is different from that to a single phase 

flow due to the capillary effect induced by the two-phase interface [66]. It is important 

to understand the capillary pressure drop when two-phase flows in a capillary, as the 

presence of air bubble results in an increase in the resistance, which is the well-known 

‘Jamin’ effect. It also occurs when oil drop-water flows in channels with varied 

diameters [67-69]. For example, Cobos et.al [69] found a sudden increase in the 

pressure drop when oil drops flow into the tapered section of a glass capillary with a 

diameter of 200 μm (tube) and 50 μm (throat). In low-permeability reservoirs, the 

‘Jamin effect’ becomes severe with the progress of liquid displacement, and the 

resistance required to displace the oil phase from the reservoirs is significantly high 
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due to the great pore size variations and pore-pore throat ratios [10, 70]. The sudden 

increase in the resistance has been simply seen as the effect of the capillary pressure 

and the difference in fluids viscosity. The mechanism for this increase remains to be 

clarified, such as where exactly the pressure increase occurs, and what factors affect 

the sudden increase in the capillary resistance.  

Capillary pressure, Pc across the bubble can be reasonably expressed as the function 

of surface tension and curvatures of the menisci based on Young–Laplace equation 

as reported in many literatures[71-74]. At the initial movement of the bubble, the 

curvature of menisci can be taken as the function of the cross-sectional area of the 

microchannel, the advancing and receding contact angle. It is equal to the pressure 

difference between non-wetting (Pn) and wetting phase (Pw) at equilibrium, given as 

Young-Laplace equation: 

𝑃𝑐 = 𝑃𝑛 − 𝑃𝑤 =
2𝛾

𝑅
 (2-21) 

For the case in a cylindrical capillary with a radius 𝑟 , 𝑟 = 𝑅 · 𝑐𝑜𝑠𝜃  (𝜃  is the contact 

angle, 𝑅  is the spherical meniscus), equation (2-22) can be derived from Young-

Laplace equation. 

𝑃𝑐 =
2𝛾𝑐𝑜𝑠𝜃

𝑟
  (2-22)  

Equation (22) has been used to describe the capillary pressure at both the equilibrium 

state and dynamic wetting processes in porous media [36, 75, 76]. However, Equation 

(2-22) was proposed mainly for the equilibrium state. To achieve more acceptable 

results for the capillary pressure calculated from Equation (2-22), in this study, the 

contact angle is substituted by the dynamic contact angle measured previously in 

glass capillaries with the diameter ranging from 100-1000 μm [77].  
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2.3.3 Pressure loss due to the sudden contraction of capillary  

The sudden contraction in flow channel geometry will cause a small pressure drop 

when fluids flow in constricted tubes. In this study, we assume a sudden geometry 

contraction occurs at the point with a diameter 𝐷𝑡. For two-phase flows, the pressure 

drop due to the sudden contraction, ∆𝑃𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 is given by [78], 

∆𝑃𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐺2

2𝜌𝑙
[(

1

𝐶𝐶
− 1)

2
+ 1 − 𝐾2] [1 + 𝑥 (

𝜌𝑙

𝜌𝑔
− 1)]    (2-23) 

where G is the total mass flux of fluids. K is the ratio between the cross-sectional area 

of the contraction point (with a diameter 𝐷𝑡) to the area of the glass tube (with an inner 

diameter of 3 mm). 𝑥 is the mass flow quality, 𝜌𝑙 and 𝜌𝑔 is the density of the liquid and 

gas, respectively. Cc is the contraction coefficient, which can be estimated from the 

function of K, given by [79], 

𝐶𝐶 =
1

0.639(1−𝐾)0.5+1
 (2-24) 

 

2.4 Hydraulic pressure drop for bubble dislodgment in a 

network 

2.4.1 Bubble lodgment and dislodgment  

When bubbles flow in small blood capillaries, the bubble shape may be deformed as 

tubular, and microbubble may be lodged/stuck with the progression of bubbles due to 

the pinning force in capillaries, i.e. bubble lodgment, as observed in vitro by Calderon 
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et al.[80] and in vivo by Samuel et al[81]. The process of removing the lodged bubbles 

from capillary network by increasing the liquid flowrate or driving pressure is named 

as bubble dislodgment. Schematic of air embolism in a capillary network is shown in 

Fig. 2.16. Samuel et al. observed that the perfluorocarbon bubbles with an average 

length of 76 ± 23 μm often lodged at the capillary bifurcation in the rats. In a bifurcation 

model patterned on poly (dimethyl siloxane) (PDMS), Calderon et al. found that the air 

bubble commonly lodged at the daughter channel of the bifurcation. They also 

investigated the impact of bubble size, parent to daughter channel ratio, and cross-

sectional shape and area on the bubble lodgment. The two groups also observed that 

the driving pressure required to dislodge/remove a bubble is much higher than the 

pressure required for the bubble lodgment. In order to precisely control the bubble flow 

in a capillary network, it is worth to investigate the pressure required to dislodge the 

bubble from the network, and what factors affecting the bubble dislodgment in a 

capillary network.  

 

Fig. 2. 16 Schematic of air embolism in the capillary network  
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2.4.1.1 In single microchannels 

Some work has been done to investigate the bubble dislodgment in single 

microchannels. Pioneering work on bubble dislodgment was conducted by Cavanagh 

et al., in which they experimentally examined the effect of bubble diameter, channel 

inclination angle and surface materials on the flow range for bubble suspension in 

single mini-channels[82]. They found that dislodging a bubble in the acrylic tube is 

more difficult than that in the glass tube, as the acrylic material has a higher spreading 

coefficient, causing a stronger strength of contact forces. Blackmore et al. 

experimentally studied the bubble adhesion and detachment between two parallel 

plates with a width of 11 mm and a thickness of 30-200 μm. They demonstrated that 

the effect of Dc/h (Dc is bubble contact diameter, and h is the channel height) on the 

Capillary number required to detach a bubble[83]. They found that the shearing force 

required to dislodge a bubble decreased with the increase of bubble contact length. 

They modelled the critical detachment state through equalling the drag force and 

adhesion force, while the viscous force was ignored due to the extremely low flow 

velocity. Metz et al. demonstrated that, the pinning force, as the threshold, must be 

overcome to initiate a bubble movement in a tapered channel [84]. In their model, the 

pinning force was simply assumed proportional to the length of contact line and liquid 

surface tension. However, this assumption makes it hard to distinguish the relative 

importance of surface tension, inertia, viscosity and contact angle on the bubble 

dislodgment. Mohammadi and Sharp also focused on the role of pinning force on the 

blockage of dry bubbles in a single square microchannel of around 1 mm size [85]. 

They suggested that the use of highly hydrophilic surface effectively reduces the 

bubble lodgement in single channels at low velocities.  
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2.4.1.2 In complex network  

The network structures reported in literatures for the investigation into bubble flow 

behavior are mainly single straight channels[85-87], Y-type or U type channels[88-91]. 

A single channel cannot simulate the flow conditions of bubble lodgment in complex 

capillary network. For example, when an elongated bubble lodges in a single 

cylindrical channel, the pressure difference between the two ends of the bubble is the 

driving force to push the bubble, as there is no other pathway for the liquid to move 

forwards. However, a capillary network has many bifurcations. Fluids have several 

paths to flow in a highly-connected network, and it will consciously choose to travel to 

the channel with smaller resistance (without bubbles/with less bubbles). Based on the 

experimental results in vivo, particles and bubbles are more easily deposited in 

bifurcating regions[92], which means dislodging a bubble or particle would be more 

difficult from a network with multiple bifurcations than from a single microchannel.  

Capillary network with multiple bifurcations enables to demonstrate the effect of 

multiple channels and bifurcations on the flow resistance and bubble dislodgment. 

Previous studies on bifurcation model mainly investigated the bubble splitting and to 

which daughter tubes the bubble would travel[88, 89, 91, 93]. A tree-like structure, 

which is the most complicated network reported in literature, has been intensively 

investigated for mixing efficiency, pressure drop, and mass and heat transfer rate in 

the applications of electronics cooling[94], fuel cells[95] and chemical reactors[96], [31, 

97, 98]. However, most of the tree-like structures manufactured or simulated in 

literatures are symmetrical dichotomous, which have straight channels and junctions 

without smooth change. As most of the natural porous media have the irregular pore 
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space, various pore size and unsymmetrical geometry, the effect of network structure 

and geometry on the resistance to bubble flows in such network is worth to investigate. 

 

2.4.2 Capillary pressure drop in a rectangular channel 

For a rectangular microchannel, the capillary pressure drop 𝛥𝑃𝑐 could be expressed 

by the equation (2-25)[85, 99].  

𝛥𝑃𝑐 = 2𝛾 (
1

𝑊𝑗
+

1

𝐻𝑗
) (cos𝜃𝑟𝑒𝑐 − cos𝜃𝑎𝑑𝑣)       (2-25) 

where W, H is the channel width and height, respectively, and subscript j represents 

the corresponding microchannel.  

For ‘dry’ bubbles (as shown in Fig. 2.17a), pinning force along the triple contact lines 

among the gas, liquid and channel wall also plays a role in resisting bubble motion. 

Pinning of the contact line is accompanied with contact angle hysteresis on a non-

ideal surface, and it makes the bubble or droplet pinned even on an inclined plane[100]. 

In general, two different mechanisms have been proposed to explain the pinning force: 

manifestation of adhesion hysteresis and mechanical pinning by defects. In the 

adhesion mechanism, as the solid-liquid interface is not retracting its original path 

when it recedes, the adhesion and separation processes are not thermodynamic 

reversible, so energy dissipation will occur to separate the two surfaces. In the local 

defect mechanism, the contact line tends to be trapped when it retracts at certain 

position on the solid surface which is not homogeneous on a microscopic scale. When 

the contact line encountered the blemish, it will be pinned locally. Brien proposed a 

simplified model to qualitatively predict that the contact line pins, distorts and finally 

slides across the defect when pushing a small spherical object through a liquid-gas 
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interface[101]. The contribution of contact line pinning by surface heterogeneities to 

the stabilization of microbubbles on a substrate remains to be fully understood [102], 

as the properties of surface microbubbles, such as small contact angle, long lifetimes, 

are related to the contact pinning force of the microbubbles. It constrains microbubbles 

to grow or shrink only in height, and their footprints remain fixed[103].  

 

Fig. 2. 17 Schematics of (a) dry bubble; (b) partially lubricated bubble; (c) lubricated 

bubble with no triple contact line does not experience pinning force, and (d) bullet-

shaped lubricated bubble[85]. 

 

2.4.3 Pressure losses in bifurcations  

Pressure losses in a bifurcation or a junction are commonly assumed negligible in 

many vascular network flow modelling. This assumption stands true in large vessels 

or in the network with only one symmetric bifurcation [104, 105]. However, the 

pressure loss in bifurcations may play a significant role due to the accumulation of the 

pressure losses in successive bifurcations, especially when fluid flows in a complex 
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network. Pressure loss coefficients for T-junction has been estimated by Wood et al., 

and they also pointed out that a constant loss coefficient may not be adequate to 

represent the pressure loss phenomenon in different networks[106]. Mynard et al. [105] 

proposed a formulation to estimate the junction pressure losses, as shown in equation 

(2-26), based on the formulation described by Bassett et al.[107]. The results show 

that taking pressure loss in junctions into account, the modelling results are in good 

agreement with the high resolution computational fluid dynamics simulation results 

over a wide range of junction geometries and flow conditions[105]. 

∆𝑃𝑙𝑜𝑠𝑠 =
1

2
𝜌𝑢𝑖𝑛𝑙𝑒𝑡

2 (1 + 𝜆𝑗
2𝜑𝑗

2 − 2𝜆𝑗𝜑𝑗𝑐𝑜𝑠𝜔𝑗)      (2-26) 

Where 𝑢𝑖𝑛𝑙𝑒𝑡 is the velocity of inlet channel, and 𝜔𝑗 is the average lateral outflow angle 

between the bifurcating velocity vector and the axis of branch j, as shown in Fig. 2.18. 

𝜆𝑗  is the flow ratio, defined as 𝜆𝑗 =
𝑄𝑗

𝑄𝑖𝑛𝑙𝑒𝑡
 , and 𝜑𝑗  is the cross-sectional area ratio, 

defined as 𝜑𝑗 =
𝐴𝑖𝑛𝑙𝑒𝑡

𝐴𝑗
.  

 

Fig. 2. 18 Schematics of the flow situation around a bifurcation, in which the vectors 

represent the direction of the centreline (dash line) and downstream of the bifurcation 
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2.4.4 Secondary flow in curved microchannels  

Recently, the secondary flow inside a curved channel has received much attention as 

it was found in many areas from heat exchangers to human arterial systems[108-110]. 

In inertial microfluidics applications, the secondary flow is always introduced in laminar 

flow through changing the microchannel geometry, such as varying the channel 

curvature, and introducing obstacles (grooves, protrusion or fins) in the passage [108, 

109, 111]. The secondary flow is induced by the pressure gradient which is generated 

due to the velocity mismatch in the centerline and the concave wall of the microchannel. 

In a straight channel, the velocity distribution is a parabolic profile, while in curved 

channels this profile will be disturbed because of the centrifugal force. Therefore, the 

maximal velocity position will shift from the centerline towards the concave wall of the 

microchannel, and this great velocity gradient will lead to a pressure gradient across 

the radial direction. The imbalance leads to the recirculation of the fluid and forms at 

least two Dean vortices with the direction from the center of the channel towards the 

concave wall of the channel, as shown in Fig. 2.19. The magnitude of instability or 

vortices is dependent on the Reynolds number or Dean number. The strength of Dean 

flow is characterized by the Dean number, which was firstly derived by Dean [112], 

given as, 

𝐷𝑒 = 𝑅𝑒(
𝐷

2𝑅𝑐
)1/2          (2-27) 

Where D is the microchannel diameter, and Rc is the radius of curvature of the 

microchannel. In the inertial microfluidics with curved microchannels, when Re>1, the 

secondary flow normally needs to be taken into account [111, 113].  
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Fig. 2. 19 Schematics of two counter rotating vortices in a curved rectangular channel 

at (a) low De and (b) high De; FCF is the centrifugal forces and FCP is the centripetal 

forces on the parabolic velocity profile[110] 

 

2.4.5 Electric circuit analogy 

The electric circuit analogy method is based on the analogous behaviour of hydraulic 

electric circuits, with correlations of pressure to voltage, volumetric flowrate to current 

and hydraulic resistance to electric resistance [114, 115]. It helps the rapid prediction 

of pressure-driven laminar flow not only in microchannels, but also in complex 

microfluidic networks. Through using electric circuit analogy, the precise control of fluid 

flow in each segment of a complex network becomes feasible. In fluid mechanics, 

Hagen-Poiseuille equation is the base which expresses the relationship between 
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pressure drop and volumetric flowrate of fluids. In electric circuit, Ohm’s law 

analogously explains the voltage drop and electric current in a resistor conductor, as 

shown in Fig. 2.20. The analogy is effective when the flow is laminar, viscous and 

incompressible, and the channel cross-section is not restricted to circular.  

 

                          (a)                                                   (b) 

Fig. 2. 20 (a) the physical similarities between the Poiseuille flow in a cylindrical 

channel and the flow of electricity in a resistor, (b) analogy of Hagen-Poiseuille’s law 

and Ohm’s law[115]  

 

Hagen-Poiseuille law: 𝑄 =
𝜋𝑅4

8𝜂
(−

Δ𝑝

𝑑𝑥
) =

𝜋𝑅4Δ𝑝

8𝜂𝐿
     (2-28) 

Simplifying equation (2-28), Δ𝑝 = 𝑄𝑅𝐻, 𝑅𝐻 =
8𝜂𝐿

𝜋𝑅4     (2-29) 

Where 𝑅𝐻  is the hydraulic resistance (Pa·s·cm-3), Equation (2-29) shows that the 

pressure drop through a channel is proportional to the volumetric flowrate and the 

hydraulic resistance; the value of 𝑅𝐻  is normally constant for a fixed fluidic and 

geometric condition, and it is proportional to the channel length (L). 
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Chapter 3: Materials and Methods 

 

3.1 Experimental methodologies  

3.1.1 Measurement of pressure drop for two-phase flows in 

single constricted microchannels  

Pressure drop characterizes the resistance for two-phase flows in 

microchannels and the experimental setup for measuring the resistant pressure 

across the inlet and the outlet of the capillaries is shown in Fig. 3.1a. The setup 

contains a liquid delivery pump (LC-20 AD, Shimadzu), a digital pressure 

transducer (DPI 280, Druck) with the resolution of 0.01 mbar to measure 

pressure drop, and a long working distance microscope (Brunel Microscope Ltd, 

10x objective) fitted with a digital camera (AM7023 Dino-Eye, Dino-Lite Digital 

Micro- scope) to record the interface motion in tapered capillaries. The elapsed 

time and the pressure drop were recorded with a time interval of approximate 

0.25 s and displayed on the computer through a LabView software. 
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(a)

(b) 

Fig. 3. 1 Illustration of (a) the experimental setup and (b) an interface in a 

constricted section of a capillary, in which the red point was labelled outside of 

the capillary wall to clearly demonstrate the position of the interface 

 

To measure the pressure drop for two-phase flows, the gas with a fixed volume 

(0.05 ± 0.005 ml) was injected through a clean and sterile syringe into a 

constricted capillary initially filled with deionized (DI) water, to create a gas-

liquid interface, as shown in Fig. 3. 1b. Then the valve was closed, and the 

liquid pump was operated. The pressure transducer recorded the pressure drop 

(∆P) through the Labview once the pump starts. A filter in the water reservoir 

was used to ensure that no solid contaminants would block the fluid flow line. 

The constricted section of capillary was marked at different intervals as 
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reference points to read the interface position with the progress of experiment. 

The movement of an interface and the diameter of the marked point at which 

an interface flows through were imaged (as shown in Fig. 3. 1b) by the 

microscope and digital camera. Since the accuracy of measured flow path 

diameter depends on the measurement method and image quality, a LED light 

was located under the capillary to light the inner boundary line of glass capillary 

and to reduce the image distortion. The entire experimental process was 

conducted on a vibration-free horizontal workstation to minimize the external 

effects on measurement. All experiments were performed at room temperature 

and atmospheric pressure. Sufficient time was allowed to collect data to ensure 

equilibrium state would be achieved.  

 

3.1.2 Measurement of bubble dislodging pressure in complex 

capillary networks 

The dislodging pressure (∆𝑃) of a bubble is defined as the pressure difference 

between the inlet and outlet of the network that just initiates the movement of a 

bubble lodged in the microfluidic network. It is measured through the 

experimental setup, as shown in Fig 3.1a. The measurement procedure was as 

follows, 1) One bubble was injected into the microfluidic network which was 

placed horizontally and initially filled with DI water, and the liquid pump was 

operated with a flowrate of 0.1 ml/min. 2) The bubble was driven by a constant 



Chapter 3  Methods and Materials 

62 
 

pressure applied between the entrance of the network and its outlet. As the 

initial pressure applied was very low, it only maintained the bubble to move into 

one of the bifurcation branch. The bubble would then be lodged in somewhere 

of the branch. 3) Through slowly increasing the driving pressure, the bubble 

would be initiated to move once the driving pressure was adequate to overcome 

the overall resistance. This driving pressure is the bubble dislodging pressure, 

which was recorded by the pressure transducer and Labview. 

During the experiments, the bubble dislodging pressure profiles in different 

microfluidic networks (Network A and B, as shown in Fig 3. 3) were recorded 

and one single bubble was injected into the network to eliminate the influence 

of other bubbles on the accuracy of measured pressure. More than 50 individual 

measurements were conducted for each microchannel to eliminate the effect of 

some noise or operation fluctuations on the measurement. The measurement 

error of the bubble dislodging pressure is below 10%. 

 

3.1.3 Estimation of pressure drop in a microchannel j in a 

complex capillary network through electric circuit analogy  

The hydraulic resistance (RH) for the rectangular microchannel can be predicted 

theoretically according to equation (3-1)[1, 2]. As the capillary effect dominates 

the flow of the channel where a bubble is locked (Ca~10-4), the resistance of 

the blocked channel is significantly higher than the resistance of other channels 
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where there is no bubble or interfaces. The channel in which the bubble 

lodges/blocks can be analogized to a resistor with infinite electric resistance. 

The equivalent electric circuit and equivalent resistors are shown in Fig. 3.2. 

The pressure across the blocked channel then can be predicted through 

Simulink, Matlab. For example, the pressure difference between the two ends 

of channel A12 (∆𝑃𝐴12) can be calculated through equations (3-1) and (3-2), 

𝑅𝐻 =
12𝜎𝐿

𝑤ℎ3[1−
ℎ

𝑤
[
192

𝜋5 ∑
1

𝑛5 tanh(
𝑛𝜋𝑤

2ℎ
)]]∞

𝑛=1,3,5

       (3-1) 

∆𝑃𝐴12 = ∆𝑃𝑜𝑣𝑒𝑟𝑎𝑙𝑙 − 𝑄𝐴𝑅𝐻(𝐴) − 𝑄𝐴1𝑅𝐻(𝐴1) − 𝑄𝐴3𝑅𝐻(𝐴3) − 𝑄𝐴4𝑅𝐻(𝐴4) − 𝑄𝐴5𝑅𝐻(𝐴5)        

          (3-2) 

where w, h and L are the microchannel width, height and length, respectively, 

 ∆𝑃𝑡𝑜𝑡𝑎𝑙 is the experimental overall pressure required to dislodge one bubble 

from channel A12.  
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(a) 

(b) 

Fig. 3. 2 Illustration of the prediction of ∆PA12 (pressure drop in microchannel 

A12) for dislodging a bubble from channel A12: (a) schematic of Network A, and 

(b) equivalent electric circuit and resistor (the hydraulic resistance RH has been 

labelled, unit: Pa·s·cm-3) 

 

3.2 Materials  

3.2.1 Liquids with different surface tensions and viscosities  

The effect of surface tensions and viscosities on the resistance to two-phase 

flows in microchannel was investigated through using liquids with various 

surface tension and viscosities. The physical properties of the fluids were 
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shown on the Table 3.1. 2-propanol (99+ %, extra pure, ACROS Organics, New 

Jersey, U.S.A). To measure the impact of fluid surface tension on the resistance, 

2-propanol aqueous solutions with various mass fraction provide a good 

contrast in surface tension, but almost constant in their viscosity. Their surface 

tension ranges from 21.22 mN/m for pure 2-propanol to 72.0 mN/m for DI water. 

Their viscosities were very close, ranging from 8.94×10-4 Pa·s (for DI water) to 

2.07×10-3 Pa·s (for 2-propanol), and thus the difference in viscosity among 

these solutions can be ignored. To measure the impact of fluid viscosity, silicone 

oils (sourced from MAPLLC Petroleum Crude Oil) were used as their viscosity 

varies greatly (as shown in Table 3.2) while their surface tension is similar, 

ranging from 20.1 to 21.2 mN/m. 

 

Table 3. 1 Physical properties of aqueous solutions of 2-propanol and DI water 

(at 25°C and atmospheric pressure[3, 4])  

Concentration 

(w/w %) 

Density 

(kg/m3) 

Viscosity 

(Pa·s) 

Surface 

tension (mN/m) 

0 (DI water) 997.05 8.94×10-4 71.99 

5 974.12 1.725×10-3 49.58 

20 913.17 3.040×10-3 30.57 

100 718.11 2.070×10-3 21.22 
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Table 3. 2 Physical properties of silicone oils [5-7] 

Silicone 

oil 

Density 

(kg/m3) 

Viscosity 

(Pa·s) 

Surface 

tension (mN/m) 

Interfacial tension 

against water (mN/m) 

10cst 930 9.3×10-3 19.4 43.4 

50cst 960 4.8×10-2 20.8 41.2 

100cst 960 9.6×10-2 20.9 41.0 

500cst 970 4.85×10-1 21.1 40.5 

 

3.2.2 Gases 

As CO2 (C40-VB, BOC, Manchester), CH4 (CP Grad (100%), BOC, Surrey) and 

air are the gases commonly used in fuel cells, gas reservoir and microbubble-

aided drug delivery, respectively, they were used to understand the flow 

resistance to the most common used gas in microchannels. The properties of 

these gases are shown in Table 3.3. During experiments, 0.1 ml of gas was 

injected respectively to create the gas-water interface in constricted capillaries. 
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Table 3. 3 Physical properties of air, CO2 and CH4 (at 25°C and atmospheric 

pressure[8-10]) 

Gas  Density 

(kg/m3) 

Surface tension 

in water (mN/m) 

Viscosity 

(Pa·s) 

Air 1.18 71.99 18.5×10-5 

CO2 1.98 72.0 [11] 15.0×10-5 

CH4 0.66 75.5 [9, 10] 11.1×10-5 

 

3.2.3 Constricted capillaries  

Constricted capillaries with various size and gradients were made from 

standard cylindrical glass tubes (borosilicate, bore size 3 mm, 0.5 m long, 6 mm 

(ext.) diameter; FB51467 Fisher Scientific, UK). The glass tubes were firstly cut 

into 12 cm tubes. The borosilicate glass is highly hydrophilic, and high-cleaned 

conditions were required in the entire manufacture and measurement 

processes. The glass tubes were washed using 5 M sodium hydroxide solution 

(Fisher Scientific) and acetone (Fisher Scientific, A/0600/15), and rinsed 

thoroughly with deionized water (C540 Deionizer, Veolia Water Solutions 

Technologies). The cleaned glass tubes were then heated up to 550 oC on 

butane flame (butane Battery, D2-BS 0617) to remove any organic residue and 

kept in the dust-proof enclosure. Constricted capillaries with various size were 

obtained through melting the middle section of the clean glass tubes on flame 
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and pulling the middle section into capillaries with suitable size. The length of 

all tapered section was fixed at about 3.5 cm and the tapered section of the 

capillary was marked to identify the position of the gas-liquid interface 

corresponding to the measured resistant pressure.  

(a) 

(b) 

Fig. 3. 3 Photos of (a) some tapered capillaries and (b) complex capillary 

network   

3.2.4 Complex capillary network  

The capillary network used in this study was engraved on an Acrylic sheet 

(2mm, Acrylic Cast, AMARI, contact angle is around 68º[12]) with a fusion laser 

engraving and cutting system (Epilog laser fusion M2). The network structures, 

as shown in Figs 3. 3(b) and 3.4, were designed based on Murray’s law, which 

states that under ideal conditions, when a parent blood vessel branches into 

daughter vessels, the cube of the radius of the parent vessel is equal to the 

sum of the cubes of the radii of daughter blood vessels[13]. Network A mainly 

focuses on the effect of the network structure, i.e. network complexity, multiple 
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channels and multiple bifurcations on the flow resistance to bubble in porous 

media, and Network B is used to characterize the effect of the bifurcation angle 

on the flow resistance to bubbles. As the leaser cutting cannot make a circular 

cross section, the shape of the channel cross sections was rectangular in this 

study. In practice, for example in electronic device, electrodes and porous rocks, 

the micro-channels are not necessary to have circular cross section. The blood 

vessels in human body also have non-circular cross-sections according to the 

anatomic quantifications. The circular shape of blood vessels can distort and 

change with dilation and constriction [14]. 

 

Fig. 3. 4 Schematics of the designed Network A and Network B1-B5 (each 

channel in capillary network is labelled) 

 

The microfluidic Network A and B were engraved by soft lithography techniques 

(Epilog laser fusion M2) in an Acrylic sheet (2mm, Acrylic Cast, AMARI, contact 
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angle is around 68º[15]). The cross sections of microchannels are rectangular 

due to the nature of the soft-lithography techniques. All parameters of Network 

A are shown in Table 3. 4. In Networks B1-B5, the widths and heights of upper 

and lower branches are identical (0.4 mm), and the branching angles (θ1-θ5) 

ranges from 12- 66˚. 

 

Table 3. 4 Width and length of microchannels in Network A (The microchannel 

height is uniform, approximately 0.32 mm) 

Channel Width 

(mm) 

Length 

(cm) 

Channel Width 

(mm) 

Length 

(cm) 

A11 0.46 6.15 AB1 0.45 2.65 

A12 0.46 5.05 AB2 0.45 2.40 

A21 0.26 2.95 B11 0.36 1.55 

A22 0.37 2.40 B12 0.41 3.00 
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Chapter 4: Effect of gas-liquid interfaces on the 

two-phase flows in constricted microchannels1 

 

4.1 Introduction  

Immiscible two-phase flow in porous media is of great importance to many fields, 

such as oil recovery [1], CO2 sequestration [2], underground water remediation 

[3], water management in fuel cells [4], micro reactors [5], electronic chips [6], 

compact heat exchangers [7, 8], biotechnology and microbubbles for drug 

delivery [9-11]. Bead/sand-packed models, glass capillary models or a bundle 

of capillaries have been frequently used to mimic the complex inner structure 

of the porous media [12-14], which represents the geometrical feature of porous 

media to some degree. The pore and pore throat, as the basic geometrical 

element, can be represented by single microchannels with various pore 

diameter or with constricted section. 

Commonly, a criterion to characterize the efficiency of the migration and 

transport processes is the resistance to two-phase flows in porous media, 

which can be evaluated through the pressure drops across fluids flowing 

through the porous media. The pressure drop is controlled by pore structure 

(such as pore size, pore shape, and pore throat) [15-17], pore surface 

wettability [18-20], fluid properties (such as viscosity and surface tension), fluid 

 
1 Some contents of this chapter have been published in Chemical Engineering Science 192 (2018) 114–125  
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velocity and the interface of two fluids[21]. Even though there are many 

numerous investigations reported in literature, to author’s best knowledge, 

many aspects in pore resistance to fluids in porous media are still unclear. For 

example, it is well known that capillary force is one of the important factors 

controlling the gas-liquid interface in micro-channels. However, we do not 

clearly know when the capillary force starts to take effect with the progress of 

the interface into the porous media; pore throat, as one of the essential 

parameters of pore structure, significantly controls the resistance to two-phase 

flows in porous media. However, there is no clear definition for what pore size 

can be seen as a hydrodynamic throat. In pore-scale network modelling, the 

throat is roughly defined by subtracting the two pore lengths, which is somewhat 

arbitrary as pointed out by Blunt[22]. Understanding the point at which the 

resistance starts to take effect on the fluids in the constricted section of the 

capillary will help to segment the pore and the throat concisely.  

In this chapter, experiments were designed to investigate when the capillary 

force starts to take effect in a constricted micro-channel, the detailed 

contribution of gas-liquid interfaces to the capillary resistance in micro-

capillaries, and to define an effective pore throat. A new correlation based on 

Darcy-Weisbach equation is developed to calculate the frictional pressure drop 

for constricted flow channels. The frictional pressure drop for two-phase flows 

will be predicted through our new-derived Darcy-Weisbach equation coupled 

with the homogenous flow model and the separated flow model. Our new-
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derived equation will be verified through comparing with the experimental 

frictional pressure drop for two-phase flows in constricted capillaries. 

 

4.2 Difference in pressure drop profiles for single-

phase and two-phase flows in constricted capillaries  

The typical pressure profiles for single-phase (DI water) flows and for two-

phase (air-water) flows in constricted capillaries are presented in Figs. 4.1-4.2. 

The results indicate that the resistant pressure profile for a two-phase flow is 

significantly different from that for a single-phase flow. For a single-phase flow 

(as shown in Figs. 4.1a and 4.2a), the pressure profile has two sections, the 

initial increase section (0-A) and the pressure balance section (after point A). 

The initial increase in resistant pressure is due to the fluid acceleration as the 

resistant pressure is increased with the increase in fluid velocity. Once the fluid 

flowrate in the capillary is equal to the injection flowrate, the acceleration stops, 

thus the pressure reaches the balance, and the resistant pressure takes a 

constant value.  
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(a)                                                             (b) 

Fig. 4. 1 Resistant pressure profiles for (a) the single-phase (water) flow and (b) 

the two-phase flow in a constricted capillary with a tip size of 130 μm 

 

For a two-phase flow, the pressure profile can be divided into three sections, 

the initial increase section (fluid acceleration stage, 0-A), pressure balance 

section (A-B) and the dramatic increase section (B-C), as shown in Fig. 4.1b. 

The initial increase section is due to the acceleration of the fluid. The B point in 

Fig. 4.1b corresponds to the point P in Fig. 4.3, which is the ‘effective pore 

throat’ defined in the next section. From the pressure profiles for two-phase 

flows, it can be seen that the resistant pressure not only varies with the fluid 

velocity and capillary size, but also varies with the position of the air-water 

interface in the constricted capillary. Before the air-water interface approaches 

the point B in a constricted capillary, the pressure profile for a two-phase flow 

took a constant value, and was almost the same as the pressure profile for the 

single-phase flow. Once the air-water interface reached the position with a pore 
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diameter less than the point B (or P as shown in Fig. 4.3), a sharp increase at 

a constant rate in the resistant pressure profile was observed. The resistant 

forces applied to the air-water interface are mainly composed of the frictional 

force and the capillary force. The frictional force caused by the air-water 

interface is very small due to the low viscosity of air. Therefore, this sudden 

occurrence of ‘sharp increase’ can be explained that the capillary resistance to 

the air- water interface starts to take effect from this critical pore diameter.  

The dramatic increase in resistant pressure profiles can be observed for two-

phase flows in all constricted capillaries with tip sizes from 91 to 257 μm, but 

was not in pressure profiles of single-phase flows. Figs. 4.2a and 4.2b also 

show that the effect of capillary tip size on the resistant pressure profiles for 

both single-phase and two-phase flows in constricted capillaries. The results 

indicate that at the equilibrium state, the pressure drop to single-phase (DI 

water) flows decreases significantly with the increase in the capillary tip size 

(as shown in Fig. 4.2a). This can be explained by the Hagen-Poiseuille or 

Darcy-Weisbach equation. As the main resistance to single-phase flows is the 

frictional force, under the same injection flowrate, the frictional pressure 

decreases with the increase in the radius of the flow channel. Fig. 4.2b shows 

that in two-phase flows, the capillary tip size affects the resistant pressure to 

both the phase body and the two-phase interface. Generally, the larger the 

capillary tip size, the smaller the resistant pressure to the two-phase flows.  
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(a)

(b) 

Fig. 4. 2 Resistant pressure profiles for (a) single-phase (DI water) flows and 

(b) two-phase flows in constricted capillaries with tip size ranging from 91-257 

μm 
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4.3 Effective pore throat 

To define the point at which capillary force to the two-phase interface starts 

taking effect, the change in the pressure drop with the position of the two-phase 

interface in the constricted capillary is presented in Fig. 4.4. The diameter on x-

axis corresponds to the position of two-phase interface in the constricted 

capillary. For example, the point (220 μm, 27 mbar) in Fig. 4.4 means that the 

measured resistant pressure is 27 mbar when the two-phase interface flows to 

the position with an inner diameter of 220 μm. The relationship between the 

pressure and the position of the two- phase interface was obtained through 

recording the pressure drop and the corresponding interface motion 

micrographs. The results clearly show that, when the two-phase interface 

moves along the capillary with a pore diameter greater than point P, the 

resistant pressure to the air-water interface is almost zero, and the resistant 

pressure to the two-phase flow is the same as the resistant pressure to a single-

phase flow. However, once the pore diameter of capillary is less than point P, 

the pressure drop for the air-water interface increases sharply. We define this 

point P as the ‘effective pore throat’, and the schematic of an effective pore 

throat was shown in Fig. 4.3.  
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Fig. 4. 3 Schematic of an effective pore throat in a constricted capillary  

 

To identify the effective pore throat based on the measured pressure profile, 

two linear lines were obtained through the fitting of the experimental data as 

shown in Fig. 4.4a. The diameter corresponding to the value of the intersection 

of the two lines is seen as the effective pore throat. In Fig. 4. 4a, the effective 

pore throat for the constricted capillary with a tip size of 130 μm is on the 

capillary with the pore diameter of 293 μm. To verify the pore throat obtained 

through this method, we recorded the motion of two-phase interfaces in the 

capillaries and the pressure drop simultaneously, and then found the effective 

pore throats corresponding to the sudden increase in the measured pressure 

drop profiles. The effective pore throat obtained through these two methods 

matches very well. Using the same approach, the diameter of effective pore 

throat for all constricted capillaries with tip sizes ranging from 91 to 257 μm is 

obtained and the results are shown in Fig. 4. 4b. It is interesting to notice that 

the smaller the tip size of a constricted capillary, such as 91 μm, 105 μm, 119 

μm and 122 μm, the greater the increase rate of resistant pressure would be. 
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For constricted capillaries with larger tip sizes, such as 180 μm, 191 μm, 224 

μm and 257 μm, the resistant pressure increases at a relatively gentle rate after 

the effective pore throat.  

(a) 

 

                               (b1)                                                    (b2) 
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                                (b3)                                                           (b4) 

Fig. 4. 4 Effect of the position of two-phase interface on the pressure drop in 

the constricted capillary with (a) the tip size of 130 μm, and (b) tip sizes ranging 

from 91-257 μm 

 

This effective pore throat tells where the capillary resistance to two-phase 

interface takes effect in constricted capillaries. The overall resistance to two-

phase flows can be regarded as two parts: the resistance to air-water interface 

and the resistance to the water phase. The resistant pressure profiles for two-

phase and single-phase flows overlap before the Point P. This indicates that the 

resistance to the air-water interface is almost zero before interface touches the 

effective pore throat. Once the air-water interface flows to the effective pore 

throat, the resistance to the two-phase flows suddenly increases. Thus, the 

effective pore throat is the critical point to tell whether the capillary resistance 

would take a significant influence on the two-phase flows in constricted 
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capillaries. Fig. 4.5 shows that the effect of capillary tip diameter on the size of 

the effective pore throat in constricted flow channels. The larger the capillary tip 

diameter, the larger the effective pore throat size would be. This is in good 

agreement with the result obtained by Zou et al. (2012). They measured pore 

throat diameter of sandstone core samples and found that the pore throat size 

increased with the pore diameter of sandstone. Needs to mention that, this 

effective pore throat only exists in microscopic capillaries. The constricted 

capillary with a diameter greater than 870 μm barely has this ‘sharp increase in 

resistant pressure drop’ and the effective pore throat.  

 

Fig. 4. 5 Effect of capillary tip diameter on the effective pore throat  
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4.4 Simulation of pressure drop to two-phase flows in 

constricted capillaries 

4.4.1 Pressure drop to two-phase flows in constricted 

capillaries  

The pressure drop of a two-phase flow in a constricted capillary is formed by 

the effect of capillary force, viscosity force, buoyancy force, inertial force and 

gravity force. The inertial effects and gravitational or buoyancy effects is 

neglected as the We and Bo number are much less than 1 [45] [23, 24]. For the 

case that capillary number is less than 10-5, capillary force should be included. 

In this study, the thickness of the liquid film near the capillary wall, d, calculated 

by Equation (2-2) is negligible and thus the effective flow diameter of fluids can 

be assumed to be equal to the capillary diameter.  

Table 4. 1 The value of each parameter in this chapter 

u 2.36×10-5- 0.0262 m/s Re 7.9×10-2- 2.65 

Ca 2.90×10-7- 3.24×10-4 We 1.16×10-8- 4.33×10-4 

Bo 1.10×10-3- 1.22   

 

4.4.1.1 Derived frictional pressure equation based on Darcy-Weisbach 

equation  

The Darcy-Weisbach equation is used to calculate the frictional pressure drop 
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to fluids flow in channels with a constant diameter. In our experiments, the inner 

diameter of the tapered section of capillaries is not constant and the geometry 

of constricted capillary is a circular truncated cone. In order to fit the geometry, 

a new correlation is derived based on Darcy-Weisbach equation to calculate 

the frictional pressure loss. We assume that the inner diameter of the tapered 

section of constricted capillary is decreased at a constant gradient, k, defined 

as:  

𝑘 = (𝑟𝑒𝑡 − 𝑟𝑡𝑖𝑝)/𝐿                                                   (4-1) 

where ret and rtip are the radius of the effective pore throat and the capillary tip, 

respectively. L is the capillary length from the effective pore throat point to the 

tip, as shown in Fig. 4.6. 

 

Fig. 4. 6 Schematic of a constricted capillary  

 

For the interface flows into the point with a radius of r, the distance of the 

interface to the effective pore throat, 𝑙 can be expessed as:  

𝑙 = (𝑟𝑒𝑡 − 𝑟)/𝑘                                                     (4-2) 
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Then, differentiating equation (4-2), gives,  

𝑑𝑙 = −
1

𝑘
𝑑𝑟         (4-3) 

The superficial velocity of fluids in capillaries, 𝑢 gives,  

𝑢 =
𝑄

𝐴
=

𝑄

𝜋𝑟2  (4-4) 

Substituting (4-3) and (4-4) into Darcy-Weisbach equation (2-15) gives, 

∑ 𝑃𝑓 = ∫ −
𝑓𝜌𝑄2

4𝑘𝜋2𝑟5
𝑑𝑟 (4-5) 

Integrating equation (4-5), gives, 

∆𝑃𝑓 =
𝑓𝜌𝑄2

𝜋2𝑘𝑟4 (4-6) 

This new derived equation (4-6) will be used to calculate the frictional pressure 

drop for two-phase flows in constricted capillaries. 

 

4.4.1.2 Simulation of frictional pressure drop for two-phase flows in 

constricted capillaries 

The frictional pressure drop for two-phase flows in constricted capillary will be 

predicted through our newly-derived equation coupled with (1) the 

homogeneous flow model and (2) the separated flow model.  

In the homogeneous flow model, the new derived equation (4-6) becomes, 

∆𝑃𝑇𝑃 =
𝑓𝑇𝑃𝜌𝑚𝑄2

𝜋2𝑘𝑟4                                                     (4-7) 

For laminar flow,  
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𝑓𝑇𝑃 =
64

𝑅𝑒𝑚
              (4-8) 

the Reynolds number of mixture is given by,  

𝑅𝑒𝑚 =
𝜌𝑢𝐷 

𝜇𝑚
                                                       (4-9) 

Substituting (4-8) and (4-9) into equation (4-7), gives, 

∆𝑃𝑇𝑃 = 32
𝜇𝑚𝑄

𝜋𝑘𝑟3                                                   (4-10)

In HFM, the frictional pressure drop for two-phase flows in constricted 

capillaries can be predicted through new-derived equation (4-10) coupled with 

viscosity correlations (given in Table 4.2) which is used to evaluate the mixture 

viscosity, 𝜇𝑚. 

 

Table 4. 2 Dynamic viscosity correlations for two-phase flows 

Authors  Correlations 

McAdams [25] 1

𝜇𝑚
=

𝑥

𝜇𝑔
+

1 − 𝑥

𝜇𝑙
 

Cicchitti et al. [26] 𝜇𝑚 = 𝑥𝜇𝑔 + (1 − 𝑥)𝜇𝑙 

Dukler et al. [27] 𝜇𝑚 = 𝛽𝜇𝑔 + (1 − 𝛽)𝜇𝑙 ;  𝛽 =
𝑄𝑔

𝑄𝑔+𝑄𝑙
 , Q is the   

volumetric flow rate of gas (g) and liquid (l). 

Beattie and Whalley [28]  𝜇𝑚 = 𝛽𝜇𝑔 + (1 − 𝛽)(1 + 2.5𝛽)𝜇𝑙 

Lin et al. [29]  𝜇𝑚 =
𝜇𝑙𝜇𝑔

𝜇𝑔 + 𝑥1.4(𝜇𝑙 − 𝜇𝑔)
 

Garcia et al. [30] 𝜇𝑚 =
𝜇𝑙𝜌𝑔

𝑥𝜌𝑙 + (1 − 𝑥)𝜌𝑔
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In the separated flow model, the frictional pressure drop for two-phase flows, 

∆𝑃𝑇𝑃  is obtained through combining our new derived equation (4-6) with 

equation (2-18), i.e. 

∆𝑃𝑇𝑃 = 𝜙2∆𝑃𝑆𝑃 = 𝜙2 𝑓𝜌𝑙𝑄2

𝜋2𝑘𝑟4                                             (4-11) 

where 𝜙2 is determined by the constant C according to equation (2-19). The C 

value of 5 was commonly used under the condition where the Re number is 

less than 1000. However, Chung and Kawaji [31], Yue, et al. [14], and Saisorn 

and Wongwises [13], reported that in microchannels, the C value of 5 gave a 

large deviation for the prediction of pressure drop for two-phase flows. To 

reduce this deviation, we use the correlation (4-12) from Saisorn and 

Wongwises to calculate the C value. The reason to choose this correlation is 

that the inner diameter of cylindrical capillary used by Saisorn and Wongwises 

is 150 μm and the capillary material is silica [13], similar to our experiments.  

𝐶 = 7.599 ∗ 10−3𝜆−0.631𝜓0.005𝑅𝑒𝑙
−0.008  (4-12) 

where 𝜆 and 𝜓 were defined by Suo and Griffith [32], given as, 

𝜆 =
𝜇𝑙

2

𝜌𝑙𝛾𝐷
 (4-13) 

𝜓 =
𝜇𝑙𝑢𝑙

𝛾
 (4-14) 
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4.4.1.3 Overall pressure drop for two-phase flows in constricted 

capillaries 

The overall pressure drop to two-phase flows ∆𝑃, in a glass tube with an inner 

diameter of 3 mm and the tapered section as shown in Fig. 4. 6, is given by, 

∆𝑃 = ∆𝑃𝑓1 + ∆𝑃𝑓2 + ∆𝑃𝑐 + ∆𝑃𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (4-15)

where ∆𝑃𝑓1 is the frictional pressure drop in the tube with an inner diameter of 

3 mm, ∆𝑃𝑓2 is the frictional pressure drop for fluid flowing through the tapered 

section of the capillary, ∆𝑃𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛  is the pressure loss due to the sudden 

contraction and ∆𝑃𝑐 is the capillary pressure.  

The frictional pressure for two-phase flows in constricted capillaries ∆𝑃𝑓 will be 

calculated by new equation (4-6) combined with the homogenous flow model 

and the separated flow model. The capillary pressure will be calculated through 

Young-Laplace equation, as shown as Equation (2-12). ∆𝑃𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛  is 

calculated through Equation 2-13, and the calculated results indicate that in this 

study, the pressure loss due to capillary geometry contraction is negligible. For 

example, for a constricted capillary with a tip size of 130 μm and the effective 

pore throat size of 293 μm, ∆𝑃𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 was only 7.7×10-6 mbar. 

 

4.4.2 The accuracy of new-derived equation  

To verify our newly derived equation, the frictional pressure drop for two-phase 
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flows in constricted capillaries predicted using our newly derived equation is 

compared with the experimental results. Fig. 4.7 suggests that the frictional 

pressure drop predicted through our new-derived equation with different flow 

models is fairly accurate (Fig. 4.7a) in comparison with the results calculated 

through Darcy-Weisbach equation (Fig. 4.7b). The frictional pressure drop 

calculated through Darcy-Weisbach equation is far away from the experimental 

results. However, combined with the Separated flow model, our new-derived 

equation can obtain the frictional pressure drop for two-phase flows with a 

deviation of near ±10% for all capillaries with tip diameters ranging from 116.8 

to 257 μm (Fig. 4.7c). Compared with SFM which adapts to all capillaries, our 

new-derived equation combined with Beattie model can predict the frictional 

pressure drop within a deviation of ±20% for capillaries with relatively small size 

(below 200 μm). Other five viscosity models underestimated the frictional 

pressure drop for two-phase flows in all constricted capillaries.  
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Fig. 4. 7 Simulated frictional pressure drop through (a) the new-derived 

equation, (b) conventional Darcy-Weisbach equation, and (c) the accuracy of 

simulated frictional pressure compared with measured frictional pressure drop 

for two-phase flows in constricted capillaries ranging from 116.8 to 257 μm 

 

Although the new-derived equation is less than ideal, it is more adaptable than 

Darcy-Weisbach equation for predicting the frictional pressure drop in 

constricted capillaries. It is expected that a more applicable C value will improve 

the accuracy of our new derived equation to predict the frictional pressure drop 
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for constricted capillaries. The C value used in current SFM simulation may be 

relatively larger than the actual value. Saisorn and Wongwises correlation fits 

the superficial liquid velocity between 0.37- 42.36 m/s, while the velocity in our 

study (about 0.0262 m/s) was much lower than that. As the parameter C is 

dependent on fluid velocity and capillary diameter [31, 33], the actual C under 

our experimental conditions should be smaller than the value evaluated through 

Saisorn and Wongwises correlation. 

 

4.4.3 Discussion  

The prediction of overall resistant pressure for two-phase flows is obtained by 

adding up the capillary pressure drop and frictional pressure drop. Fig. 4.8 

indicates that the overall pressure drop for two-phase flows in constricted 

capillaries with an inner diameter less than the effective pore throat, to some 

degree, can be predicted (within a deviation of ±20%) through the combination 

of our new-derived equation and Young-Laplace equation. However, the 

predicted resistant pressure profile (as shown in Fig. 4.8 and Fig. 4.9) cannot 

fit the entire measured pressure profile, i.e. the simulation results are not 

satisfactory before the two-phase interface is approaching the effective pore 

throat.  
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Fig. 4. 8 Measured pressure drop versus the predicted pressure drop for two-

phase flows in constricted capillaries with tip size ranging from 116.8 to 257 μm 
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Fig. 4. 9 Change of predicted and measured pressure drop with the flow path 

diameter in a constricted capillary with a tip size of 130 μm 

 

Moreover, the effective pore throat cannot be identified through the predicted 

pressure drop profiles. Fig. 4.9 compares the measured pressure drops (the 

hollow hexagon) for two-phase flows in a constricted capillary with the predicted 

results. The predicted pressure drop profiles take reciprocal relationship with 

the diameter of flow path, increasing smoothly with the decease of the inner 

diameter of the constricted capillaries. However, the measured pressure drop 

profiles clearly show the effective pore throat. Before the two-phase interface 

meets the effective pore throat, the pressure drop does not change with the 

pore diameter (the horizontal line), different with the predicted pressure profile 

in which the pressure drop smoothly changes with the pore diameter within a 
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large range. The simulation also fails to explain the sudden increase in resistant 

pressure once the interface meets the effective pore throat point. The 

reasonable explanation is that Young-Laplace equation did not consider the 

effective pore throat. The capillary force calculated is smoothly varied with the 

pore diameter, while the experiment results show that capillary force starts to 

take effect only when the pore diameter is smaller than the diameter of the 

effective pore throat  

 

4.5 Summary 

In this chapter, experimental measurements have been designed to investigate 

the impact of the interface on the fluids flows in constricted microchannels 

through comparing the difference in the pressure drop for single-phase flows 

and two-phase flows, and the threshold of pore size where capillary force starts 

to take effect in micro-channels, and to define the effective pore throat. 

Simulation work is also conducted to predict the resistant pressure for two-

phase flows in constricted capillaries. The results indicate that: 

1. The results indicate that for a single-phase flow the pressure drop takes 

a constant value once the flow acceleration is zero. For a two-phase flow, 

the pressure drop is equal to the resistance to the single-phase flow, plus 

the resistance to the gas-water interface. 

2. There is a critical point on the constricted capillaries. Before the gas-
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water interface reaches this critical point, the capillary resistance to the 

interface is zero. After this critical point, the capillary resistance to the 

interface starts to take effect and increase suddenly and sharply. We 

define this critical point as the ‘effective pore throat’. There is no effective 

pore throat for a single-phase flow. 

3.  Simulation results of overall pressure drop for two-phase flows agreed 

well with the measured data only when the flow channel with a pore 

diameter less than the effective pore throat, but cannot match the entire 

pressure profiles. Theory and simulation used in this chapter cannot 

identify the effective pore throat of a constricted microchannel, and 

cannot explain why the increase in resistant pressure occurs suddenly 

at the effective pore throat.  
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Chapter 5 Effect of surface tension, viscosity, 

and pore geometry on the resistance to two-

phase flows and on the effective pore throat2 

 

5.1 Introduction  

Resistance to two-phase flows is governed by pore morphology, size of the 

pore and its throat [1, 2]), pore surface wettability [3, 4], and fluid properties 

(e.g. viscosity and surface tension[5, 6]), etc. Pore and throats are regarded as 

the section or point with a minimal cross-sectional area in a flow path [7-9], and 

it can be evaluated directly through tomographic methods, e.g. micro-X-ray 

imaging and magnetic resonance imaging (MRI) [10-14]. The tomographic 

methods coupled with mercury injection porosimetry estimate the distribution of 

pore volume and pore size [12, 15] in reservoir or aquifer rocks. The data from 

mercury injection porosimetry is useful to describe the permeability of porous 

materials in a macroscopic sense. However, it is not helpful for understanding 

the impact of the topology and geometry of individual pore on the resistance to 

fluids, which is particularly important in improving the efficiency of processes 

and treatments for micro reactors, electronic chips and microbubble-aided drug 

delivery.  

The effective pore throat was defined in Chapter 4 based on the pressure-drop 

 
2Some contents of this chapter have been published in Chemical Engineering Science 197 (2019) 269–279 
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profiles of two-phase flows in constricted capillaries. In this chapter, the effect 

of surface tension, different gas and viscosity on the effective pore throat and 

the pressure drop was studied through adjusting the surface tension of the 

liquids. Silicone oils with similar surface tensions, but a large difference in 

viscosities, were employed to investigate the effect of fluid viscosity on the 

effective pore throat.  

 

Table 5. 1 The value of each parameter in this chapter  

u 2.36×10-5- 0.0212 m/s Re 1.41×10-5- 2.3 

Ca 2.79×10-7- 8.81×10-3 We 1.1×10-8- 3.57×10-4 

Bo 1.41×10-3- 0.0353   

 

5.2 Effect of gas phase on the effective pore throat and 

pressure drop for two-phase flows in constricted 

capillaries  

The effect of different gases on the effective pore throat and the resistance to 

gas-liquid flows in constricted capillaries have been investigated. Air, CO2 and 

CH4 were chosen as these gases are very common in fuel cells, electronic 

devices, CO2 storage, shale gas recovery and microbubble-aided drug delivery. 

The typical experimental data have been presented in Figs 5.1a-5.1d. All 

figures indicate that capillary resistance to the interfaces starts from the 
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effective pore throat. Under the same capillary tip diameter, a larger surface 

tension of gas-water interface suffers a higher resistance. The effective pore 

throat diameter is very similar for three types of gas-water flows due to the 

similar surface tensions of three gases (as shown in Figs. 5.2). 

 

 

    (c)                                                         (d) 

Fig. 5. 1 Pressure-drop profiles for (a) CO2-water and (b) CH4–water flows in 

constricted capillaries with tip diameters in the range from 115 to 280 μm; 

comparison of pressure drop profiles of three gas phase in the capillary with (c) 
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the tip diameter of 116.8 μm, and (d) the tip diameter of 94.3, 132.6 and 280 

μm 

 

The pressure profiles for three gas-water flows are very similar (Figs. 5.1a-5.1d), 

with a slight difference in magnitudes of pressure drop. For example, in the 

constricted capillary with a tip diameter of 116.8 μm (Fig. 5.1c), the CH4-water 

interface has the highest pressure increase after the effective pore throat due 

to the greatest surface tension of CH4-water (75.5 mN/m), while the air-water 

interface gives the lowest increase (lowest surface tension of air-water, 71.99 

mN/m). Before the gas-water interface moves towards the effective pore throat, 

the pressure drop for the three type of gas-water flows is almost the same, as 

shown by the overlapping horizontal lines in Figs. 5.1c-5.1d.  
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(a)

(b) 

Fig. 5. 2 (a) Effective pore throat (P point) of the constricted capillaries for air-

water, CO2-water and CH4-water flows, (b) the relationship of effective pore 

throat and the capillary tip diameter  

 



Chapter 5                         

109 
 

5.3 Effect of liquid surface tension on effective pore 

throat 

2-proponal was used to adjust the liquid surface tension from 71.99 to 30.57 

mN/m. Fig. 5.3 shows the pressure-drop profiles for the flows of air-water, air-

5%wt 2-propanol and air-20%wt 2-propanol in constricted capillaries. In Fig. 

5.3(a), the horizontal lines are the balanced pressure for two-phase flows 

before the interfaces touch the effective pore throat. The balanced pressure for 

air-water, air-5%wt 2-propanol and air-20%wt 2-propanol were about 6.1, 7.2, 

and 10.1 mbar, respectively. Although the surface tension of air-20%wt 2-

propanol is the lowest (30.57 mN/m), the balanced pressure to air-20%wt 2-

propanol flow is the highest as the capillary tip diameter is the smallest (218.6 

μm). The surface tension of air-water is the highest but the balanced pressure 

is the lowest because of the relatively large capillary tip diameter (224 μm). This 

indicates that when the pore diameter of microchannel is greater than the 

effective pore throat, the resistant pressure drop is directly dependent on the 

capillary tip sizes, rather than the surface tension. Fig. 5.3 (b) and (c) further 

prove the dominant effect of capillary tip size on the resistant pressure before 

the effective pore throat. 
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Fig. 5. 3 Effect of liquid surface tension and capillary tip diameter on the 

pressure-drop profiles of two-phase flow in constricted capillaries (The surface 

tensions: air-water = 71.99 mN/m, air-5%wt 2-propanol = 49.58 mN/m and air-

20%wt 2-propanol = 30.57 mN/m)  

 

The three fitted lines in Fig. 5.4 suggest that fluid surface tension affects the 

effective pore throat of constricted capillaries for two-phase flows. For the gas-

liquid flows with a smaller surface tension, the effective pore throat diameter in 

the microchannel would be smaller. For example, in a capillary with a tip 
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diameter of 200 μm, the effective pore throat is the highest for air-water flow 

(around 480 μm, as shown in Fig. 5.4,) because of the highest surface tension 

of air-water interface (71.99 mN/m). On the contrary, the effective pore throat 

diameter for air-20%wt 2-propanol interface is the smallest (about 300 μm) 

among the three cases, as it has the lowest surface tension (39.57 mN/m). It is 

interesting to note that the gradients of three fitted lines are nearly the same. 

During the experiments, viscosity of DI water, 5%wt 2-propanol and 20%wt 2-

propanol, and the capillary geometry were very similar, and the gas volume and 

liquid flowrate were the same. The same gradient of the lines in Fig. 5.4 

indicates that the impact of the capillary tip size on the effective pore throat 

diameter is the same even though the air-liquid interfaces have various surface 

tensions. 

 

Fig. 5. 4 Effect of surface tension on the effective pore throat 
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5.4 Effect of liquid viscosity on the effective pore throat 

The effect of viscosity on the effective pore throat was investigated through 

injecting silicone oil with viscosities from 10 to 500 cst to create a silicone oil-

water flow in constricted capillaries. The experimental results are presented in 

Figs. 5.5, indicating that viscosity significantly affects the magnitude of the 

pressure drop in fluids flows (Fig. 5.5a), but does not affect the diameter of the 

effective pore throat (Fig. 5.5b). The resistant pressure drop of silicone oil flow 

in constricted capillaries increases with fluids viscosity. When the viscosity 

increases from 10 to 100 cst, the pressure drop for the silicone oil increases 

from 5 to 35 mbar in a constricted capillary with a tip diameter of 339 μm. 

Fig. 5.5(b) shows the effect of viscosity (ranging from 10 to 500 cst) on the 

effective pore throat for silicone oil-water flows in constricted capillaries. The 

diameter of effective pore throat is similar even the viscosity of silicone oil varies 

significantly from 10 to 500 cst. The data indicates that the effective pore throat 

diameter is independent of fluid viscosity. Viscosity can affect the magnitude of 

resistance to phase body, but does not affect the resistance to the two-phase 

interface. A larger fluid viscosity will result in a higher frictional pressure drop, 

which is easily explained by Hagen-Poiseuille equation, thus the resistance to 

fluid body is greater. As the surface tension, rather than viscosities induces the 

resistance to the interface, viscosity does not influence the diameter of effective 

pore throat. 
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(a)

(b) 

Fig. 5. 5 (a) Effect of viscosity on the pressure drop for silicone oil flows in a 

constricted capillary with a tip diameter of 339 μm; (b) effect of viscosity on 

effective pore throat for silicone oil-water interfaces with different viscosities 
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5.5 Effect of capillary geometry on the effective pore 

throat  

In this study, the effect of capillary geometry on the effective pore throat is 

investigated in terms of the capillary length, capillary gradient and capillary tip 

diameter. Figs. 5.2 and 5.4 show that, within a certain range, the effective pore 

throat diameter linearly increases with the capillary tip diameter. For liquids with 

various surface tension, a large capillary tip diameter gives a large effective 

pore throat. As the capillary length is fixed in this study, the gradient of the 

capillary tapered section can be simply calculated by dividing the diameter 

difference at the two end of the capillary by the length. Fig. 5.6 illustrates the 

impact of capillary gradient on the diameter of effective pore throat diameter. 

Effective pore throat diameter almost linearly increases with the capillary 

gradient. Interestingly, the pressure increase rate does not show any obvious 

dependence on the capillary tip diameter or the capillary gradient. As shown in 

Fig. 5.1, the pressure increase sections in the pressure profiles have a similar 

increase rate for all gas-liquid flows in capillaries with diameters ranging from 

94 to 291.6 μm. 



Chapter 5                         

115 
 

 

Fig. 5. 6 Effect of capillary gradient on the effective pore throat diameter in 

constricted capillaries  

 

5.6 Discussion  

As discussed in Chapter 4, the increase in the flow resistance is attributed to 

the capillary force induced by the bubble phase, while no theory explained this 

sudden increase as well as the effective pore throat. According to ‘Jamin’ effect 

and literature [16], the capillary pressure resulting from the motion of bubble in 

constricted microchannel equals the difference of capillary pressure between 

two sides of the bubble (as shown in Fig. 5.7) which can be calculated through 

equation (5-1). 

 𝛥𝑃𝑐 = 𝑃𝐵 − 𝑃𝐴 =
2𝛾𝑐𝑜𝑠𝜃𝐴

𝑟𝐴
−

2𝛾𝑐𝑜𝑠𝜃𝐵

𝑟𝐵
        (5-1)  
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Fig. 5. 7 Schematic of the two sides of a bubble in a circular tapered capillary  

 

 

Fig. 5. 8 A plot of the change of capillary pressure with the flow path radius for 

air-water flow in the constricted capillary with the tip size of 94 μm 

 

Fig. 5.8 compares the experimental capillary pressure and the theoretical 

capillary pressure for air-water flows in a constricted capillary, and it indicates 

that the capillary pressure calculated through equation (5-1) is smoothly and 

continuously changed with flow path radius under the condition that the contact 

angle and the surface tension are fixed. However, the experimental capillary 
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pressure is not smoothly changed with flow radius (as shown in Figs. 5.9-5.10), 

and the effective pore throat separates the capillary pressure profile into two 

straight lines with different gradients. When the channel pore diameter is 

greater than the effective pore throat, capillary pressure does not vary with the 

pore diameter. After the effective pore throat, capillary pressure suddenly 

increases with the decrease of pore diameter. The theoretical equations cannot 

indicate the size of effective pore throat and capillary pressure drop of fluid 

interface in constricted capillaries within a large range of pore diameter. 

 

Fig. 5. 9 𝛥𝑃𝑐 vs. 1/r for air-water flows in constricted capillaries with different tip 

diameters  

 

However, the effective pore throat and the sudden increase in the resistant 

pressure profiles could be qualitatively explained by the pore contact angle 

published by our group [17, 18]. Contact angle measured from a pore space 
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differs significantly from that on a flat surface. For a certain vapour-liquid 

interface and solid surface, the static contact angle on a flat surface is a 

constant. In a pore space, the static pore contact angle for air-water interface 

increases with the decrease of pore diameter until around 200-400 μm, and 

then takes a constant value of around 33 degrees (as shown in Fig. 5.10) [17]. 

When the pore diameter is greater than the effective pore throat, the pore 

contact angle increases with the decrease of pore diameter, i.e. cosθ decreases. 

The capillary pressure may remain constant in this section due to the decrease 

of cosθ and the decrease of r at the same time. Once the pore diameter is 

smaller than the effective pore throat, the pore contact angle is roughly a 

constant. The capillary pressure therefore linearly increases with 1/r. The 

turning point in the contact angle profile roughly matches the effective pore 

throat. 
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Fig. 5. 10 Change of static pore contact angle with 1/r, and change of capillary 

pressure with 1/r for the air-water flows in the constricted capillary with a tip size 

of 117 μm  

 

From the aspect of the interfacial free energy, pore contact angle can also 

explain the measured pressure profile and the effective pore throat. For an 

isothermal, closed system, the interfacial free energy (𝑑𝐹) can be calculated 

through equation (5-2) [19], [20],  

𝑑𝐹 = 𝛾𝑠𝑔𝑑𝐴 − 𝛾𝑠𝑙𝑑𝐴 − 𝛾𝑙𝑔𝑑𝐴 𝑐𝑜𝑠𝜃                                      (5-2) 

Where 𝛾 is the interfacial tension for the liquid-gas (lg), solid-gas (sg) and solid-

liquid (sl) interfaces, 𝑑𝐴 is the moving area of interface and 𝜃 is the equilibrium 

contact angle among the three-phase.  
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When the pore diameter is larger than the effective pore throat, the pore contact 

angle increases with the decrease of pore diameter, i.e. 𝑐𝑜𝑠𝜃 is decreasing. 

The interfacial free energy (𝑑𝐹) increases correspondingly, which means more 

energy is stored in the interface, therefore the energy dissipation which is 

reflected through pressure drop is not significant. This corresponds to the 

horizontal section of capillary pressure profile. When the channel pore diameter 

is smaller than the effective pore throat, the pore contact angle does not vary 

with pore diameter, and the two-phase interface cannot store extra energy, 

therefore the capillary pressure drop (∆𝑃𝑐) starts to increase sharply with the 

decrease of pore diameter. 

 

5.7 Summary  

The effect of the gas types, surface tension, fluids viscosity, capillary gradient 

and capillary tip diameter on the size of effective pore throat of a constricted 

microchannel has been investigated in this chapter. The results are as follows: 

1. For air, CO2 and CH4 interface flows in constricted capillaries, capillary 

resistance to the interface starts from the effective pore throat. Under the 

same capillary tip diameter, a larger surface tension of gas-water interface 

suffers a higher resistance. The effective pore throat diameter is very similar 

for three types of gas-water flows due to the similar surface tensions of three 

gases. 
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2. The effect of surface tension on the pressure drop for two-phase flows takes 

effect only after the effective pore throat, and a larger surface tension gives 

a larger resistance in the constricted section of the capillary. For the flow 

path with a pore diameter greater than the effective pore throat, the pressure 

drop to the two-phase flows is mainly governed by the capillary tip size, 

rather than the surface tension. Small capillary tip gives a high resistance to 

two-phase flows. The diameter of the effective pore throat increases with 

the increase of interface surface tension under the same flow conditions 

(flowrate, liquid viscosities) and capillary tip size. 

3. Viscosity significantly affects the magnitude of the pressure drop in fluids 

flows, but does not affect the diameter of the effective pore throat.  

4. Within a certain range, the effective pore throat diameter linearly increases 

with the capillary tip diameter. Effective pore throat diameter almost linearly 

increases with the capillary gradient.  
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Chapter 6 Resistance to lodged bubble and 

bubble dislodgment in complex capillary 

network3 

 

6.1 Introduction  

Understanding of bubble flows in porous media is of particular interest in 

enhanced oil recovery [1], intravascular gas embolism treatment[2, 3], fuel 

cells[4-6], and chemical reactors[7, 8] etc. For example, the infusion of bubbles 

into liquid can promote the mass or heat transfer in porous media, whereas 

bubbles may block the microchannel, thus disturb the performance and reduce 

the efficiency of the fluid transport and migration in microfluidics. In medical 

applications, embolotherapy a potential cancer treatment utilizes bubble 

lodgement to achieve the occlusion of the arteriole or capillary in targeted sites. 

The lodged bubbles block microvessel to restrict blood supply to tumors, and 

thus control the growth of tumor cells [2, 9-11]. A thorough understanding of 

resistance to lodged bubble in complex capillary network helps to precisely 

control bubble flow in blood vessels, and to improve the feasibility and efficiency 

of transport. It will help to answer the questions, such as where the bubble 

ultimately lodges, whether the bubble can be dislodged properly under a certain 

driving pressure, and the persistence time of microbubble lodged around the 

 
3 Some contents of this chapter have been published in Langmuir 2019, 35, 3194−3203  
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targeted sites[12]. 

Few studies were performed to investigate bubble dislodgment in complex 

capillary network. Works related to bubble flow behavior are mainly conducted 

in single straight channels [6, 12, 13], Y-type or U type channels [3, 14-16]. A 

single channel cannot simulate the flow conditions of bubble lodgement in 

complex capillary network. For example, when an elongated bubble lodges in 

a single cylindrical channel, it will be pushed by the driving force which is the 

pressure difference between the two ends of the bubble, as there is no other 

pathway for the liquid to move forwards. However, fluids in a network with 

multiple bifurcations have several paths to choose, and will consciously travel 

to the channel with a smaller resistance (without bubbles/with less bubbles). In 

this case, the bubble will be more difficult to dislodge. Capillary network with 

multi-bifurcation feature enables to demonstrate the effect of multichannel and 

bifurcations on the flow resistance and bubble dislodgment.  

In this chapter, the capillary network is designed with smooth flowpath to closely 

mimic the structure of the physiological vascular networks[17], which is featured 

by multiple channels and bifurcations. The distribution of branching channel 

size nearly obeys the Murray’s law, which is the basic principle for designing 

transfer networks. This chapter experimentally investigates the effect of 

channel complexity, diverging/converging angles, channel dimensions, and 

bubble length on the bubble flow resistance and bubble dislodging pressure in 

the capillary network. A theoretical model which further explains the underlying 
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physics of bubble dislodgement in a capillary network will be established in next 

chapter. 

 

6.2 Effect of bubble length on the bubble dislodging 

pressure  

The dislodging pressure is defined as the pressure required to remove a bubble 

from the lodged site of the microchannel or the microfluidic network. Bubble 

length is defined as the length measured from the bubble front to bubble back, 

as shown in Fig. 7.1 (a). The dislodging pressure profiles for bubbles with 

different lengths in the same channel of the capillary network were plotted in 

Figs. 6.1 and 6.2. The graphs clearly demonstrate that there is a critical bubble 

length (about 2 mm in this study). When the bubble length is less than the 

critical length, the dislodging pressure for smaller bubbles is greater than that 

for bubbles with a larger length in the same channel, and the dislodging 

pressure increases with the decrease of bubble length. Once the bubble length 

is greater than 2 mm, the dislodging pressure is almost constant and 

independent of the bubble length.  
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Fig. 6. 1 Dislodging pressure for bubbles with different lengths in channel A22  

Fig. 6.1 shows bubble dislodging pressure profile in the channel A22 of network. 

The same trend has been observed in all other channels of the capillary network, 

but the magnitude of dislodging pressure varies significantly with channels. 

Taking a bubble with a length of 1 mm as an example, the dislodging pressure 

is about 92 mbar in channel A22, 32 mbar in channel A11, 47.5 mbar in channel 

A21, and 20 mbar in channel B11, as shown in Figs 6.1 and 6.2. The significant 

difference in the dislodging pressure is not only caused by the channel 

dimension, but also the network structure. This will be discussed in next section.  
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(a) 

(b) 

(c) 

Fig. 6. 2 Dislodging pressure for bubbles with different lengths in channels (a) 

A11 (b) A21 and (c) B11  
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6.3 Effect of network structure and channel size on 

bubble dislodging pressure 

The diverging/converging angles of bifurcations, channel dimension and the 

complexity of the flowpath affect the bubble dislodging pressure through 

affecting energy loss and fluid velocity. In this study, as 1<Re<10, the inertia of 

the liquid cannot be neglected compared with viscous effect[18-20]. When the 

liquid flows through a channel with curvature, the liquid inertia will contribute to 

the velocity mismatch in the downstream direction between the liquid in the 

central and near-wall regions. The velocity mismatch causes the energy 

dissipation, and thus the liquid velocity will be smaller in the channel with a 

greater curvature under the same injection flowrate. The driving force which 

pushes the bubble to move is induced by liquid is proportional to the liquid 

velocity. For a bubble with same volume, the dislodging pressure provided 

externally by the network inlet will be higher in curved channels, in order to 

overcome the energy dissipation due to the liquid inertia induced by the 

curvature.  

 

6.3.1 Network structure 

The effect of network structure on the bubble dislodging pressure is discussed 

in terms of diverging/converging angle and complexity of flowpath. The 
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diverging angle of bifurcations is defined as the angle between the diverging 

fluid and the parent fluid velocity vector as illustrated in Figs. 6.3b, 6.4b and 

6.6b. Converging angle is defined in similar way as shown in Fig. 6.3d.  

Figs. 6.3-6.6 compare the dislodging pressure among different channels, and 

demonstrate how the impact of bubble length on the dislodging pressure varies 

with network structure. Through comparing the dislodging pressure profiles for 

different channels with similar size and flow condition, we found that the larger 

the diverging angle and/or converging angle, the higher the pressure is required 

to dislodge a bubble with the same length. 

 

           (a)                                                          (b)                                 

 

                                (c)                                                               (d) 
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Fig. 6. 3 (a) Bubble dislodging pressure profiles in channels A11 (W≈0.46 mm) 

and A12 (W≈0.46 mm), (b) a schematic diagram of network structure around 

channels A11 and A12, (c) bubble dislodging pressure profiles in channels AB1 

and AB2 (W≈0.45 mm, H≈0.32 mm), and (d) a schematic diagram of network 

structure around channels AB1 and AB2. θA12 is the diverging angle of channel 

A12, θ’A12 is the converging angle of channel A12, and θAB1 is the diverging 

angle of channel AB1. 

 

For example, the bubble dislodging pressure in channel A12 is significantly 

higher than that in channel A11 as shown in Fig. 6.3a. Considering that 

channels A11 and A12 have similar size (W≈0.46 mm, H≈0.32 mm) and they 

share the same inlet (A1) and outlet (A4), the main difference between two 

channels is the diverging angle (θA12≈40.8º and θA11≈0º) and converging angle 

(θ’
A12≈48º and θ’

A11≈0º). Similarly, channels AB1 and AB2 have similar size 

(W≈0.45 mm, H≈0.32 mm), and they share the same inlet (channel AB), as 

shown in Fig. 6.3d. The dislodging pressure in channel AB1 is greater than that 

in channel AB2, and the diverging angle of channel AB1 (θAB1≈14.4º, θAB2≈0º) 

is slightly larger. The comparison of channels A11 and A12, channels AB1 and 

AB2 indicates that the diverging and converging angle may have effect on the 

bubble dislodging pressure in network.  
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Table 6. 1 Pressure difference across the single channel (∆Pj is the predicted 

pressure across the single channel j where the bubble is lodged) 

Bubble 

length (mm) 

∆𝑷𝑨𝟏𝟏 

(mbar) 

∆𝑷𝑨𝟏𝟐 

(mbar) 

∆𝑷𝑨𝑩𝟏 

(mbar) 

∆𝑷𝑨𝑩𝟐 

(mbar) 

1.0 22.62 28.54 10.07 8.62 

1.5 19.25 24.73 8.34 7.39 

3.0 17.11 23.15 7.19 5.85 

 

We employed the electric circuit analogy to predict the pressure drop across 

the single channel where the bubble lodges. The results are shown in Table 6.1, 

which indicates that ∆𝑃𝐴12  > ∆𝑃𝐴11  and ∆𝑃𝐴𝐵1  > ∆𝑃𝐴𝐵2  for dislodging bubbles 

with same lengths. The main difference between two sets of channels is the 

diverging angle (θA12≈40.8º> θA11≈0º and θAB1≈14.4º> θAB2≈0º) and converging 

angle (θ’
A12≈48º> θ’

A11≈0º). Therefore, the comparison of pressure across the 

single channels of A11 and A12, and channels of AB1 and AB2 demonstrated 

that the diverging angle and converging angle plays a non-negligible role in the 

bubble dislodging pressure in complex network.  

Another factor affecting the bubble dislodging pressure is the complexity of 

flowpath. It is easy to understand that the fluid is prone to choose a relatively 

easier way with less flow resistance to travel under the same flow rate to avoid 

energy loss. For example, channel A22 (W=0.37 mm) and channel A21 
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(W=0.26 mm) have the same inlet (channel A2), and the diverging angle is 

similar (θA21≈θA22≈7.8º), while the dislodging pressure in channel A22 is much 

higher than that in channel A21 as shown in Fig. 6.4a. This is mainly attributed 

to the network complexity, i.e. the existence of the channels AB, AB1 and AB2.  

(a)

(b) 

Fig. 6. 4 (a) Bubble dislodging pressure profiles in channels A21 and A22; (b) a 

schematic diagram of the network structure around channel A21 and A22 (θA21 

and θA22 is the diverging angle of channel A21 and A22, respectively) 

 

6.3.2 Channel size 

In a single capillary, narrower channel will give a higher resistance to bubble 
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movement based on the reciprocal relationship between the channel diameter 

and pressure drop. However, this relationship may not be able to apply in 

complex capillary network with high interconnectivity, and the comprehensive 

effect induced by the complex structure and multichannel feature is required to 

be taken into account when analyzing the bubble dislodgement.  

The effect of channel size in this capillary network is not obvious due to the 

effect of network structure. For example, channels A22 and B11 have the same 

width of about 0.36 mm, but the bubble dislodging pressure in channel A22 is 

significantly higher than that in channel B11 as shown in Fig. 6.5. Similar 

phenomenon has been discussed above in channels A11- A12 and channels 

AB1- AB2 (Fig. 6.3).  

 

Fig. 6. 5 Bubble dislodging pressure profiles in channels B11 (W=0.36 mm) and 

A22 (W=0.37 mm) 

 

The interplay between the impact of network structure and the impact of 
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channel size on the dislodging pressure varies with the bubble length. Taking 

channels A21 (W=0.26 mm) and A12 (W=0.46 mm) as an example, they have 

the same converged channel (A3), but different inlet channels. Theoretically, 

the narrower channel (channel A21) should provide a higher resistance to 

bubble movement. However, as shown in Fig. 6.6a, when bubble length is 

larger than around 1.5 mm, the dislodging pressure in channel A12 (wider) is 

higher than that in channel A21 (narrower). It suggests that for large bubbles, 

network structure, rather than the channel width dominates the bubble 

dislodging pressure in capillary networks. The fluid originated from P1 has the 

same velocity, and energy dissipated by passing the pathway (from P1 to 

channel A12) is much higher than passing the pathway (from P1 to channel 

A21) due to the high diverging angle in P2 (θA12≈40.8º and θA21=7.8º), as shown 

in Fig. 6.6b.  

(a)
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(b) 

Fig. 6. 6 (a) Bubble dislodging pressure profiles in channels A12 (W=0.46 mm) 

and A21 (W=0.26 mm); (b) a schematic diagram of the network structure 

around channels A12 and A21, and θA21 is the diverging angle of channel A21, 

θA12 is the diverging angle of channel A12 

 

For bubbles with the length less than 1.5 mm, the dislodging pressure for 

bubbles with a similar length in channel A21 (narrower) is higher than that in 

channel A12 (wider), which is opposite to the dislodging pressure profile for 

bubbles with a length greater than 1.5 mm. The pressure increase rate in 

channel A21 is larger than that in channel A12. For example, when the bubble 

length decreases from 3.1 mm to 0.5 mm, the dislodging pressure increases 

from 37.5 mbar to 55 mbar in channel A12, and from 28.5 mbar to 75 mbar in 

channel A21. This indicates that the channel width significantly influences the 

dislodging pressure increase rate when the bubble length is less than 1.5 mm. 

Narrower channels will be more sensitive to the variation of bubble length. 

Further explanation of these phenomena based on our proposed model has 

been detailed in next chapter. 
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6.4 Summary  

In this chapter, the pressure required to dislodge a bubble from the complex 

capillary network has been investigated in terms of the bubble length, channel 

sizes and network structures.  

1. When the bubble length is less than the critical length, the dislodging 

pressure is increased with the decrease of bubble length. Once the bubble 

length is greater than this critical length (2 mm in this study), the dislodging 

pressure is almost constant and independent of the bubble length. 

2. For the channels with similar size and flow condition, we found that the larger 

the diverging angle and/or converging angle, the higher the pressure is required 

to dislodge a bubble with the same length. 

3. The reciprocal relationship between the channel diameter and pressure drop 

may not apply in complex capillary network with high interconnectivity, and the 

comprehensive effect induced by the complex structure and multichannel 

features is required to be taken into account when analyzing the bubble 

dislodgement.  
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Chapter 7 Effect of network structure on the 

bubble dislodgment and pressure distribution in 

microfluidic networks4 

 

7.1 Introduction  

Microfluidic networks have been frequently used to mimic human arterioles, 

airways in the lung[1], water distribution networks[2], solar panels, the cooling 

of electronics[3], etc. There are many advantages in microfluidics, such as 

lower hardware cost and reagents consumption, shorter response time[4, 5], 

higher mixing efficiency and lower thermal resistance[6], whereas, these are 

achieved at the expense of increased pressure drop which may be induced by 

the parallel or serpentine microchannels. However, in most microfluidic systems, 

bubble/particle accumulation is a frequent obstacle which considerably 

influences the system performance. Bubble/particle accumulation is difficult to 

avoid, especially around bifurcation regions in microfluidics [7, 8]. Therefore, 

investigations about fluids (gas or/and liquids) flows through a single symmetric 

or an asymmetric bifurcation, and multiple bifurcations in series[9, 10] have 

been conducted experimentally and numerically[11, 12].  

Bubble lodgement and dislodgment in a confined microfluidic network is 

affected by a variety of factors, including liquid flow rate, gravity, bubble length 

 
4 Some contents of this chapter have been published in Chemical Engineering Science.  
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(size) surface wettability, and network/channel geometry [13-15]. To avoid the 

bubble lodgment or to detach the lodged bubble, many literature have studied 

the particle/bubble adhesion and suspension in single channels [13, 14, 16, 17] 

or networks with very simple structure [18]. To the author’s best knowledge, 

very few investigation addressed on the effect of network complexity on bubble 

dislodgment in microfluidic networks. In this chapter, the impact of network 

complexity on the bubble dislodgment, and the distribution of overall pressure 

on the individual channel have been investigated experimentally and 

theoretically. The effect of network structure on the bubble dislodging pressure 

is experimentally investigated in terms of the bifurcating angles, bubble position 

and proximal channels. A theoretical model has been established to illustrate 

the underlying physics of bubble dislodgement in a capillary network, and to 

specify the relationship between bubble length and dislodging pressure. The 

effects of surface tension, viscosity, surface roughness, contact angle and thin 

film deposition have also been considered in the model. In the modelling, a 

parameter cj introduced in the model aims to characterize the distribution of the 

overall pressure in each microchannel. 

 

7.2 Theoretical modelling  

A theoretical model is proposed to describe the behavior of bubble 

dislodgement from a microchannel with rectangular cross-section in complex 

capillary network in this chapter[15]. Considering the moment when the motion 
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of the bubble is initiated, a bubble slug as shown in Fig. 7.1 is selected for 

following discussion.  

 

 

Fig. 7. 1 (a) A schematic diagram of a bubble slug in its static state in a 

microchannel of the capillary network, (b) a cross-sectional view of the 

gas/liquid distribution across the channel, and (c) a schematic diagram of the 

bubble flow through a microchannel in which liquid flows past the bubble 

through the corner. Blue section represents the liquid phase, and white section 

is the gas phase.  

 

We assume that the pressure drop through the bubble slug is equal to the 

pressure difference between the pressure in bubble left end (P1) and pressure 

in bubble right end (P2), i.e., 

∆𝑃𝑏𝑢𝑏𝑏𝑙𝑒 = 𝑃1 − 𝑃2        (7-1) 
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By applying a driving pressure to the bubble, the shape of the bubble will be 

deformed first to against the driving force, thus the induced difference between 

the left and right curvatures will cause the capillary pressure drop[19, 20]. The 

frictional force exists between the liquid film and the bubble phase, acting as 

another resistant force for bubble moving[21]. The resistant pressure drop for 

the bubble movement (∆𝑃𝑏𝑢𝑏𝑏𝑙𝑒) is the sum of the frictional pressure drop (∆𝑃𝑓) 

and the capillary pressure drop (∆𝑃𝑐), i.e.,  

∆𝑃𝑏𝑢𝑏𝑏𝑙𝑒 = ∆𝑃𝑓 + ∆𝑃𝑐       (7-2) 

The capillary pressure drop is calculated by equation (2-15) for rectangular 

channels. The frictional pressure drop caused by the liquid film can be 

calculated based on the Darcy-Weisbach equation which shows a good 

prediction in several previous studies [22-25]. In the bubble slug unit, the 

frictional pressure drop ∆𝑃𝑓 can be written based on equation (2-15) [25-27] as, 

𝛥𝑃𝑓 = 2𝜌𝑙𝑓𝑓𝑢𝑏
2 𝑙𝑏

𝐻𝑗
          (7-3) 

where 𝜌𝑙 is the density of DI water,  is the mean superficial velocity of bubble, 

  is the length of bubble slug and Hj is the height of the corresponding 

microchannel.   

The driving pressure around the bubble is maintained by the corner flow, as the 

corner liquid (the blue section, as depicted in Figs. 8b and 8c) drags the bubble 

to move. The pressure drop for the corner flow is equal to the driving pressure 

exerting on the bubble, which was also assumed by Wong et al. and 

Mohammadi[19, 20]. As the liquid flowing across the corner can be treated as 

bu

bl
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Poiseuille flow, the pressure drop for the corner flow can be approximately 

calculated based on Poiseuille law, gives as,   

𝑃1 − 𝑃2 =
128𝜇𝑙𝑙𝑏𝑄𝑓

𝜋𝐷𝑒𝑓𝑓
4               (7-4) 

where 𝜇𝑙 is the viscosity of DI water, 𝑄𝑓 is volumetric flow rate and 𝐷𝑒𝑓𝑓  is the 

effective dynamic diameter of the liquid flow in corners which can be assumed 

as a constant for each microchannel in this study. 

In capillary networks, the volumetric flow rate 𝑄𝑓 is the function of the pressure 

difference between inlet and outlet of the microchannel (Δ𝑃𝑗 ), and can be 

expressed according to the Darcy's law[28], 

𝑄𝑓 = −
𝐾𝐾𝑟,𝑓𝐴

𝜇𝑙

𝜕𝑝

𝜕𝑥
=

𝐾𝐾𝑟,𝑓𝐴𝑗

𝜇𝑙

𝛥𝑃𝑗

𝐿𝑗
       (7-5) 

∆𝑃𝑗 = 𝑐𝑗 ∗ ∆𝑃 or 𝑐𝑗 = ∆𝑃𝑗/∆𝑃       (7-6) 

Where K is the absolute permeability of the microchannel,  is the relative 

permeability of fluid, A is the sectional area of the microchannel, L is the length 

of the microchannel, ∆𝑃𝑗  is the pressure drop in microchannel j, Δ𝑃  is the 

overall pressure difference between the inlet and outlet of the capillary network.  

Parameter 𝑐𝑗, a pressure loss factor of the corresponding microchannel j, is 

defined to characterize the pressure loss caused by network structures (such 

as multi-channel, multi-bifurcation, bifurcating angles), gives as equation (7-6). 

It can be seen as the contribution of the dislodging pressure in the individual 

channel j to the whole network. 

Combining equations (7-1) - (7-6), the pressure difference required to initiate 

,r fK
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the movement of lodged bubble can be expressed as, 

𝛥𝑃 =
𝜋𝐷𝑒𝑓𝑓

4 𝐿𝑗

64𝐾𝐾𝑟,𝑓𝑊𝑗𝐻𝑗𝑐𝑗
[

𝜎(
1

𝑊𝑗
+

1

𝐻𝑗
)(cos𝜃𝑟𝑒𝑐−cos𝜃𝑎𝑑𝑣) 

𝑙𝑏
+

𝜌𝑙𝑓𝑓𝑢𝑏
2

𝐻𝑗
]    (7-7) 

The relative permeability 𝐾𝑟,𝑓 is related to the void fraction (the fraction of the 

channel cross-sectional area that is occupied by the bubble, as shown in Fig. 

7-1b), and it can be approximately taken as an invariable. The difference in the 

cosine of the receding and advancing angle changes in a small range, which 

can be roughly neglected.  

The equation (7-7) can be written as a simple form, 

𝛥𝑃 =
𝑀𝐴𝑗

𝑙𝑏
+ 𝑁𝐵𝑗         (7-8) 

in which, 𝐴𝑗 =
𝐿𝑗

𝑊𝑗𝐻𝑗𝑐𝑗
(

1

𝑊𝑗
+

1

𝐻𝑗
), 𝐵𝑗 =

𝐿𝑗

𝑊𝑗𝐻𝑗
2𝑐𝑗

     (7-9) 

𝑀 =
𝜎𝜋𝐷𝑒𝑓𝑓

4

64𝐾𝐾𝑟,𝑓
(cos𝜃𝑟𝑒𝑐 − cos𝜃𝑎𝑑𝑣), 𝑁 =

𝜋𝐷𝑒𝑓𝑓
4 𝜌𝑙𝑓𝑓𝑢𝑏

2

64𝐾𝐾𝑟,𝑓
     (7-10) 

where 𝐴𝑗 and 𝐵𝑗 are the parameters related to the corresponding microchannel, 

and M and N are constant for the same microchannel. 

 

7.3 Analysis of experimental results through 

theoretical modelling in complex network A 

The model proposed in equation (7-7) fully describes the factors affecting 

dislodging pressure for single bubble in a capillary network with multi-channel 

and multi-bifurcation. It closely relates to the channel dimension (width, length 

and height), bubble length, fluid flow rate, contact angle, and network structure. 
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This model demonstrates that the dislodging pressure is dependent on the 

bubble length (𝑙𝑏) in a complex capillary network. For bubbles with small lengths, 

the dislodging pressure increases significantly with the decrease of bubble 

length, i.e. smaller bubble will require higher pressure to dislodge. When the 

bubble length is longer than a certain value, the dislodging pressure is nearly 

equal to a constant (𝑁𝐵𝑗 ) and is independent of bubble length for a fixed 

channel and flow conditions. This model matches very well with our 

experimental results, and dislodging pressure profile for every channel in this 

network fits equation (7-8) with a very high R-Square value, as shown in Fig. 

7.2.  
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Fig. 7. 2 The plot of the bubble dislodging pressure profiles in different channels 

of the complex network A, and the red lines are the model-fitted values. 

 

7.4 Effect of network structure on the dislodging 

pressure in Network A and Network B 

Parameter cj characterizes the contribution of the pressure drop in the bubble-

lodged channel to the overall dislodging pressure when dislodging a bubble 
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from the microchannel j in the complex network. It also indicates the effect of 

surrounding channel (such as, channel dimension and geometry) and network 

structure on the flow resistance in the bubble-lodged channel. Based on the 

definition (Equation 7-6), the value of parameter cj can be calculated as the ratio 

of pressure drop in the bubble-lodged microchannel j over the total dislodging 

pressure. The prediction of ∆𝑃𝑗 has been illustrated in the Chapter 6.3, and the 

total pressure drop (Δ𝑃) was obtained experimentally. 

 

Fig. 7. 3 Magnitude of parameter cj of different microchannels in Network A, and 

the illustration of the network structure around channels AB1, AB2 and A11, A12  

 

Fig. 7.3 shows the magnitude of parameter cj for different microchannels of 

Network A. The difference in cj value is attributed to both the dimension of 

microchannel j and network structure surrounding the microchannel j. Generally, 

with the similar surrounding network conditions, the cj value tends to be larger 
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if the bubble suffers a larger flow resistance from channel j, which may be 

caused by the smaller channel size and greater channel length. However, when 

two microchannels have similar dimensions, the cj value will be smaller if the 

bubble is lodged in the channel with a more complicated surrounding network, 

such as multiple bifurcations and multiple microchannels. This is supported by 

the comparison of cj value of channels AB1 and AB2, A11 and A12 in Network 

A. Channels AB1 and AB2 have the same width and height (WAB1=WAB2= 0.45 

mm, HAB1=HAB2= 0.32 mm) and share the same inlet. The difference in the outlet 

condition of these two channels can be negligible as the outlet channel size is 

more than 1 mm which offering very low flow resistance to bubble motion. 

Channels A11 and A12 also have similar inlet and outlet flow conditions, and 

channel width and height are identical (WA11=WA12= 0.46 mm, HA11=HA12= 0.32 

mm). The parameter cj of channel AB1 (or channel A12) is smaller than that of 

channel AB2 (or channel A11). This demonstrates that the contribution of 

bifurcating angle to the magnitude of parameter cj cannot be negligible.  
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Fig. 7. 4 Schematics of Networks B1-B5 with various bifurcating angles (θ1=12˚, 

θ2=25˚, θ3=38˚, θ4=55˚ and θ5=66˚); the terms ‘upper’ and ‘lower’ are defined 

based on the horizontal branch position, for easily describing the two branch of 

Network B. 

 

In order to clarify the contribution of bifurcating angles to parameter cj, Network 

B1-B5 which all have the identical widths and heights of upper and lower 

branches (0.4 mm) were used, and the schematics of the Networks B1-B5 were 

shown in Fig. 7.4. The branching angles (θ1-θ5) of Network B1-B5 range from 

12- 66˚. The magnitude of cj in Networks B1-B5 is obtained via the same 

method mentioned previously and verified through Equation (7-11) which is 

derived based on the Equation (7-7). The relationship of parameter cj and MAj 

is plotted in Fig. 7.5a, and the means of linear regression (R2) shows that the 

parameter cj in both upper and lower branches of Networks B is well predicted 

by employing the electric circuit theory. 
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𝑐𝑗 =
𝐿𝑗

𝑊𝑗𝐻𝑗𝑀𝐴𝑗
(

1

𝑊𝑗
+

1

𝐻𝑗
)       (7-11) 

For the upper branches of Networks B1- B5, the branches are of the same 

length and channel size, thus, given as, 

𝑐𝑗 ∝
1

𝑀𝐴𝑗
           (7-12) 

For the lower branches of Networks B1- B5, the branches are of the same 

channel size, and it gives, 

𝑐𝑗 ∝
𝐿𝑗

𝑀𝐴𝑗
           (7-13) 

 

Fig. 7.5b illustrates how bifurcating angle affects the parameter cj of the upper 

and lower branches in Networks B1- B5. It is observed that increasing the 

bifurcating angle of the lower branch will decrease its cj value. When the bubble 

lodges in the lower channel, the flow resistance in the lower channel will 

increase with the increase of lower channel’s bifurcating angle (from 12 to 66˚). 

This leads to a relatively lower ratio of liquid flowrate in the lower branch to the 

total flowrate, and thus a lower pressure drop ratio (i.e. cj value). This not only 

is in a good agreement with the cj comparison results among channel AB1 and 

AB2, A11 and A12 in Network A, but also clearly demonstrates how the 

bifurcating angle of microchannel j affects the cj value of the channel j. When a 

bubble lodges in the branch with a higher bifurcating angle, the cj value will be 

smaller, which indicates a greater impact of the network structure on the 

dislodging pressure.  
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(a) 

(b) 

Fig. 7. 5 (a) Verification of parameter cj of the upper and lower branches in 

Networks B1-B5, Lj is the length of the corresponding microchannel; (b) plot of 

cj vs. cosθ for the upper and lower branches of Networks B1-B5 

 

On the contrary, increasing the bifurcating angle of the lower branches will 

increase the cj value of the upper branches, as shown in Fig. 7.5b. It suggests 
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that the cj value of the microchannel j is also affected by the proximal channel. 

When a bubble lodges in the upper branch, increasing the bifurcating angle of 

lower branch (proximal channel) will increase the liquid flow resistance in the 

lower channel. Therefore, liquid allocated to the upper channel will be getting 

greater under the condition that the geometrical configuration of the upper 

branch stays the same. As the viscous pressure drop is proportional to the liquid 

flowrate, a higher ratio of flowrate in the upper branch to the overall flowrate 

indicates that its cj value will increase correspondingly. Higher cj value also 

suggests a smaller impact of the network structure on the bubble dislodgment. 

With the increase of the bifurcating angle of the proximal channel, the impact 

of the proximal channel on the dislodging pressure for bubbles lodged in the 

upper branch is getting smaller. This is possibly due to the increase of distance 

between the lower branch and the upper branch. Based on the investigation 

reported by Murakami et al.[29], when liquids flow in a microchannel with many 

elbows, the elbows interferes with the proximal elbows intensively when the 

distance between two elbows is less than 5 L/D, where L is the channel length, 

and D is the channel diameter. If the distance exceeds 10 L/D, the impact is 

considerably hindered. This inspires that there may be an effective distance 

between two branches, which determines if the interactions between two 

proximal channels take effect. 

 



Chapter 7                                  

156 
 

7.5 Summary  

This chapter developed a theoretical model to illustrate the underlying physics 

of bubble dislodgment from capillary networks, and characterization of 

parameter cj was accomplished in terms of the bifurcating angle through using 

Network B1-B5. The main findings are follows, 

1. A one-dimensional model has been derived to predict the dislodging pressure, 

and fully describe the bubble dislodgement in complex capillary network in 

terms of bubble length, channel dimension, network structure. It explains the 

underlying physics of bubble dislodgment and the model agrees well with the 

experimental results in both complex Network A and Network B with a single 

bifurcation.  

2. In the modelling, the parameter cj evaluates the impact of network complexity 

on the dislodging pressure, and characterizes the distribution of the overall 

dislodging pressure to an individual channel where a bubble is lodged. 

3. A small cj value of a microchannel indicates a greater impact of network 

structure on the bubble dislodgment. The cj value increases with the bifurcating 

angle of microchannel j, and a high bifurcating angle results in a decrease of cj 

value of the proximal microchannel. 
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Chapter 8 Conclusions and future works 

 

The main goal of this thesis is to advance the understanding of the flow resistance to 

multiphase flows in porous media at pore scale, the impact of network complexity on 

the pressure drop, and bubble dislodgment from pore network. The results obtained 

are of fundamental primary importance for the design of microfluidics, the enhanced 

oil recovery and microbubble-aided drug delivery.  

 

8.1 Effect of interfaces on the two-phase flows in 

constricted microchannels  

Capillary resistance to two-phase flows is mainly arisen from the capillary force acting 

on the two-phase interface, rather than on the body of the single phases. Capillary 

resistance to a two-phase interface occurs only when the pore diameter is smaller than 

a certain value. We defined this “certain value” as the ‘effective pore throat’ at which 

the capillary force starts to take effect on two-phase interface, therefore contributing 

to the pressure drop.  

Simulations of pressure drop for two-phase flows in constricted capillaries have been 

conducted through using newly-derived Darcy-Weisbach equation combined with 

homogenous flow model and separated flow model. The predicted results have been 

compared with measured experimental data, and it was found that the simulation 

results agree well when the interface travels to the section of the microchannel with 

the pore diameter less than the effective pore throat. However, the predicted data 
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cannot identify the effective pore throat of a constricted microchannel, and cannot 

explain the sudden increase in the pressure drop at the effective pore throat. The 

effective pore throat and the sudden increase in the resistant pressure profiles can be 

qualitatively explained by the pore contact angle published by our group.  

The effect of gas type, surface tension, fluid viscosity, capillary gradient and capillary 

tip diameter on the size of effective pore throat of a constricted capillary has been 

investigated in detail. It was found that under the same flow conditions and 

microchannel, a larger surface tension of gas-liquid interface has a relatively larger 

size of effective pore throat. The effect of surface tension on the pressure drop for two-

phase flows takes effect only after the effective pore throat, and a larger surface 

tension gives a larger resistance in the constricted section of the capillary. For the flow 

path with a pore diameter greater than the effective pore throat, the pressure drop to 

the two-phase flows is mainly governed by the capillary tip size, rather than the surface 

tension. For air, CO2 and CH4 flows in constricted capillaries, the effective pore throat 

diameter is very similar for three types of gas-water flows due to the similar surface 

tensions of three gases. Viscosity significantly affects the magnitude of the pressure 

drop in fluids flows, but does not affect the diameter of the effective pore throat. The 

effective pore throat sizes linearly increase with the capillary tip diameter and capillary 

gradient within a certain range.  

 

8.2 Dislodgment of bubbles from the complex networks 

Interfaces, like bubbles in fluids flows will increase the flow resistance through the 

complex networks. As the bubble are easily accumulated in PMMA/ PDMS based 
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microfluidic devices, which is harmful for the systems performance, bubble 

dislodgment is necessary to investigate. The bubble dislodging pressure reflects the 

effect of the interface on the flow resistance in complex networks.  

From the experimental results, it was found that the bubble dislodging pressure is 

decreased with the increase of the bubble length when the length is less than a certain 

value. Once the bubble length is greater than this certain value (2 mm in this study), 

the dislodging pressure is almost constant and independent of the bubble length. The 

reciprocal relationship between the channel diameter and pressure drop may not apply 

in complex network with high interconnectivity. The bubble dislodging pressure is also 

increased with the increase in the complexity of the network structure. Specifically, the 

pressure is greater for the channels with a larger diverging and/or converging angles 

when the channels have similar size and flow conditions.  

One theoretical model has been developed to predict the dislodging pressure in terms 

of bubble length, channel dimension, network structure, surface tension and fluid 

viscosity. It fully illustrates the underlying physics of bubble dislodgment from capillary 

networks with multi-microchannel and micro-bifurcation features. The high value of R2 

indicates that the model agrees well with the experimental results in both complex 

network and the network with one bifurcation. The parameter cj is introduced to 

characterize the distribution of an individual channel where the bubble is lodged to 

overall dislodging pressure. It also suggests the impact of network complexity on the 

bubble dislodging pressure. Combined the experimental results with the theoretical 

equation, the value of parameter cj was found to increase with the bifurcating angle of 

microchannel j, and a high bifurcating angle results in a decrease of cj value of the 

proximal microchannel.  
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8.3 Limitations and future works 

• Due to the limitations of optical microscope used in this study, the measurement 

errors on pore diameter in small microchannels are larger than in large 

microchannels. The contact angle measurements are not so accurate as it is 

difficult to obtain a clear meniscus image when the interface travels in the 

constricted section of the microchannels. In the future, we should improve the 

microscopic measurement technique to minimize the distortion effect on 

meniscus in a pore and thus improve the measurement accuracy in small 

microchannels. 

• Some conditions in this experiment are far away from the real conditions in 

practical applications, such as oil reservoirs and blood vessels. The channel 

diameters of the constricted capillaries and microfluidic network used in this 

study are not small enough, thus future work relating to channel diameter which 

is smaller to tens of microns should be conducted to simulate the real pore in 

oil reservoir and tiny capillaries for practical applications. For medical 

application, more bio-related materials (such as PDMS, PLA) can be used to 

fabricate the lab-on-a-chip platforms, and biocompatible microbubbles, blood-

analog liquid should be employed and the experiments can be conducted at the 

human body temperature in the future work to mimic more appropriate 

conditions in blood vessels. In addition, ultrasound can be introduced to guide 

the drug-loaded bubble movement in microfluidic devices for the precise control 

of bubble movement, bubble stability and release of therapeutic chemicals to 

targeted sites.  
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• The microfluidic devices manufactured through laser techniques have 

rectangular cross-section. It is worth to find a method to manufacture the 

network with cross section of circular or other irregular shapes, and investigate 

the effect of pore shape on the bubble dislodging pressure. In addition, as the 

PMMA plate has been etched by the laser to fabricate the channel, the surface 

of microchannel is actually not ideal. The roughness of the surface is one 

important factor affecting the bubble dislodging pressure, requiring further 

investigations and roughness measurement through AFM or other techniques.  

• Simulation work related to the prediction of pressure drop for two-phase flows 

in the constricted capillaries requires further investigations. Three-dimensional 

computational fluid dynamics (CFD) may be employed to simulate the flow 

conditions in microchannels and complex networks. The effect of network 

structure on the flow resistance will be investigated more systematically, and 

equation that expresses the relationship of the parameter cj and network 

structure may be derived and can be applied in other network with different 

structures.   
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