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ABSTRACT 

 

LIQUID PLUG DYNAMICS IN PULMONARY AIRWAYS 
 

by 
 

Ying Zheng 

 

Chair: James B. Grotberg 

 

 

 This dissertation investigates liquid plug transport through the pulmonary airways. 

It includes three aspects: liquid delivery into the lungs, mucus clearance from the lungs, 

and plug dynamics in flexible small airways.  

Liquid plugs form in pulmonary airways during the process of liquid instillation 

in many clinical treatments. Studies have shown that treatment efficiencies may depend 

on how liquids distribute in the lung. Better understanding the fundamentals of liquid 

plug transport will reveal important system parameters governing the liquid distribution 

and facilitate treatment strategies. The plug propagation before reaching a bifurcation is 

studied computationally with the effects of gravity, plug speed and surfactant. Then the 

plug splitting through a symmetric bifurcation is studied experimentally and theoretically 

with different gravitational orientations, plug speeds, and downstream plug blockages. 

The liquid distribution is shown to be more homogeneous at larger volume, faster speed 

and lower gravitational effects.   

 In diseases such as asthma and pulmonary emphysema, thickening of the liquid 

lining and lack of surfactant may cause mucus plugs to form and block the breathing 

pathway. Removing mucus from the lung is very essential to reduce threaten on patients’ 

life. Mucus plug propagation is studied computationally with various plug speed and 
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different shear thinning properties. Larger pressure is found to be required to drive the 

mucus plug at larger plug speed and in greater shear thinning effect. The surfactant effect 

is then investigated and found helpful on the mucus removal. 

 The plug propagation is studied in a microfluidic flexible channel experimentally, 

as a small airway model. Wall deformation is observed from the high negative pressure 

when plug propagates. The maximum wall deformation is found to increase with plug 

speed and plug length. Computations agree with the experiments and predict the higher 

stress and stress gradients on the flexible wall than the rigid one, which increase the 

potential risk on the cell damages. 

 The results presented in this dissertation provide new insights into the physical 

mechanisms on liquid plug dynamics in pulmonary airways during liquid instillation and 

removal. Further investigation in both experiments and computations can be used to 

mimic the specific in-vivo situations. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Lung Physiology 

 
Figure 1.1 The lung anatomy and the generations of airway bifurcation trees[1]. 

The lungs, as portions of respiratory systems, are an organ for gas exchange. 

Oxygen is inhaled and carbon dioxide is exhaled. The air flow through the lungs is a 

pressure-driven cyclic flow during inspiration and expiration. As the air is inspired from 

the nose or mouth, it enters trachea, flows into the bronchi, and further down to the distal 

airways. There are more than 20 generations of branching in the lungs, each resulting in 

narrower, shorter and more tubes, as shown in Fig. 1.1. This extensive branching from 

the trachea resembles an inverted tree and is commonly called as bronchial tree. The 

trachea and bronchi contains cartilage on the walls while the walls no longer contain 

cartilage but smooth muscles from bronchioles to the terminals ones. From trachea to the 

terminal bronchioles are called conducting zone, which is to conduct the gas flow with 

low work. Alveoli start to appear in respiratory bronchioles and the number of alveoli 

increases as it goes further down to the lungs. The end section of airways is grapelike 
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clusters, entirely of alveoli. From the respiratory bronchioles to the end alveolar sacs are 

called respiratory zone, which is the region gas exchange occurs with the blood vessels 

surrounding the alveoli clusters.  

The airway wall is flexible and attached to elastic connective tissues. The airway 

surfaces contain cilia that constantly beat toward the pharynx from the end of the 

respiratory bronchioles. Glands and epithelial cells along the airway walls secrete mucus. 

Mucus, which contains dust from inspired air, is then moved by ciliary activity to 

pharynx and then swallowed. The airway epithelium also secretes a watery fluid upon 

which the mucus can ride freely. The liquid lining in the lung is a protective coating, 

which prevents the tissue drying and is the first defense against the inhaled pathogens. 

Typically, from the trachea to terminal bronchioles, the liquid coating thickness is on the 

order of 5-10 microns; while in the small airways, the liquid lining is approximately 2-

4% of the airway radius [2, 3]. 

  
Figure 1.2 The respiratory zone and alveoli sacs [1]. 

The alveoli are balloon-like sacs with very thin walls, which consist of two types 

of alveolar epithelial cells along air-facing surfaces. One is continuous lining layer of 

thick and flat epithelial cells called type I alveolar cells. Interspersed between types I 

cells are thicker specialized cells called types II alveolar cells. Associated with the 

alveolar wall are alveolar macrophages, which is to remove debris in the alveolar spaces. 

The alveolar walls also contain capillaries and a very small interstitial space as shown in 

Fig. 1.2. Type I cells are the main sites of gas exchange and they control the fluid balance 

across the alveoli walls. Type II cells are rounded epithelial cells, which secrete alveolar 
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fluid to keep the alveoli surfaces and air moist. Included in alveolar fluid is surfactant, a 

detergent-like mixture of phospholipids and lipoproteins. It forms a monomolecular layer 

between the air and water at alveolar surfaces. The existence of surfactant markedly 

reduces the surface tension of alveolar fluid, which reduces the tendency of alveoli to 

collapse.  Underlying the layer of type I alveolar cells is an elastic basement membrane, 

which support the alveoli structures.  

1.2 Lung Pathophysiology 

 When surfactant is not sufficiently secreted, high surface tension is developed in 

the air-liquid interfaces in the lungs, which increases breathing difficulty and decreases 

the lung compliance. A striking example is known as respiratory distress syndrome (RDS) 

of the newborn, which is the second leading cause of death in premature infants. The type 

II alveolar cells may be too immature to secrete surfactant adequately. The infants have 

to inspire by the most strenuous efforts because of low lung compliance, which ultimately 

cause lung collapse and death. Adults can also develop RDS during respiratory failure. In 

these cases, therapy is assisted with a mechanical ventilator for breathing and the 

administration of natural or synthetic surfactant delivered via the adults’ trachea [4-8].  

 Airway resistance is one important character of the lung physiology during the 

inspiration and expiration. For normal lungs, the airway resistance due to the air flow is 

very small. The airway radii are one important factor on the resistance since the 

resistance is inversely proportional to the fourth power of the airway radii. Another 

physical factor may be the stiffness of elastic connective tissue fibers that link the outside 

of the airways. The lungs may also develop abnormally large airway resistance due to the 

collapsing small airway. This may due to two reasons: lack of surfactant or airway wall 

collapse from wall elasticity and flexibility. Asthma and Chronic Obstructive Pulmonary 

Disease (COPD) are example diseases. Asthma is characterized by intermittent attacks in 

which airway smooth muscle contracts strongly to increase the resistance with chronic 

inflammation and excessive mucus secretion into the airway ducts [9]. COPD refers to 

emphysema or / and chronic bronchitis. The destruction and collapse of the small airways 

or alveoli are the major cause of emphysema, while chronic bronchitis is characterized by 

excessive mucus production in bronchi and thickening of the inflamed airways [10, 11].  
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 In the United States lung cancer is the leading cause of cancer death in males and 

females, about 85% of which roughly are related to smoking [12]. Smoking may 

decreases respiratory efficiency by constricting the terminal bronchioles, reducing 

oxygen-binding capability, increasing mucus secretion, inhibiting the ciliary activities, 

and destroying the elastic fibers in the lung [13]. These changes cause collapse of small 

bronchioles and air trapping in alveoli sacs thus less efficient gas exchange.  

1.3. Current Research 

Liquid delivery 

Liquid is delivered into the lungs in many clinical therapies. For example, 

surfactant instillation into the lung has been a standard treatment, known as Surfactant 

Replacement Therapy (SRT) [4-8], for premature neonates with Respiratory Distress 

Symptoms (RDS) due to undeveloped lungs and a deficiency of natural surfactant; or 

adults with acute RDS from lung injures which occurs with sepsis [14], smoke inhalation 

[15], multiple trauma, severe pneumonia, and near drowning. Perfluorcarbon, which has 

low surface tension and high O2/CO2 solubility, can be instilled into the lung during 

partial / total liquid ventilation [16-20] for treating RDS either in place of or in 

conjunction with SRT. Liquid bolus with drugs, genes or stem cells [21-24] can be 

instilled onto the airway epithelial cells in the lung with surfactant as transport vehicles to 

treat some genetic disease, such as cystic fibrosis. In addition, introduction of liquids into 

the lung or removal of liquids out of the lung also occurs in therapeutic or diagnostic 

bronchial alveolar lavage [25, 26]. Liquid delivery into the lung can be optimized 

depending on the specific applications, the efficiency of which may depend on where the 

liquid goes and how liquid distributes through the branching airway networks.  

Many factors affect the liquid distribution, which makes the analysis complex: the 

liquid instillation method [27, 28], liquid propagation speed [29], gravity [30, 31], liquid 

properties , liquid volume [32], and presence of downstream plugs [27] from previous 

treatments in nearby airways, airway geometry, and interfacial activity [33, 34]. 

Previously, animal experiments have been performed on liquid distributions in the 

excised rat lungs for different instillation method, instillation rate and animal postures. 

Cassidy et al. [27] found that the initial plug formation in the trachea followed by an air 

inspiration cause more uniform distribution than those without a plug formation. Slow 
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administration through a catheter inserted in the endotracheal tube tended to be a trickling 

stream whose path is governed by gravity, leading to relatively inhomogeneous delivery. 

Faster injection promoted the liquid plug formation in the trachea or large airways that 

could be propelled distally by forced inspiration, introducing more homogeneous patterns. 

Anderson et al. [29] and Bull et al. [30] found that faster ventilation rate caused more 

homogenous liquid distribution in the animal lungs. Bull et al. suggested that the supine 

posture helped to develop more homogenous liquid distribution than the upright posture, 

in which liquid predominantly filled the inferior (gravitational favored) regions of the 

lungs.  

Previous bench top experiments [35] have studied the plug splitting across a 

symmetric bifurcation isogravitationally. It was shown that the plug split evenly across 

the symmetric bifurcation model, while more liquid entered the unblocked daughter tube 

when a secondary liquid plug was introduced as a downstream blockage to simulate the 

effects of the previous treatments on the liquid distribution.  

Theoretically, liquid/surfactant delivery to the lung has been studied to understand 

the physics behind the plug propagation/splitting. Halpern et al. [34] numerically studied 

liquid/surfactant delivery to the lung with considering four distinct transport regimes, 

which included the plug formation and transport in large or central pulmonary airways. 

They found that both transit and delivery time were strongly influenced by the strength of 

the preexisting surfactant and the geometric properties of the airway network. When the 

plug is long enough, the physical phenomena of the plug propagation is very similar to 

the propagation of semi-infinite bubbles. Several theoretical [36-38], experimental [39-41] 

and numerical [42-44] studies were performed to study the propagation of semi-infinite 

bubbles. However, when the plug was short, there was evidence [45] that the flow and 

transport might be affected by the interactions between two menisci, which is quite 

different with the semi-infinite bubble propagation. Previous studies in our group [45-48] 

numerically or theoretically investigated plug propagation in liquid-lined channels or 

tubes and the effects of speed, surfactant and their combination effects, without 

considering the effect of gravity. Effect of gravity has been examined through the Bond 

number, Bo, in finite-length bubbles [49], droplets [50] as well as the semi-infinite 
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bubble propagations both experimentally [51, 52] and theoretically [53, 54], and in static 

plugs [55].  

Mucus clearance 

The respiratory mucus has non-Newtonian properties. Mucus clearance were 

studied extensively in mucocilliary clearance (MCC) [56] and cough clearance [57, 58]. 

In diseases like asthma and emphysema, large amount of mucous plugs were observed in 

airways [9], which contribute to the morbidity and mortality. The removal of mucus 

plugs is then very essential to reduce the life threatens for asthmatic patients. However, 

no study has been found on the mechanisms of mucus plug clearance and how the 

surfactant acts on the mucus clearance. Functionally the surface active layer (surfactant 

layer) in the airways is responsible for maintenance of patency of airways [59]. Therefore, 

the surfactant therapy benefits the treatment of obstructive airway diseases like asthma 

and chronic bronchitis. Rubin et al. [60] described the efficacy of Exosurf (a therateutic 

non-protein surfactant) in decreasing the viscoelasticity of mucus in RDS. De Sanctis et 

al. [61] studied the effect of Curosurf (a natural surfactant from minced pig lungs) on 

mucus viscosity and mucociliary clearance in dogs suffering from RDS. The tracheal 

mucus velocity was found to increase significantly with surfactant but no changes were 

observed in viscoelastic parameters of mucus. The role of surfactants in alteration of 

viscosity of respiratory mucus was not well established. 

Mucus flow in the respiratory airways is studied as two phase film flow by Clark 

et al. and Kim et al. [62, 63], and the role of surfactant in the mucus film flow was 

studied [64] using Hershel-Burkeley model, which includes the properties of shear-

thinning properties and yield stress. The surfactant has shown to help increase the mucus 

flow velocities. However, the mucus plug propagation remains to be investigated and 

more insight needs to be shed into surfactant effect on mucus plugs.   

Microfluidic Application and Cellular studies. 

 Pulmonary epithelial cells may be damaged by mechanical stresses associated 

with two-phase flow. Gaver’s group [65-67] investigated the surface tension induced 

epithelial cell damage during airway reopening. They found cell damage increased with 

decreasing the re-opening velocity and concluded the pressure gradient near the finger tip 

of the semi-infinite bubbles was the most likely cause of the cell damage within the 
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different types of stresses. As plugs propagate along the airways, the capillary wave 

induced by the front interface of the plug may cause additional stress on the cell lining of 

the wall, i.e. more potentials on cell damage. Huh et al. [68]recently investigated the plug 

propagation and rupture on human small airway epithelial cells. They found cell damage 

increased with exposure frequency and decreasing plug length, especially when plug was 

near/during rupture. This indicated that the pressure and shear stress induced by the plug 

propagation and rupture may play an important role on the cell damage lining along the 

airway walls. All the above studies were performed in rigid channels. However, in reality, 

the airway walls are flexible. The plug propagation and resulting cell damages on flexible 

walls need to be examined to understand the in-vivo situations.  

 The effect of flexible channels/ tubes has been investigated theoretically on the 

plug formation [69] and propagation  [47, 70] and semi-infinite bubbles [71-75] during 

airway reopening process. The channel wall has shown to deform during the bubble 

propagation or plug formations. Detailed flow pattern and wall stress changes due to the 

deformation of the flexible wall are still needed to reveal the causes of the cell injuries.     

1.4. Motivation  

Liquid plugs in the pulmonary airways can be formed in two different ways: 

extrinsically and intrinsically. Extrinsically, liquid plugs are instilled and transported 

through pulmonary airways in medical treatments and the delivery can be optimized in 

the specific applications. It is desirable to transport the liquid to the alveoli in some cases, 

while in others it is more effective to coat the liquid along the airway walls. It may also 

be important to spread the liquid homogenously or preferably to specific lobes or 

generations depending on the applications. In clinical studies, liquid instillation tends to 

be performed on the patients in different orientations with gravity to improve the 

response rate in the clinical treatments, For example, in SRT, though it has reduced infant 

mortality by half [76], the non response rate in some studies is still 15-35% depending on 

the patient group. This response rate may depend on the liquid distribution. Consider the 

delivery process of the liquid: the liquid starts as a liquid plug in the trachea, the plug 

propagates along the airways and splits across the airway bifurcations, and it deposits the 

film lining on the airway walls and finally reaches the alveoli compartments. The 



8 
 

effectiveness of these treatments may depend on where the liquid goes or how the liquid 

distributes through the branching airway networks.  

Fig.1.3 shows a sample result of our experiments of liquid instillation in the rat 

lungs taken in collaboration with colleagues at the Medical College of Wisconsin. As 

different postures were chosen for the rat, i.e. supine and upright postures, the different 

distributions were achieved. With supine posture, the liquid tended to distribute 

uniformly into the rat lungs; while with upright posture, the liquid was prone to enter the 

gravity-dependent region as well as the side left lobe with shorter airway branches. These 

experiments indicate the mechanisms of plug propagations and splitting: how the gravity, 

liquid dose, instillation speed, and surfactant affect the plug propagation and distributions. 

It is well known that the pulmonary airway network has a three-dimensional nature [77-

79], in which different airway branches have different dimensions and orientations. Thus 

the parameters such as the velocity, gravity effect and airway diameters vary in a wide 

range. Research is in need on the effects of gravity, inertia and presence of surfactant on 

steady plug propagation and transport, as well as the liquid plug splitting.  

 
Figure 1.3 The liquid distribution of PFC in rat lungs with different postures after 20 
breath numbers of the liquid instillation from the trachea. 
 

Intrinsically, excessive mucus can be secreted into airways and mucus plug can 

form in some diseases like asthma [9] and emphysema [10, 11]. The air-liquid interfacial 

instabilities increase [80-82], mucous plugs may form and contribute to the airway 

obstruction, airway morbidity and mortality. Studies have reported that asthmatic patients 
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who died suddenly and unexpectedly showed occlusion of the lumen by mucous plugs 

[83-85]. These mucus plugs may be formed from the accumulated mucus film to 

occluding liquid bridges which fill the whole tube cross-section. Once the mucus plugs 

form, the airway closure occurs and airflow is blocked, which threaten the patients’ lives. 

The mucus plugs need to be cleared from the airway to enhance gas exchange. This can 

be realized by forcing the mucus plug to propagate, and then either rupture downstream 

or be cleared out from the mouth. It is then beneficial to study the non-Newtonian 

behavior of the mucus during the mucus plug propagation as well as whether and how the 

surfactant improves the mucus removal.  

Real lung airways are flexible, especially in small airways. It is well recognized 

that the liquid lining of the lung can close off a small airway, either by the formation of a 

meniscus (plug) or / and by provoking the sudden collapse of the flexible airway wall to a 

small cross section area [82, 86], especially during diseases like asthma and Chronic 

obstructive pulmonary disease (COPD). While several experiments [65-68] have been 

conducted to show the local tissue/cell damages due to the mechanical stresses during 

airway reopening, none considered effect of wall flexibility on the plug dynamics. 

Therefore, it is interesting to study how the wall flexibility affects the scenarios of the 

cell injury during the plug propagations. 

In general, the fundamental fluid mechanics and transport behind the liquid plug 

propagation and splitting will help us to understand the lung physiology and 

pathophysiology, optimize the process of liquid delivery and mucus clearance thus 

achieve better treatment outcomes and reveal the potential lung injuries from high wall 

stresses by liquid plug propagations. It is also very beneficial to study the plug 

propagation on the flexible channels, which mimic the in-vivo situations of flexible lung 

and airways. The investigation of the plug dynamics is also very important for oil 

recovery and other multiphase flow applications. 

1.5. Dissertation Overview 

This dissertation aims to develop detailed models experimentally, theoretically 

and computationally for plug propagation and splitting with combined effects in the 

pulmonary airway, in order to understand the fundamental mechanisms in plug evolution, 

and provide guidance to the clinical treatments for the liquid delivery and mucus 
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clearance, and assess the potential cell damages in the presence of plugs in the real lung 

airways. 

Chapter 2 and 3 are focused on the liquid delivery. Chapter 2 studies the steady 

liquid plug propagation at the stage of prebifurcation in the pulmonary airways with a 

two-dimensional channel model and numerically study the effects of gravity, inertia and 

surfactant. The local flow patterns are presented as well as liquid deposition in trailing 

films, pressure drop across the liquid plugs, volume ratio and the wall stresses with those 

individual effects. Chapter 3 investigates the liquid plug splitting across an airway 

bifurcation model. The splitting ratio is experimentally studied for various plug speed, at 

two different flow regimes, Stokes flow and finite Reynolds number flow with various 

gravitational effects, and theoretical models are used to compare with the experimental 

results.  

Chapter 4 investigates the mucus clearance by characterizing the non-Newtonian 

steady plug propagation in a 2-D channel. The shear-thinning properties of the mucus are 

investigated based on the mucus viscosity, driven pressure drop, plug shear stress and 

wall stresses at various propagation speed. The effect of surfactant is studied on the 

mucus clearance as well.   

Chapter 5 explores the microfluidic applications of the plug propagation in the 

flexible microchannels. Experiments were conducted on the plug propagation in 

microchannels with a flexible wall. The wall deformation is investigated from the plug 

propagations due to the high wall stresses on the flexible channel wall. Then numerical 

simulations are performed to compare with the experiments with the same channel design 

and geometry.  

Chapter 6 summarizes the dissertation with major findings and conclusions. 
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CHAPTER 2 

 

LIQUID DELIVERY AND DISTRIBUTION:  
PRE-BIFURCATION – EFFECTS OF GRAVITY, INERTIA AND SURFACTANT 

ON LIQUID PLUG PROPAGATION IN A 2-D CHANNEL 
 

2.1 Introduction 

The lung airways can be blocked by the liquid plug formation and affect the gas 

exchanges and lung functions. Research has been studied on the process of airway 

closure and airway reopening [1-8], but is still in need after the plug forms and when it is 

propagating on the view of fundamental fluid mechanics. The combined effects of gravity, 

inertia and presence of surfactant are still unknown on steady plug propagation. The 

detailed flow patterns have not been investigated as well as the pressure fields, surfactant 

transport, plug asymmetry and the induced wall stresses by these combined effects.  
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Figure 2.1 (a) An initial liquid plug instilled in the parent tube splits into two daughter 
tubes with pressure and gravity driven. (b) Pre-bifurcation asymmetry of liquid plug 
before reaching bifurcation with the gravity acting at an angle α to the flow direction 
 

It is known that the lung is a 3-dimensional structure. Gravity may cause the plug 

to be asymmetric shaped so that different portions of liquid enters the daughter tubes after 

it passes a bifurcation and then reach different lung lobes. Prior to the plug splitting, it is 
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found that a large portion of plug volume resides below the centerline of parent airways 

due to the gravity (Fig.2.1b). This asymmetry may predetermine a large portion of plug to 

enter the lower branches (at t>0) as shown in Fig. 2.1a. The pre-bifurcation asymmetry is 

then important before the plug reaches the airway bifurcation for the overall liquid 

distribution. When surfactant is acting on the interface, the Marongoni stresses may have 

additional effects on the plug shapes and flow patterns.  

Thus in this chapter, the steady plug propagation is numerically simulated in a two-

dimensional channel lined by uniform, thin liquid films with gravity and the inspiration 

pressure as the driving forces. The aim is to investigate the combined effects of gravity, 

propagation speed, plug length, as well as the surfactant transport phenomena. A 

parameter 
*

2

Re H
Ca

ρσλ
μ

= =  exists, which is a constant determined by the channel 

geometry and fluid properties. The plug behavior is studied here in two regimes: the 

Stokes flow regime, i.e. Re=0; and finite Re regime, i.e. λ=1000. Section 2.2 describes 

the model and governing equations, Section 2.3 presents the grid generation and 

numerical method, Section 2.4 provides the results, Section 2.5 gives the discussion and 

finally Section 2.6 summarizes this chapter.  

2.2 Problem Statement 

2.2.1. Model Description 
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Figure 2.2 The schematic of the computational model for liquid plug propagation in a 
liquid-lined 2-D channel. 
  

To simulate the plug transport in an airway branch, a computational model is 

developed on steady plug propagation in a 2-D channel with uniformly-coated liquid 

lining, the schematic diagram of which is shown in Fig. 2.2.  The pressure drop, ΔP* = 
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P1
* – P2

*, between the rear and front air phase, drives the motion of the liquid plug with a 

constant velocity U* and plug length LP
*, the length between two tips of the menisci. The 

liquid is composed of the incompressible and Newtonian fluid. H* is the half channel 

width; hp+
*

 and hp-
* is the precursor film thickness while ht+

* and ht-
*

 is the trailing film 

thickness along the upper and lower wall respectively; α is the angle between the 

gravitational orientation to the x-axis; n is the unit normal vector on the interface. In our 

computational model, a moving frame is used on the plug with constant velocity U*. The 

plug is assumed to be instilled into uniformly pre-coated lung airways, thus, hp+
* = hp-

*. 

At steady state, the mass leaving from the front is equal to that coming into the rear films. 

When the soluble surfactant is present, it can exist inside the plug bulk with concentration 

C* or be absorbed on the interface with interfacial surfactant concentration Γ*. The end 

precursor film in the front is assumed to have a constant surfactant concentration C0
*. 

Equilibrium exists on the surfactant adsorption and desorption between the interface and 

the bulk. In the computation, the plug velocity U* is specified and the pressure drop ΔP* 

is the unknown to be solved.  

2.2.2 Governing Equations 

The steady flow inside the liquid plug is described by the dimensionless Navier-

Stokes equation and the continuity equation as  

 
2Re

0

Bou u p u g
Ca

u

⋅ ∇ = − ∇ + ∇ +

∇ ⋅ =
 (2.1) 

where ( , )u u v=  is the fluid velocity vector and the velocity components are scaled by 

U*; the Cartesian coordinates ( , )x y  are scaled by H*; p is the pressure scaled by the 

viscous force scale, ( )* */p p U Hμ∗= ; the Reynolds number, * *Re /U Hρ μ= , 

represents the ratio of inertia to the viscous effect, in which ρ and μ are the fluid density 

and viscosity respectively; the capillary number, * */ MCa Uμ σ= , indicates the ratio of 

the viscous force to the surface tension (σM
* is the characteristic surface tension; for the 

constant surface tension cases, as shown in Section 2.4.1-4 and 2.4.6, σM
* is the constant 

surface tension at the interface; for Section 2.4.5 with surfactant condition, σM
* is the 

surface tension at surfactant-free condition, i.e. pure water condition); the Bond number, 
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*2 */ MBo gHρ σ= , represents the ratio of the gravity to the surface tension, where g is 

the gravity acceleration; and the gravitational unit vector, (cos , sin )g α α= − .  

When the surfactant is present, the surfactant transport is solved using the 

surfactant mass balance equation for the bulk concentration C: 

 2e ( )P u C C∇ ⋅ = ∇  (2.2) 

The surfactant transport along the interface can be solved using the following 

equation for the interfacial surfactant concentration Γ: 

 ( ) 2
s ss s nPe u J∇ ⋅ Γ = ∇ Γ +  (2.3) 

where the bulk Peclet number, Pe = U*H*/D* and the interfacial Peclet number, Pes = 

U*H*/Ds
*, D* and Ds

* are the diffusion coefficients of the surfactant in the plug bulk and 

along the interface respectively; su is the surface velocity. ( )s I nn∇ = − ⋅∇ . Jn is the 

kinetic flux of the surfactant from the bulk to the interface: 

 ( )1
n s

s

PeJ n C
Peβ

= − ⋅∇⎡ ⎤⎣ ⎦  (2.4) 

where β = Γ∞
*/Ccmc

*H* is the dimensionless adsorption depth, Γ∞
* is the maximum 

equilibrium concentration of the interfacial surfactant. Ccmc
* is the critical micelle 

concentration in the bulk. Γ is scaled by Γ∞
* and C is scaled by Ccmc

* in the transport 

equations.  

To solve the surfactant transport equations, an equation of state is needed to relate 

the surface tension to the surface concentration of surfactant. For Γ*<Γ∞
*, the surface 

tension σ* vs. the interfacial concentration Γ* is almost linear; while for Γ∞
*≤Γ*<Γmax

*, 

σ*-Γ* is nonlinear [9, 10], which is assumed to decay exponentially to a constant value at 

Γ*->Γmax
*. Γmax

*  represent the dynamic maximum interfacial surfactant concentration. 

Thus, the dimensionless equation of state is approximated as                     

 
( )

( ) ( ) ( )

1 1

1 exp 1 1
1

E

EE
E

σ
− Γ Γ <⎧

⎪= ⎨ ⎡ ⎤− − Γ Γ ≥⎪ ⎢ ⎥−⎣ ⎦⎩

 (2.5) 
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where E is the surface elasticity number 
M

E σ
σ ∗ ∗

∞

∗ ∗
∞
∗ ∗

Γ <Γ

Γ ∂= −
∂Γ

and indicates the ability of 

the surfactant to modify the surface tension.  

To describe the transient period during which surfactant adsorbs from the bulk to 

the interface or desorbs from the surface monolayer to the bulk, linearized sorption 

kinetics will be used to determine the flux Jn [11, 12]. Both adsorption and desorption 

process will be involved when the interfacial surfactant concentration is smaller than the 

maximum equilibrium concentration (Γ<1) while only desorption is considered for Γ≥1. 

The equation is:  

 
( ) ( )

( )
1 1

1
a s d

n
d

K C K
J

K

− Γ − Γ Γ <⎧⎪= ⎨
− Γ Γ ≥⎪⎩

 (2.6) 

where 
* * 2
a cmc

a
s

k C HK
D

=  represents the ratio of surfactant adsorption to surface diffusion, 

and 
* 2
d

d
s

k HK
D

=  represents the ratio of the surfactant desorption to surface diffusion. ka
* 

and kd
* are the adsorption and desorption rate respectively. Cs is the dimensionless 

surfactant concentration on the sub-interface. 

2.2.3 Boundary Conditions 

A moving reference frame is chosen on the plug, thus, the no-slip and no 

penetration conditions at the wall are: 

 ( )1, 0 , 0 at 1Cu y
y

∂= − = = ±
∂

 (2.7) 

For all the end films, the fully developed conditions are applied for the liquid 

velocity.  At the precursor films, the bulk surfactant concentration is prescribed as C=C0 

and the pressure is equal to the front gas pressure (P2=0) plus (minus) the hydrostatic 

pressure at the lower (upper) film, which is linear to the film height. At the trailing films, 

the axial gradient of the bulk surfactant concentration is zero, i.e. ∂C/∂x=0; the film 

pressure is equal to the rear gas pressure P1, as a part of solution, plus (minus) the 

hydrostatic pressure at the lower (upper) film. Assume that the plug is instilled into 
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uniformly pre-coated lung airways, thus, hp+ = hp-, and at steady state, the mass leaving 

the front is the same as that coming into the rear: 
p p t t

udy udy udy udy
+ − + −

+ = +∫ ∫ ∫ ∫ , which is 

simplified as hp+
 + hp- = ht+

 + ht- since ( 1,0)u = − , which is uniform in y at film regions. 

At both air-liquid interfaces, the kinematic boundary conditions for the steady 

state are: 

 0u n⋅ =  (2.8) 

A stress balance condition accounts for the stress jump due to the surface tension 

at the interface:                 

 1( ) ( )T
s ap n u u n Ca n p nκσ σ−− + ∇ + ∇ ⋅ = + ∇ −  (2.9) 

where pa is the air pressure; nκ = ∇⋅  is the interface curvature; * */ Mσ σ σ= .  The 

governing equations for the flow and transport will be solved using SIMPLER algorithm 

[13] with the boundary fitted coordinate transformation [14] as described in Section 2.3. 

2.2.4 Parameter Estimation 

The liquid plug propagation in the lung airways may depend on many parameters 

such as the breathing rate, gravity, tidal volume, airway geometry and liquid properties. 

For SRT, the typical properties of Survanta (Ross Laboratories, Columbus, OH) are 

ρ=0.94g/cm3, μ=42cP, and σM
* =25dynes/cm [15]. The airway reopening speed is 

estimated to be 0.5 ~ 30cm/s from generation 16 up to trachea in an adult human with 

breathing flow rate around 5L/min. Thus, for the airway generations 0 to 13 in an infant’s 

lung or 7 to 16 in an adult, we have 0.1<Re<40, 0.1<Ca<2, 1<λ=Re/Ca<20, and 

0.001<Bo<1. While for PLV, the typical values for perfluorocarbon liquid properties are 

ρ=1.93g/cm3, μ=2.1cP, and σM
*=18 dynes/cm [15], which leads to the dimensionless 

parameters in the ranges of 10<Re<1000, 0.01<Ca<1, 103<λ<104, and 0.01<Bo<2.5. 

Thus Bo can be as high as O(1), which indicates that the gravity effect can be significant, 

and the range of Re shows that the effect of inertia may not be negligible.  

When surfactant is present, it involves several dimensional and corresponding 

dimensionless parameters additionally. The surfactants are assumed to be soluble in this 

study. For typical pulmonary surfactants, the critical bulk concentration Ccmc
* is 10-3g/cm3 

[16], the maximum equilibrium surface concentration Γ∞
* is 3.1x10-7g/cm2 [17] and the 
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elasticity number E is O(1) [10], which is assumed to be 0.7 in this study. In the infant 

airways the channel half width H* is in the order of 10-1cm, and the dimensionless 

adsorption depth β ≈ 10-2 though this β may not reflect true adsorption depth βt, in which 

βt = β * Γeq / C0. The diffusivity of the typical pulmonary surfactant was found in the 

range of 10-7 < Ds
* < 7x10-5 cm2/s at the interface [18] and D* ~ 5.4x10-8 cm2/s in the bulk 

solution [19]. As the surfactant accumulates on the interface and its concentration Γ 

exceeds the maximum dynamic surfactant concentration Γmax, the surfactant monolayer 

buckled and form micelles. The micelles detach from the interface and transport through 

the bulk as a particle without desorption. Due to the limitation of the present model, the 

simulation is only performed in the conditions that micelles are not created. Thus, to keep 

the bulk surfactant concentration smaller than the critical micelle concentration and the 

interfacial surfactant concentration smaller than the maximum surface concentration, 

larger surfactant diffusivities are imposed in both surface and the bulk and faster 

diffusion in the bulk than on the interfaces. Thus, the effect of soluble surfactant is 

investigated on steady plug propagation with Pe=500 in the bulk and Pes=5000 at the 

interface in Stokes flow regime, i.e. Re=0 with the presence of gravity.  

2.3 Numerical Methods 

 
Figure 2.3 A sample computational grid around the plug core region for LP=0.5. The 
staggered grid is used. Pressure is stored at the center of the grid cells and the velocities 
are stored on the centers of the control surfaces. 
 

The curvilinear computational grid was generated by solving the two-dimensional 

Poisson’s equation [20] and the resulting grid lines are generated almost orthogonally. 

Fig. 2.3 shows a sample grid domain generated. A staggered grid is used for the variables 

where the scalar variables, p and C, are stored at the center of each control volume and 
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the velocity components are stored at the center of the control surfaces [21]. The physical 

domain (x,y) is mapped into the orthogonal computational domain (ξ,η) using the 

boundary fitted coordinate transformation [14]. In terms of the transformed variables, the 

governing equations are written as: 

 

11 22

12 21

Re Re

0

T

B Bu uF u F u
J J

B Bu u BoA p g
J J Ca

F

ξ η

ξ

ξ

ξ ξ η η

ξ η η ξ

⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂− + −⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂= − ∇ + + +⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠

∇ ⋅ =

 (2.10) 

where e eξ ξ ηξ η
∂ ∂∇ = +

∂ ∂
, 

y x

A
y x

η η

ξ ξ

∂ ∂⎡ ⎤−⎢ ⎥∂ ∂⎢ ⎥=
∂ ∂⎢ ⎥−⎢ ⎥∂ ∂⎣ ⎦

, ( ),F F F A uξ η= = , TB AA= . ijA A= is 

the transformation matrix and it represents the projected area of a control surface normal 

to the ith axis (ξ,η) onto jth plane (x,y). The control volume is the Jacobian of the 

transformation, J A= . The components of F  are the mass flow rates through the 

control surface normal to the ξ  and η  axes, and are defined as the velocities in the 

computational domain. Terms including Bij (i=j) are the primary diffusion terms, which 

represents the diffusive fluxes through control surfaces normal to the ξ (i=1) and η(i=2) 

axes. The secondary diffusion terms including Bij (i ≠  j), which are zero if the mesh lines 

are orthogonal; represent artifacts from the geometric transformation and are treated as 

sources term in the computational model.  

When surfactant is present, the transformed equations for the surfactant transport 

along the interface and in the bulk. The interface in the computational domain 

corresponds to η grid lines and at the interface, 

 
11 11

1 1
s s nPe u J

B Bη η
⎛ ⎞∂ ∂ΓΓ − =⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠

 (2.11) 

in the bulk, 

 11 22 12 12B B B BC C C CPeF C PeF C
J J J J

ξ ξ

ξ ξ η η ξ η η ξ
⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂− + − = +⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

(2.12) 
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The Semi-Implicit Method for Pressure-Linked Equation Revised (SIMPLER) [22] 

algorithm is employed to solve the momentum and mass conservation. Initially, an 

assumed velocity profile and interface shapes is used to start the computation, a sample 

grid of which is shown in Figure 2.3; The cubic splines [23] are applied to approximate 

the interface shapes as functions of their arc length; The new grid will be generated inside 

the plug domain after each iteration by solving Poisson’s equation in successive over-

relaxation method; The equation (2.10) is integrated over a control volume with the 

convective term written in a power-law hybrid differencing scheme [22], the mass fluxes 

and pressure are then solved iteratively using SIMPLER algorithm, which involves 

solving the momentum equation, the pressure equation, the pressure correction equation 

so that the calculated velocity field satisfies the momentum equations and continuity 

equation.  

The stress balance across the air-liquid interfaces is defined by the dynamic 

boundary, Eqn.(2.9). The weak form of this boundary condition is obtained on the curved 

interfaces.  

 1( ) ( )T
s as s s

p n u u n ds Ca n ds p ndsμ κσ σ−

Δ Δ Δ
⎡ ⎤− + ∇ + ∇ ⋅ = + ∇ −⎣ ⎦∫ ∫ ∫  (2.13) 

where Δs is the area of a control surface. The pressure term on the interface is eliminated 

from the momentum equation along the interface by subtracting the transformed above 

equation in (ξ,η) from Eqn. (2.10). This new momentum equation is used to determine 

the pressure equations that involve the interface.  

The following procedures describe the SIMPLER algorithms for momentum and 

pressure equations.  

(1) By neglecting the pressure gradients in the momentum equations, the temporary 

mass fluxes, F , are calculated:   

 11 1( , , , )P ii P i P V
p p

F a A A F i E W N S A S
a a

−= Σ = +  (2.14) 

where the coefficients ai, representing convective and diffusive flux terms, are evaluated 

by the power-law hybrid differencing scheme [13]; F  is at velocity node point P and E, 

W, N, S are four neighboring velocity node points around the point P; SV is the source 
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term containing viscous terms and gravity ( the right hand side of momentum Eqn. (2.10) 

excluding the pressure term).  

(2) With the values of u  and F , a tentative pressure is then estimated by solving a 

pressure equation derived by substituting 11
P P

P

BF F p
a ξ= − ∇  into the continuity equation 

(2.10). The equation for solving the pressure field is written as:               

 ( , , , , , , , ) E W N Sp P i ib p b p i E W N S NE SE NW SW F F F F
ξ ξ η η

= Σ = − + − +  (2.15) 

where E, W, N, S, NE, SE, NW and SW are the eight neighboring pressure grid points 

around point P. 

(3) The momentum equation are solved next to obtain a velocity field using the 

calculated pressure field: 

 * *1 ( , , , )P ip i P i p V P
a F a A A F i E W N S A S B pξ

−= Σ = + − ∇  (2.16) 

(4) To account for the mass imbalance in a control volume caused by the generation 

of a velocity field that does not satisfy the continuity equation, the continuity is enforced 

again to obtain the pressure correction equation for p’. The equation for p’ is similar to 

the pressure equation (2.15) by replacing p with correction p’ and replacing the 

temporary mass flux rate F̂ with the tentative flux rate *F . 

(5) Then, the mass flux F  is calculated from *F  and the pressure corrections p’ by:  

 * '1
P P P

p

F F B p
a ξ= − ∇  (2.17) 

(6)  When surfactant is present, the transport equation (2.12) in the bulk is then 

integrated in a control volume while the equation (2.11) at the interfaces is integrated 

along the interface arcs: 

 
( , , , )

( , )
p p i i c

p p i i

d C d C i e w n s S
f f i e w SΓ

= Σ = +

Γ = Σ Γ = +
 (2.18)  

where the bulk concentration C is stored at the same point as pressure; the coefficients di, 

representing convective and diffusive fluxes, are evaluated by the power-law hybrid 

differencing scheme; Sc represents the secondary-diffusion term as known quantities 
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from the previous iteration. The interfacial concentration is stored along the interface arc; 

the coefficients fi are evaluated by the up-wind scheme; e and w are the neighboring 

points along the arc; SΓ is the flux term between the interface and bulk. 

(7) Then, a kinematic update scheme [24] is employed to correct the interface shape. 

The current grid position N
Px of the interface is updated from the previous position 1N

Px −  

according to:   

 
'

1 11N N
P P

p P

B px x
a

α
ξ

− ⎡ ⎤∂= + −⎢ ⎥
∂⎢ ⎥⎣ ⎦

 (2.19) 

in which the air pressure near the rear meniscus is corrected by the pressure correction 

values at both interface tips while the air pressure at the front gas phase is reset to be zero.  

 1
1 1

Rear Tip Front Tip

N N p pP P ξ ξ
ξ ξ

− ′ ′⎛ ⎞ ⎛ ⎞∂ ∂= + Δ + Δ⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠
 (2.20) 

The origin of the axis is kept at the center point of the plug. 

(8) Steps (2) to (9) are repeated until all equations and boundary conditions are 

satisfied, i.e. all corrections become negligible, which satisfy: ( )1 6max 10N Nu u − −− <  

and ( )1 3max 10N Nx x − −− < (N is the iteration step).  

At far ends of the film regions, the fully developed conditions are applied and the 

flow rate going out from the precursor films is the same as that coming into the trailing 

films because of the steady state. This leads to hp+
 + hp- = ht+

 + ht-. Since the trailing film 

thickness ht+
 and ht- are unknown quantities and part of solutions, the precursor films are 

specified as hp+
 = hp- =(ht+

 + ht-)/2 at each iterative step. The SuperLU solver [25] is used 

to solve the sparse linear system of the momentum, pressure, pressure correction and 

surfactant transport equations.  

In the grid generation for the plug domain, the film length is 12 units to the right 

meniscus and 15 units to the left. When the surfactant is present, the film length is 18 

units to the right and 27 units to the left. The grid convergence is verified by comparing 

the trailing film thickness and pressure drops across the plug in different mesh systems. 

Results with no gravity condition in this chapter agree well with previous studies [1, 3, 4].  
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2.4 Results 

In this section, the effects of gravity (Bo and gravitational orientation α), plug 

speed, and surfactant are studied. In the plots, the pressure is rescaled with surface 

tension 
*

* / MP p Ca p
H

σ⎛ ⎞
= = ⋅⎜ ⎟

⎝ ⎠
for convenience.  

2.4.1 Effect of Bo 

When there is no gravity, i.e. Bo=0, the plug is symmetric with respect to the 

channel middle line y=0 and the plug flow in the upper or lower half domain is 

independent, i.e. no flow interaction between the upper and lower regions. A moving 

reference frame is chosen with the plug front tip so that the wall velocity ( 1,0)wu = − . 

Fig.2.4a shows the streamlines, pressure fields, the corresponding wall pressure Πw= 
*

* / M
W Wp Ca p

H
σ⎛ ⎞

= ⋅⎜ ⎟
⎝ ⎠

 and wall shear stress τw=
*

* / M
W

W

uCa
H y

στ ⎛ ⎞ ∂= ⋅⎜ ⎟ ∂⎝ ⎠
 of steady plug 

propagation in a 2-D channel for LP=0.5, Ca=0.05, Re=0 and Bo=0 without any 

surfactant. In the plug domain, the solid lines with arrows represent the streamlines and 

the dashed lines indicate the lines of constant pressure. It shows two major flow regions: 

one is the flow from the precursor film to the trailing film along the wall layer, while the 

other is the recirculation region in the plug core. The stagnation points, S2 and S5, occur 

on front and rear interfaces at the midline to separate the upper and lower recirculations. 

The stagnation points S1 and S3 exist on the front meniscus while S4 and S6 on the rear 

to separate the wall layer flow and the core recirculation. The front meniscus develops a 

capillary wave extending into the precursor film, where the film is thinnest and thus the 

magnitude and gradient of the wall shear stress τw is highest. The wall pressure, Πw, 

achieves a local minimum and has the greatest slope in the front transition regions with 

Πw min = -1.51. The corresponding dimensional value of Πw can be 300~1200 dyne/cm2 

for the adult human airway generations 7~16. The local maximal magnitude of τw in the 

front transition region |τw|max = 0.193 at x = 0.99 is higher than that in the rear transition 

region |τw|max = 0.14 at x = -0.79. The corresponding dimensional value of the maximal 

shear stress can be 40 ~ 160 dyne/cm2. Higher risk exists due to the presence of the front 
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meniscus and small dimensions of the airway increases the dimensional values of the 

wall pressure and shear stresses, which may enhance the risk of the cell damage.  

The shear stress due to airflow on the airway walls had been estimated by Nucci 

et al. [26] for different airway orders, with the maximal value to be 0.3 to 4 dyne/cm2 

during mechanical ventilation and may amplify 5-17 folds for heterogeneous constriction 

on the airways. Gaver’s group [27, 28] studied the propagation of semi-infinite bubble on 

pulmonary epithelial cells and found |τw|max to be 6~34 dyne/cm2 and |Πw|max ~ 

700dyne/cm2. Thus the presence of the second meniscus of a plug in the airways 

increases magnitude of the pressure and shear stress thus increases the risk of the cell 

damage or negative responses.  
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Figure 2.4 The streamlines, the pressure fields, the wall pressure Πw and wall shear stress 
τw vs. x for LP=0.5, Ca=0.05, Re=0, α=π/2: (a) with no gravity, Bo=0; (b) Bo=0.1; (c) 
Bo=0.6. The solid lines with arrows: streamlines, dashed lines: constant pressure. S1-S6: 
stagnation points. Points A and C are the recirculation centers; B and D are the vertical 
edges of the recirculations. 
 

The vortex strength (VS) of the recirculations in the plug is examined, defined as 

the average speed from the center to the edge (A to B and C to D in Fig. 2.4a) of the 
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recirculations. It is calculated as the flow rate between the centers to the edges divided by 

the vertical distance. As shown in Fig. 2.4, VS for the upper recirculation is 

D C
U

D C

VS
y y

ψ ψ−=
−

, and for the lower one is B A
L

B A

VS
y y

ψ ψ−=
−

, where ψ is the stream 

function. For this case, VSU=VSL =0.176. The results on the trailing film thickness for 

LP=2 agree well with numerical studies for the plug propagation [1] and other studies for 

a semi-infinite bubble propagation [3, 4] in Stokes flow regime with no gravity or 

surfactant, for example, at Ca=0.05, 0.1 and 0.3, h=0.130, 0.179 and 0.268 respectively in 

this paper; 0.130, 0.178, and 0.265[1];  and 0.130, 0.172, and 0.251 [4].  

When Bo≠0 and α≠0 or π, there is flow interactions between the upper and lower 

domains, and the plug becomes asymmetric. Fig. 2.4b & c show the streamlines, pressure 

fields, Πw and τw for Bo=0.1 (2.4b) and 0.6 (2.4c) at α=π/2 with the same values of other 

parameters as 2.4a. The plug is assumed to be instilled into a uniformly-coated lung, i.e. 

hp+ = hp-. In the plug domain, it shows three major flows: (1) fluids flow from the upper 

precursor to upper trailing film and lower precursor to lower trailing film; (2) part of 

fluids flow from the upper precursor film, through the core region, and into the lower 

trailing film; (3) recirculations exist in the plug core and each one attach to one interface. 

The flow separating (1) and (2) leads to one stagnation point S4 on the upper rear 

meniscus and S1 on the lower front meniscus; each recirculation leads to two stagnation 

points on the interface, i.e. upper (lower) recirculation attaches the front (rear) meniscus 

at S2 and S3 (S5 and S6). As Bo increases, S2 and S5 shift further away from the midline, 

the recirculations are weaker, i.e. VSU and VSL decrease, and their centers shift further 

away from the center line.  The upper trailing film becomes thinner while the lower one 

is thicker as Bo increases. The plug is more skewed to the lower half domain: the 

transition regions on the upper half domain move toward the centerline while those on the 

lower one shift further away from x=0. A capillary wave extends the front meniscus into 

the precursor film and creates the thinnest layer dimension, which decreases in the upper 

wall layer and leads to increased peak magnitudes and gradients of τw and Πw on the 

upper wall: |τTW|max= 0.2 and 0.245 at x = 0.99 and 0.857; |Πw|max= 1.57 and 1.947 for 

Bo= 0.1 and 0.6 respectively. However, the thinnest layer dimension increases and the 
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peak magnitudes of τw and Πw decrease on the lower wall. Thus, a higher risk of the 

epithelial cell damage exists on the top wall as Bo increases.  

2.4.2 Effect of LP with Bo≠ 0 
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Figure 2.5 The streamlines, the pressure fields, wall pressure Πw and shear stress τw vs. x 
for (a)LP=0.25, (b) LP=1 and (c) LP=2 at Ca=0.05, Re=0, α=π/2, and Bo=0.6.  
 

Fig. 2.5 shows the streamlines, pressure fields, Πw and τw for LP = 0.25 (a), 0.5 (b) 

and 2 (c) at Ca = 0.05, Re= 0, Bo= 0.6, and α = π/2 without surfactant. Similar to Fig. 

4b&c, there are three major flows in the plug domain while the number of recirculations 

in the whole domain can be 1 or 2 as LP changes. The upper recirculation disappears at 

Bo=0.6 for LP=0.25, while it remains for LP ≥ 0.5 in the range of 0≤Bo≤0.8. When LP < 1, 

the lower recirculation is stronger than the upper one, i.e. VSU<VSL, and the recirculation 

centers move towards the center line x=0 with increasing LP from 0.25 to 1; while the 

trend reverses when LP≥1: VSU>VSL and the recirculation centers shift further away from 

x=0 with increasing LP. The x positions of the lower and upper recirculations are xL=-

0.19, -0.15, -0.12, -0.16 and -0.28; xU=N/A, 0.089, 0.041, 0.047 and 0.054 for LP=0.25, 
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0.5, 1.0, 1.5, and 2.0 respectively.  The pressure gradients and the shear stress in the 

transitions regions are almost independent of LP. The maximal magnitude of τw occurs on 

the top walls with |τTW|max=0.249, 0.239 and 0.243 at x=0.71, 1.09 and 1.57; and 

|Πw|max=1.933, 1.916, and 1.938 for LP=0.25, 1 and 2 respectively. 

2.4.3 Effect of α 
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Figure 2.6 The streamlines, the pressure fields, wall pressure Πw and shear stress τw vs. x 
for (a)α=0, (b) α=π/4, (c) α=3π/4 and (d) α=π at Ca=0.05, Re=0, LP=0.5, and Bo=0.6. 
 

Fig. 2.6 shows the streamlines, pressure fields, Πw and τw for α=0 (a), π/4 (b), 

3π/4 (c), π (d) at LP = 0.5, Ca=0.05, Bo=0.5 and Re=0 without surfactant. As Bo≥0.55, 

for α=0, the plug is in free fall, thus the flow field is compared at Bo=0.5 in this set of 

figures. There is a distinct pressure difference from far-upstream to downstream, which is 

due primarily to the weight of the fluid. At α = 0 or π, the plug is symmetric with the 

midline and no fluid flows between the upper and the lower half domain. As 0<α<π, the 

plug mass skews below the mid line, fluid flows from the upper precursor film, through 

the plug core, and into the lower trailing film. As α increases in 0≤α<π, VSU and VSL 
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decrease, and the recirculation centers shift further away from the center line. Πw and τw 

have a complicated dependence on α, which is mainly because of the dependence of film 

thickness on α as discussed below. The decreased film thickness causes the magnitudes 

and gradients of Πw and τw to increase. Thus |Πw|max and |τw|max always occur in the upper 

front transition region for 0<α<π and have slight increases as α increases. 

Fig. 2.7 shows the upper to lower film thickness ratio ht+/ht- (2.7a) and the mass 

left on the trailing films ht++ht- (2.7b) vs. Bo for different α at LP=0.5, Ca=0.05, Re=0. It 

shows in 2.7a that the ratio ht+/ht- is 1 for both α=0 and π and reaches a minimum for 

α=π/2. It decreases with increasing α for 0≤α<π/2 but increases with α for π/2≤α≤π. The 

upper trailing film thickness decreases with increasing α for 0≤α<π/2 while increases 

with α for π/2≤α≤π and the inverse is true for the lower trailing film. ht+/ht- is found to 

decrease with increasing Bo for 0<α<π but have negligible dependence with LP. Fig. 2.7b 

shows that the mass left behind ht++ht- increases with Bo when α>α0 while the trend is 

opposite when α≤α0, in which α0 is found to be 2π/5. For a fixed value of Bo>0, it is 

shown that the mass left behind increases with α. Thus more fluid can be deposited in the 

trailing films for larger gravitational orientation α and larger Bo as α>α0.  

 
Figure 2.7 (a)The ratio of the upper to lower trailing film thickness ht+/ht- and (b)the mass 
left behind in the trailing films ht++ht- vs. Bo for different α at Ca=0.05, Re=0, LP=0.5. 
 

Hazel et al. [29] studied semi-infinite bubble propagation through a 3-D tube. In 

their work, for Ca=0.05, Bo=0.45 at α=0, Bo=0 and Bo=0.45 at α=π, the film thickness 

is equal to 0.110, 0.124, and 0.140. In our paper, for the same parameters, the film 

thickness is equal to 0.113, 0.130 and 0.153. We showed the qualitative agreement and 

the quantitative difference is mainly because the difference between tube and channel [4]: 

the trailing film thickness of semi-infinite bubble propagation in a tube is smaller than 
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that in a channel. Hodges et al. [30] studied the effect of gravity on the droplet with a 

lubricant film, which corresponds to the lower half plug in our study. They found that the 

film thickness is equal to 0.407Bo1/4α as α <<1 and Bo<<α-1, in which α is the small tilt 

angle to the horizontal plane and the gravity acts vertically to the horizontal plane. For 

comparison, we fitted the lower trailing film thickness vs. Bo with a*Bob when Ca=0.05, 

Lp=2 and gravity acts vertically to the flow direction with 0<Bo≤0.8.  We get b≅0.21, 

which agrees well with [30]. 

2.4.4 Effect of Ca 
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Figure 2.8 The streamlines, the pressure fields, wall pressure Πw and shear stress τw vs. x 
for Ca = (a) 0.03, (b) 0.1, and (c) 0.3 at Re=0, LP=1, Bo=0.6 and α=π/2.  
 

Fig. 2.8 shows the streamlines, pressure fields, Πw and τw at Re=0, Bo=0.6, LP=1, 

and α=π/2 for Ca = 0.03 (a), 0.1 (b) and 0.3 (c). The vortices shift further away from the 

center line x=0 and their strengths decrease with increasing Ca. When Ca=0.3, at Bo=0.6, 

all vortices disappear in the whole plug domain and only two stagnation points S1 and S4 

remain. The fluid in the upper precursor film separates into two branches, one enters the 

upper trailing film; and the other passes through the whole plug core region and enters 

the lower trailing film. While for Ca≤0.2 at Bo=0.6, two vortices remain in the plug 
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domain, thus six stagnation points exist. As Ca increases, the film thickness increases, the 

amplitude of the capillary wave tends to decrease and the plug is less skewed. Πw and τw 

are found to increase with Ca on the rear transition regions, which agree with [27]. 

|τW|max=0.457 at x=-0.60 while |Πw|max= 1.705 at x =0.67(front transition) on the top wall 

for Ca=0.3. However, the negative peaks of Πw and τw at the front transition regions 

seem to have very small dependence on Ca and have smaller magnitude than the ones at 

the rear transitions at Stokes flow regime.  

Fig. 2.9 shows ht+/ht- (a) and ht++ht- (b) vs. Ca for Bo=0.1, 0.3 and 0.6 at LP=1, 

Re=0 and α=π/2. Fig.2.9a shows that ht+/ht- decreases with increasing Bo but increases 

with Ca. For small Bo, i.e. Bo=0.1, the ratio increases linearly with Ca, while its trend 

becomes nonlinear and shows a larger slope for larger Bo, which causes the increases of 

ht+/ht- with Bo to be larger for smaller Ca. The mass deposition on the trailing films 

increases largely with Ca while has relatively small dependence on Bo as α=π/2, as 

shown in 2.9b. Thus, in the Stokes flow regime, larger speed causes the plug to be more 

symmetric and more mass to be deposited on the trailing films. 

 
Figure 2.9 (a) The ratio of the upper to lower trailing film thickness ht+/ht- and (b) the 
mass left behind ht++ht- vs. Ca for different Bo at Re=0, LP=1 and α=π/2.  
 
2.4.5 Effect of surfactant 

As surfactant is present, the flow is different as shown in Fig. 2.10: the 

streamlines, the pressure fields, Πw and τw in 2.10a; and the surfactant concentration 

contour with velocity vectors in 2.10b with C0=10-4, Ca=0.05, Re=0, Bo=0.6, α=π/2, 

LP=0.5, Pe=5 x102, Pes=5x103, Ka=104, Kd=102, E=0.7 and β=10-2. It is shown in 2.10a, 

the recirculations detach the interfaces, instead, each one forms one saddle point inside 

the plug core just beneath the interface, unlike the recirculations attach to the interfaces 

with two stagnation points in the case of C0=0. Two stagnation points, S1 and S4, still 
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exist on the interfaces to separate the wall layer flow from the bulk flow and S1 climbs 

up towards the midline. More surfactant transported from large concentration region, 

through the core, to the lower film, which increased the bulk concentration in the lower 

film. Thus, not only the total mass of surfactant on the lower film is larger, but also the 

bulk surfactant concentration is larger.  
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Figure 2.10 (a) The streamlines, the pressure fields, wall pressure Πw and shear stress τw 
vs. x; (b) the surfactant concentration with velocity vectors in the plug with surfactant at 
Ca=0.05, Re=0, Bo=0.6, LP=0.5, α=π/2 with C0=10-4. In 2.10a, the solid lines with 
arrows are streamlines and the dashed lines are that for constant pressure; in 2.10b, the 
dashed lines are for constant concentrations and the solid lines with arrows are velocity 
vectors. 
 

When C0=10-4 (2.10a), the thick films are developed in the front transition region, 

which leads to the local maximal Πw and reduced τw in this thick film region. 

|τW|max=0.183 at x=-0.735 while |Πw|max= 1.375 at x =0.433 in the field. The maximal 

magnitude of Πw and τw are reduced due to the presence of the surfactant. The film 

thickness attains a minimum where the thick film connects the lower precursor film, 

which results in a negative value of shear stress.  The thick film region extends longer 

and is thicker in the lower film than the upper. The maximum surfactant concentration 

attains the value of C=7.9x10-3 and occurs at the lower front interface due to the surface 

flow shown in 2.10b, instead of two symmetric locations for the maximum surfactant 

concentration with respect to the midline as Bo=0. The front interfacial surfactant 

concentrates near the stagnation point S1 from upstream precursor film, reaches 

equilibrium and causes desorption from the surface into the bulk. The Marangoni stress 

opposes the flow, which results in nearly zero velocity in the transition region and 

developing thick films. The increased concentration in the upstream is then convected 
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preferentially to the lower trailing film and induces a larger concentration in the bulk and 

the interface in the lower half of the trailing film.  

 
Figure 2.11 The interface position and interfacial surfactant concentration along the 
interface arc s with different C0 at Ca=0.05, Re=0, Bo=0.6, LP=0.5, α=π/2. 
 

Figure 2.11 shows the interface positions and corresponding interfacial surfactant 

concentration along the arc s for LP=0.5 and Bo=0.6 with C0=0, 5x10-5, 10-4 and 5x10-4. 

s<(≥)0 indicates the interface position at y<(≥)0. The film thickness in the rear interface 

(2.11a) monotonically decreases along x and the far end film thickness increases with C0. 

For C0=0, the thinnest film thickness occurs in the transition region at the front interface 

(2.11b), however, as C0≥5x10-5, this minimum disappears. In the transition region of the 

front meniscus, Γ shows a steep gradient (2.11d), which causes the surfactant 

accumulated and thick films developed. Gravity causes the surfactant to be convected 

preferentially to the lower downstream film and lower plug core interface, thus causes Γ 

to be higher along the interface at the lower plug core and transition region than the upper 

ones. As C0 increases, the Marangoni stress affects larger regions of the precursor films; 

the film extends longer and is much thicker. For C0=5x10-4, the thickest film is about 

twice the precursor film thickness. Γ at the rear interface increases with C0 and shows a 

maximum at the meniscus tip and a minimum in the trailing transition regions.  The 

change of Γ indicates the change of the local surface tension σ, which induces the 

Marangoni stress that affects the surface flow. As C0=5x10-4, 2.11d shows Γ reaches the 

maximum value of Γ=1.15 and Γ>1 for -1.28<s<0.86, which means the interfacial 
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surfactant concentration exceeds the maximum equilibrium concentration. When it attains 

the maximum dynamic concentration (Γ>~1.2), the surfactant monolayer will buckle and 

micelles can be formed [10, 31, 32], which is not considered in this study.  

As surfactant is present, Fig.2.12 shows the interface positions and the interfacial 

surfactant concentration for Bo=0, 0.3 and 0.6 with C0=10-4. At the rear interface (2.12a), 

the lower film thickness increases and the upper one decreases with increasing Bo. At the 

front interface (2.12b), the lower thick film region extends longer and is thicker while 

upper one is shorter and thinner with increasing Bo. The interfacial surfactant 

concentration Γ is shown to decrease with Bo at the rear meniscus tip (2.12c) and the 

transition regions. Moreover, Γ is found to decrease with Bo at the upper trailing film 

while increase at the lower one. At the front interface (2.12d), Γ have a larger value and 

slightly larger gradient in the lower transition region, which causes more surfactant 

accumulated, thus a thicker and longer film there.  

 
Figure 2.12 The interface position and interfacial surfactant concentration Γ along the 
interface arc s with Bo=0, 0.3 and 0.6 at Ca=0.05, Re=0, LP=0.5, α=π/2, C0=10-4. 
 

Fig. 2.13 shows the ratio of the upper and lower trailing film thickness (ht+/ht-) 

(2.13a) and the mass left behind on the trailing films (ht++ht-) (2.13b) vs. Bo for C0=0, 

5x10-5, 10-4 and 5x10-4 at Ca=0.5, Re=0, LP=0.5 and α=π/2. The presence of surfactant is 

found to cause a slight increase on the ratio ht+/ht-, while no further increase on the ratio 

with increasing C0 from 5x10-5 to 5x10-4 (2.13a). The mass left behind ht++ht- increases 

with Bo while the slope is higher for C0=0. With the presence of the surfactant, both 
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upper and lower films become thicker with increasing the surfactant concentration at 

small Bo, i.e. Bo<0.4, however, for Bo≥0.4, the lower trailing film thickness decreases 

when C0 increases from 0 to 5x10-5 but increases again when C0 increases from 5x10-5 to 

5x10-4 and the upper trailing film thickness keeps its increasing trend with C0. Fig. 2.13c 

shows the overall pressure drop ΔP=p1-p2 across the plug vs. C0 for Bo=0, 0.3 and 0.6. 

ΔP is found to increase with C0 monotonically and a larger slope is shown for C0<10-4, 

and ΔP shows slight decrease with increasing Bo. In steady state, the pressure drop 

needed to push the plug is balanced with the drag force on the channels. Thus the overall 

force on the channels increases with surfactant concentration but have very little change 

with Bo. 

 
Figure 2.13 (a) The ratio of the upper to lower trailing film thickness ht+/ht-, (b) the mass 
left behind ht++ht- vs. Bo for different values of C0, and (c) the pressure drop ΔP vs. C0 
for Bo=0, 0.3 and 0.6 at Re=0, LP=0.5 and α=π/2. 
 
2.4.6 Effect of Re 

Fig. 2.14 shows the streamlines, the pressure fields, Πw and τw at Bo=0.6, α=π/2, 

LP=2, λ=1000, for Re=30 (2.14a) and 50 (2.14b). All the recirculations are centered on 

the left side of the centerline and skew more to the left with increasing Re with the x 

positions of them being xL=-0.540 and -0.645, and xU=-0.239 and -0.370 respectively.  

The capillary waves are more pronounced in the precursor films and their amplitudes 

increase with Re. The peak magnitudes of Πw and τw (|τW|max=0.496 at x=1.378 while 
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|Πw|max= 3.45 at x =1.31 at Re=50)increase greatly with Re in the front transition regions, 

which indicate a significantly higher risk of cell damage on the top wall due to the front 

meniscus of a plug passing with high inertia. 

 
Figure 2.14 The streamlines, the pressure fields, wall pressure Πw and shear stress τw vs. 
x for (a) Re=30 and (b) Re=50 at LP=2, Bo=0.6 and α=π/2.  
 

 
Figure 2.15 (a) The ratio of the upper to lower trailing film thickness ht+/ht- and (b) the 
mass left behind ht++ht- vs. Bo for different Re at LP=1 and α=π/2. 
 

Fig. 2.15 compares the ratio of the upper and lower trailing film thickness ht+/ht- 

(2.15a) and mass left behind ht++ht- (2.15b) vs. Bo at Re=0 to that at the same Ca but 

λ=1000 at LP=1 and α=π/2. It is shown that for the same Ca or a fixed λ, as Re increases, 

the film thickness ratio h+/h- increases, which means that inertia leads to a less-skewed 

plug and more homogenous liquid deposition. For all four cases, more liquid is left 

behind on the trailing films with increasing Bo as shown in Fig. 2.15b. Increasing Re 

causes the films become thinner and less mass deposition on the trailing films comparing 

to the Stokes flow. 

2.5 Discussion  

The lung airways have a 3-D structure and gravity may play an important role 

when the liquid plug is instilled into the lung airway. A common protocol in SRT is to 

turn the patients in different orientations to reduce inhomogeneity during liquid 
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instillation. The effect of gravity is quantified as well as its combined effects with plug 

volume, inertia and surfactant in this paper. The plug becomes asymmetric as it 

propagates with the driving force as both gravity and the pressure gradients from the 

ventilation. deBisschop et al. [33] have studied the effect of gravity on the bubble 

propagation with a small volume at Stokes flow regime. In their study, the bubble volume 

was very small (the dimensionless bubble volume was around 0.2π), strong interactions 

between the bubble shape and the film thickness, which shows different physics with our 

present study. There is no region for uniform film thickness. In the present study, the film 

thickness reaches uniform when x<-4.08 and x>3.66 for the lower trailing and precursor 

films, and x<-3.08 and x>3.06 for upper ones at Ca=0.05, LP=2, and Bo=0.6. However, 

the trend in our study agrees well with theirs qualitatively: The plug asymmetry is 

enhanced with increasing gravity while reduced with increasing the plug speed and 

surfactant concentration. The lower trailing film thickness increases while the upper one 

decreases for steady plug propagation as gravity increases with its direction not parallel 

to the flow. Current study showed that both trailing films decrease with increasing Re or 

decreasing LP.   

This section compares the combined effects on the wall shear stress and wall 

pressure. Bilek et al. [27] and Kay et al. [28] have studied the surface tension induced 

lung epithelial cell damage in a model of airway reopening using a semi-infinite bubble 

propagating in a fluid-filled and pulmonary epithelial cells lined channel of mm scale. 

They found that the steep pressure gradient near the bubble front tip was the most likely 

cause of the observed cell damage. The maximal pressure gradient is found to be 6.96 

dyne⋅cm-2⋅μm-1 and the maximal shear stress and its gradient are 33.7 dyne⋅cm-2 and 0.22 

dyne⋅cm-2⋅μm-1. Fujioka and Grotberg [1] have shown a peak wall shear stress and wall 

pressure at the minimum precursor film thickness during a liquid plug propagation, which 

indicates a higher risk of pulmonary cell damage in the front meniscus.  

It is found in this study that the wall pressure and shear stress also depend on the 

gravity. Fig. 2.16 compares Πw and τw on both top and bottom walls against x for 

Ca=0.05, LP=0.5 and α=π/2 at different situations. The bottom wall pressure ΠBW, 

shown in Fig. 2.16a increases with the increases of Bo and C0, and it increases with Re 

for the rear half (x<0). ΠBW attains a minimum and has a sharp peak at the front transition 
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region, i.e. x= 0.777 at Re=0, C0=0, and Bo=0.1, while this peak magnitude decreases 

with its position extending to the right, i.e. x=1.018 for Bo=0.6. The peak magnitude of 

ΠBW increases greatly with Re while decreases with C0. Thus if the epithelial cells are 

sensitive to the wall pressure, cell damage on the bottom wall has a high risk when the 

front meniscus of a liquid plug passes with decreasing Bo and C0 while increasing Re. In 

the contrast, the peak magnitude of ΠTW (2.16b) increases with Bo and Re while has a 

slight decrease with increasing C0. And the peak as well as the transition regions shift 

towards the center line as Bo increases, i.e. x=0.719 and 0.577 for Bo=0.1 and 0.6 

respectively at Re=0 and C0=0. Thus cell damage on the top wall has a higher risk at 

larger Bo and Re, while smaller C0.  

 
Figure 2.16 Comparisons of bottom wall pressure ΠBW, top wall pressure ΠTW, bottom 
wall shear stress τBW and top wall shear stressτTW vs. x for different conditions of Bo, Re 
and C0. 
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Fig. 2.16c shows that in the rear half plug (x<0), the bottom wall shear stress, τBW, 

has a slight decrease with increasing Bo for the local positive peak. The length of the 

transition region is longer as Re or Bo increases. In the front part of the plug (x>0), τBW 

changes significantly with Bo, Re and C0. τBW shows a sharp negative peak at thinnest 

film region: x=1.038 for Bo=0.1, while this negative peak is reduced and shifts to the 

right: x=1.303 for Bo=0.6. Increasing Re causes the peak to be enhanced while the 

presence of surfactant causes τBW to keep a positive value in the transition region since a 

thick film region was developed. Thus the risk of cell damage on the lower wall can be 

reduced by decreasing Re or increasing Bo and C0. On the top wall as shown in Fig. 

2.16d, the local peak of τTW for x<0 increases with Bo and Re but does not change with 

C0, and the length of the transition region decreases with increasing Bo. At the front half 

plug (x>0), the maximum magnitude of τTW occurs at the thinnest film as well: x = 0.972 

and 0.838 for Bo=0.1 and 0.6 with Re=0 and C0=0. As Re increases, the peak magnitude 

increases significantly, this enhances the risk of significant damages on the pulmonary 

epithelial cells. At the far end films, the wall shear stress is 0 since the flow is nearly 

uniform in the film region.  

To apply these results into the human airways, we quantify the pre-bifurcation 

asymmetry by the volume ratio (Vr) for the liquid plug distribution. Vr is defined as the 

ratio of the plug volume above the center line (y=0) to that below the center line: 

VVr
V

+

−=  as shown in Fig. 2. V + (V − ) is the plug volume above (below) the center line 

with x in the range of xt+≤x≤xp+ (xt-≤x≤xp-) and xi is defined as the horizontal position 

where the film thickness is within 1% difference with its far end (1 0.01) ih h= +  (i = t-, 

t+, p+, p-). 

Fig. 2.17 shows the volume ratio Vr vs. Bo for different LP and presence of 

surfactant (2.17a) and Vr vs. Ca for Bo=0.1, 0.3 and 0.6 (2.17b) at Stokes flow regime 

with LP=1 and α=π/2. When Bo=0, the plug is symmetric and Vr=1. As Bo increases, a 

larger fraction of the plug volume resides in the lower half of the channel (y<0) and Vr 

starts to decrease. Increasing LP, i.e. greater liquid volume, leads to larger Vr. The 

presence of surfactant (increasing C0) tends to decrease the asymmetry, hence the liquid 
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plugs tend to distribute more uniformly. As plug speed increases, Vr increases, as shown 

in Fig. 17b, and this effect is more obvious for larger Bo. Although the final plug splitting 

is demonstrated to be determined by the pressure difference on the daughter tubes due to 

gravity (shown in Chapter 3), the prebifurcation asymmetry (Vr) has been demonstrated 

here to be as significant as 0.5. Hence faster speed, longer plug or the presence of 

surfactant all lead to more homogeneous liquid distribution.  

 
Figure 2.17 (a) The volume ratio Vr vs. Bo for different LP and C0, and (b) Vr vs. Ca for 
different Bo with LP=1 at α=π/2 and Re=0. 
 

In this study, there are some limitations in the numerical scheme. The solution is 

hard to be obtained for low capillary number mainly because the film is too thin to be 

solved numerically. The computation is unstable when the film is very thin for small Ca 

and when the upper film thickness tends to be very small for large Bo as well.  

When Bo is large, there are some instability issues, such as wet ceiling instability, 

i.e. the upper films can grow to ridges, and the instability from liquid film flowing down 

an inclined plane [34], which forms a ridge-like shape on the lower films. In this paper, 

we did not find the film instability for the range of Bo we studied, thus the film instability 

is not considered in the present study. 

In the modeling process, some other limitations exist. The pulmonary airway 

branching tube is modeled as a 2-D planar geometry, thus the top and bottom films can 

only interact through the plug core, which simplifies the simulation. Also, as mentioned 

in section 2.4, the micelle transport is not considered in this study, rather, a monolayer of 
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interfacial surfactant transport is simulated without collapse and buckling, hence, the 

surfactant transport is modeled at a fairly low concentration than that in a healthy lung. 

2.6 Conclusion 

This chapter investigates the flow and transport phenomena in the plug with the 

combined effects of gravity, plug speed, volume, airway orientation and the presence of 

surfactant. It is found that gravity causes the plug to be asymmetric and the flow 

interactions to occur between the upper and lower half domain. When Bo=0, the flow 

inside plug is symmetric and independent in the upper and lower half domains. While as 

Bo>0 and α≠0 or π, the fluid is found to flow from the upper precursor films, through the 

plug cores, and enters the lower trailing films. The flow recirculations become weaker 

with the increase of Bo and the resulting number of vortices can be 0, 1 and 2 depending 

on the flow parameters. As the surfactant is present, the vortices detach from the 

interfaces and lead to two saddle points inside the plug core. Capillary waves develop in 

the front transition regions with the amplitude increases with Bo and Re, which results in 

an increasing magnitude of wall pressure and wall shear stress and a higher risk of 

pulmonary epithelial cell damage on the top wall. The pre-bifurcation asymmetry is 

quantified by the volume ratio and the results show that the asymmetry is enhanced by 

increasing Bo but reduced by increasing the plug volume, speed and surfactant. The fluid 

mass deposited in the trailing films is found to increase with increasing Bo for α>2π/5, 

gravity orientation α, plug length LP and plug speed through Ca. It is also found to 

increase with C0 for small Bo (Bo<0.4) while decreases with C0 as Bo≥0.4.  

The study is helpful for understanding the plug flow and transport phenomena in 

pulmonary airways. It provides some insights for the physical mechanisms on the liquid 

instillation process and airway reopening.  
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CHAPTER 3  
 

LIQUID DELIVERY AND DISTRIBUTION:  
SPLITTING – EFFECTS OF GRAVITY AND INERTIA ON LIQUID PLUG 

SPLITTING IN AN AIRWAY BIFURCATION MODEL 
 

3.1. Introduction   

When an initial plug forms in the trachea, followed by an air inspiration, it 

propagates and splits when it reaches each airway bifurcation. It is expected that the 

volume of liquid delivered to each branch will depend on gravity: more liquid enters the 

gravity-favored (lower) branch compared to gravity-opposed (upper) one; and 

propagation speed: more even splitting with larger speed. These phenomena will repeat at 

each airway bifurcation and affect the overall liquid distribution in the lung. Thus plug 

splitting at a single bifurcation is a basic feature of liquid transport in airways and our 

aim in this chapter is to develop a better understanding of this process by means of 

experimental and theoretical studies of plug splitting in a benchtop model of an airway 

bifurcation.  

In clinical treatments such as SRT and liquid ventilation, liquid may be instilled in 

continuous time and liquid plugs may already exist in downstream airways from the 

previous instillations. The presence of the downstream plugs may affect the liquid 

distribution, and then affect the efficiencies in later treatments. Understanding the plug 

splitting with plug blockage in downstream airways will then be beneficial for optimizing 

the treatment strategies. 

Experiments were performed in a benchtop model of an airway bifurcation that was 

oriented at different angles with respect to gravity. Two types of flow are studied: low 

Reynolds number (Re) regime and high Re regime.  In some experiments a liquid plug 
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was introduced in one of the daughter tubes to simulate the effect of a liquid plug in 

downstream airways. Thus the effects of speed, gravity and preexisting downstream plug 

blockages are studied. Theoretical models of plug transport through an airway bifurcation 

were developed to predict the splitting ratio as a function of fluid properties, tube 

geometry, imposed flow rate and gravity and compared with the experimental results in 

both flow regimes.  

Dry tubes were used in our experiments whereas the walls of real airways are lined 

with a thin liquid layer. As a plug moves through the tube, it deposits a trailing liquid 

film in the rear. However, a moving solid-liquid-air contact line is present where the front 

meniscus meets the tube wall. This moving contact line requires additional forces 

(explained later) acting on the plug that are not exactly representative of real airways. 

The gravity was assumed to have no effect on the equilibrium contact angle [1]. However, 

from a practical standpoint, it is more difficult to do experiments with pre-wetted tubes 

lined with a precursor liquid film [2, 3] since the liquid lining is unstable: hydrodynamic 

instabilities cause waves on the film surface to amplify [4, 5] and form liquid plugs for 

thick films [6] or undulate collars in the tubes [7] for thin films.  While such instabilities 

are relevant for airway closure [3, 8, 9], the focus of this study is the effect of gravity on 

plug splitting. In this study, as the meniscus speed is small, it is expected that the 

comparisons between different orientations depend on gravity, not on the contact line 

forces. However, the contact line force is a physical force present in our experiments and 

its magnitude can be as large as the viscous force at low velocities but negligible at high 

Re flow, so we included this force in the theoretical analysis for plug splitting at low Re 

regime but not in the flow with high inertia. 

3.2. Experimental Methods 

Experiments were performed using a bench top model of a physiologic realistic 

airway bifurcation previously described by [2]. The diameter of the parent tube is 0.40cm 

(5/32 inch) while that of each daughter tube is 0.32cm (1/8 inch). The branch angle 
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between two daughter tubes is 60º. The total cross-sectional area increases by 28% from 

the parent to the daughters. The airway dimensions and area increase accurately represent 

generations 5 to 7 in the adult human lung [10]. Two clear 10 x 15 x 0.64 cm 

polycarbonate plates (McMaster-Carr, Elmhurst, IL) were ball-milled as a matching pair 

using a computerized milling machine and drawings of specifications in Solidworks. The 

physiological realistic model of Heistracher and Hofmann [11] is used. The detailed 

description of the bifurcation plate geometry and specifications can be found in [12] 

based on [11]. The flat inner surfaces of the bifurcation plates were coated with a gasket 

using Silastic T2 silicone rubber (Dow Corning, Midland, MI) with thickness h < 

0.002cm, clamped together and cured for 24 hours to form an airtight seal.   

The bifurcation plates were fixed to a platform that could be oriented at different 

angles with respect to gravity by changing the roll angle φ and the pitch angle γ as shown 

in Figure 3.1 and 3.3. φ = γ = 0°, the bifurcation plates were placed iso-gravitationally. φ 

determines the relative gravitational orientation of the two daughter tubes such that as φ > 

0°, one daughter tube is lower than the other. γ determines the component of gravity 

acting along the axial direction of the parent tube: γ > (<) 0°, gravity acts along (against) 

the liquid motion of the parent tube. A liquid plug with the initial length L0 is instilled 

manually into the parent tube, which was then connected to a positive displacement pump 

(Harvard PHD2000, MA) by flexible tubes. The plug, driven by the air flow, propagates 

and splits across the bifurcation region with the flow rate specified by the air pump.  

3.2.1 Low Re Regime 

When plug speed is slow, the airway bifurcation model was placed under a video 

camera (Veo Velocity Connect web camera), which is fixed perpendicular to the test 

section and connected to a computer, shown in Fig. 3.1. A plug of liquid was injected into 

the parent tube using a syringe and pumped through the bifurcation into the daughter 

tubes with air as the driving fluid. Two different liquids, LB-400-X lubricant oil (Union 

Carbide Chemical) and 99.5% glycerin were used as plug fluids, the properties of which 
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are shown in Table 3.1. The speed of propagation was controlled by specifying the flow 

rate at the pump. Plug motion was recorded by the video camera at 30 frames per second 

and saved to the computer for further analysis. The experiment was repeated five times 

for each speed and orientation. After each run the system was flushed first with isopropyl 

alcohol and then deionized distilled water to remove plug fluid deposited on the channel 

walls. This process was repeated three to five times and the plates were finally flushed 

with isopropyl alcohol and then dried by blowing dry air at 20 – 25 psi for two minutes. 

The silicone rubber gasket was replaced once a week or when the plug fluid was changed. 

 

Property\Liquid DD water 60% glycerin 99.5%glycerin LB-400X [17] 

μ (g/cm/s) 0.01 0.097 9.6 1.51 

ρ (g/cm3) 1 1.16 1.26 0.989 

σ (dyne/cm) 72.4 68.1 63.4 30.7 
L0 (cm) 2.0 ± 0.1 2.0 ± 0.1 1.5 ± 0.1 1.5 ± 0.1 
Lb0 (cm) 0.5 ± 0.1   0.7 ± 0.1 
VP 31.4 ± 1.5 31.4 ± 1.57 23.6 ± 1.6 23.6 ± 1.6 
Vb 7.85 ± 1.5   7.1±1.5 
Bo 0.54 0.65 0.78 1.26 
Cap 2x10-5~3x10-3 0.0015~0.015 0.005- 0.11 0.001~0.11 
Rep 2~400 2~30 0.001 – 0.03 0.003~0.3 

α0 (polycarbonate)   56.3º 6.4º 
Table 3.1. Materials and flow properties for the four liquids and experimental conditions 
studied. DD water represents de-ionized distilled water.  
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Figure 3.1 Schematic of the experimental setup at low plug speed. The roll angle, φ, and 
pitch angle, γ, describe the orientation of the bifurcation plates with respect to gravity. 
The branch angle of the daughter tube with respect to the parent tube is indicated by θ. 
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Two sets of experiments were performed at this regime to examine the effect of 

gravity on plug splitting.  In the first case, experiments were performed at different roll 

and pitch angles ( 15 30 60, ,φ = ° ° ° ; 15 0 15 30, , ,γ = − ° ° ° ° ). A snapshot after plug splitting 

in such an experiment is shown in Fig. 3.2a. In the second case, a second liquid plug was 

introduced as a blockage into one of the daughter tubes and plug splitting was studied for 

15 30 60, ,φ = ° ° °  and γ=0°. A snapshot of such an experiment prior to plug splitting with 

daughter B blocked is shown in Fig. 3.2b. The scale in the figures is in centimeters. 

 
Figure 3.2 (a) Image of the plug immediately after it has entered two daughter branches 
and split. (b) Image of an experiment with blockage in daughter B. 
 

For each experiment, the saved images were analyzed to measure the lengths LA and 

LB (Fig. 3.2a) as the distance between two meniscus tips of the plugs in the daughter 

tubes immediately after the rear meniscus of the parent plug passed the carina and 

separated into two menisci. The propagation speeds of the rear meniscus of parent plug 

were measured from the recorded plug motion, from which the rear meniscus capillary 

number Cap=μUp/σ was obtained (μ and σ are viscosity and surface tension of plug fluid, 

Up is rear meniscus speed of the parent plug). A splitting ratio Rs was defined as the ratio 

of liquid volume in daughter B to that in daughter A immediately after the parent plug 

splits into two.  Since the diameters of two daughter tubes are equal, s B AR L / L= .  

Mean values and standard errors for Rs and Cap were calculated from the five runs for 

each speed and orientation. To minimize the effect of plug size variation on the results, 
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the parent plug length was measured just before it entered the expanding region of the 

parent tube and only cases where the plug length was 1 5 0 1. .±  cm were considered. The 

blockage length was 0.7 ± 0.1 cm. 

3.2.2 High Re Regime 

Fig. 3.3 shows the schematic of the experimental setup at finite Reynolds number 

regime. Two liquids are chosen for the experiments: deionized distilled water and 60% 

glycerin. The properties of LB-400X, 99.5% glycerin, 60% glycerin and deionized water 

are shown in Table 3.1. The viscosities of the liquids are measured using a falling ball 

viscometer and their surface tensions are measured using a capillary glass tube. The 

liquid plugs are injected into the parent tube using a syringe and pumped through the 

bifurcation into the daughter tubes using a syringe pump with air as the driving fluid. A 

differential pressure transducer (2641005WB, Setra, MA) is connected to the inlet using a 

T-tube section to measure the pressure drop of the plug as shown in Fig.3.3.  

 
Figure 3.3 Schematic of the experimental setup of plug splitting at finite Reynolds flow 
regime. 0, 1, 2, 3, 4 and 5 indicate 6 IR sensors for the parent and two daughter tubes. 
 

The plug velocities and length in parent and both daughter tubes are then measured 

using the technology developed by [13]. They used pairs of IR sensors to measure the 

flow velocities and lengths of the two- and three-phase slugs, each pair of which consist 

of a light source (IR emitter) and a light-detecting sensor (photodiode detector). When a 

liquid plug meniscus is passing, the sensor detects a difference in absorption and a binary 

signal is obtained. Fig. 3.4a shows a schematic of the measurement for plug velocity and 
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length using IR sensors. When the front and rear menisci pass the IR sensors, 0 and 1, 

binary signals are recorded. With the distance between two sensor pairs and the time 

difference of the front (rear) meniscus passing 0 and 1, the velocity of front (rear) 

meniscus can be measured, thus the plug length can be calculated from their average. 

Hence, the same IR sensors are selected in this study: Type TSAL4400, Vishay 

Telefunken with peak wavelength 940 nm is used for the IR emitting diode; and the IR 

detector is Type TSL261, Farnell. Data acquisition from the pressure transducer and IR 

sensors are performed using a USB-based A/D board (PMD-1608FS, Measurement 

Computing). The board is capable of sampling 8 channels and the maximum sampling 

rate is 100KHz. Raw data signals are stored and processed afterwards. All the 

experiments are performed at sampling rates of 4-10 kHz/channel.  
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Figure 3.4 (a) Schematic of the measurement of plug velocity / length by two pair of IR 
sensors and the sample binary signal of meniscus recording. (b) The calibration chart of 
the front meniscus velocity measured from IR sensors vs. that from the pump flow rate in 
a 4mm glass tube. (c) The sample signal of the experiment. 0 and 1 is the binary signal of 
the menisci of the parent plug; 2 and 3 is the signal for upper daughter; 4 and 5 for lower 
daughter; and 6 is the pressure signal. 
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Fig. 3.4b shows the calibration chart of average velocity measurement from the IR 

sensors vs. velocity generated from the pump as a water plug propagates in a long straight 

glass tube with diameter 4mm. The film thickness is expected to be O(10-4)-O(10-2) since 

the water viscosity is very small and its capillary number is in the range of 

O(10-6)-O(10-3). Thus, these thin films are expected to have negligible effects on the 

average velocity measurement. The symbols in the figure show the data measured and the 

straight line has a function y=x. The square of the correlation coefficient R2=0.99, which 

is nearly 1, justified the use of IR sensors for our measurement. 

In the parent tube, the IR sensors, shown as 0 and 1 in Fig. 3.3, are positioned before 

the bifurcation region starts with the distance 1.62cm between them. In the daughter 

tubes, one pair of IR sensors is put just after the bifurcation region for each daughter tube 

(2 and 4 in Fig. 3.3) and another pair is put 0.72cm downstream of each daughter, shown 

as 3 and 5 in Fig. 3.3. Fig. 3.4c shows sample signals of pressure and meniscus 

recordings during plug splitting across the bifurcation. 0 and 1 show the binary signals 

for the parent plug passing two IR sensors, where the plug passes the acceleration stage 

and has a steady motion, i.e. the pressure curve (signal 6) passes the maximum and goes 

to a stage which is nearly constant. The plug is expected to be steady before it reaches the 

bifurcation region, therefore, the pressure signal is recorded to make sure that the plug 

velocity in the parent tube is measured after the plug passes the acceleration stage and 

have a steady motion. As the plug reaches the bifurcation region, it splits into two: 

signals 2 and 4 record the two menisci in the upper and lower daughter tube just after the 

bifurcation region respectively. 3 and 5 show the recorded signals for the plug moving 

downstream in the upper and lower daughter tubes. The pressure (signal 6) increases and 

goes to a steady value again as the plugs pass the bifurcation region.  

Two sets of experiments were performed in this finite Reynolds number regime to 

examine the effects of inertia as well as gravity on plug splitting. In the first case, 

experiments were performed at different roll and pitch angles (φ=15°, 30°, 60°; γ= -15°, 



 

55 
 

0°, 15°) without any downstream blockages to study the plug splitting driven by the air 

pump and gravity. Deionized water is the plug material except when φ=30°, both water 

and 60% glycerin are used, the results of which will be compared with LB-400X at low 

Re regime. In SRT or partial liquid ventilation, a clinical procedure will be set so that 

small plugs will be instilled into the lung continuously instead of a one-time instillation 

of a long plug to avoid choke or poor gas exchange from the acute airway obstruction. So 

in clinical situations, liquid plugs may exist from the previous treatments in downstream 

airways, which will affect the liquid distribution and the efficiencies of the later 

treatments. Therefore, in the second case, a secondary liquid plug was introduced as a 

liquid blockage into one daughter tube and experiments was performed at φ=15°, 30°, 60° 

and γ=0° with deionized water. For each experiment, the recorded signals are analyzed 

afterwards to obtain the information of the front/rear meniscus velocities and plug length 

in parent/daughter tubes. The splitting ratio Rs and the total volume ratio will be studied 

as the function of inertia, gravity and the blockage length. 

3.2.3 Parameter Definitions  

The relevant parameters include the physical properties of the liquids (viscosity μ, 

density ρ and air-liquid surface tension σ),  parent plug velocity (Up), the parent plug 

volume (Vp
*), gravitational acceleration (g), roll and pitch angles ( ,φ γ ), branch angle θ, 

contact angle at the front interfaces α, parent tube radius (a1) and the daughter tube radius 

(a2). The speed of the rear meniscus in the parent tube is chosen to characterize the plug 

speed, since it can be easily measured from the recorded images. For the blocked tube 

experiments, the volume of the blockage Vb
* is another parameter. These parameters are 

combined to obtain the following non-dimensional groups: Capillary number 

/p pCa Uμ σ= , Bond number 2
1 /Bo gaρ σ= , Reynolds number 1p pRe U a /ρ μ= , 

dimensionless plug length Lp = Lp
* /a1, dimensionless blockage length Lb = Lb

* /a1, the 

radius ratio a2/a1, and angles θ, φ, γ and α. Cap and Bo represent the ratio of viscous and 

gravitational forces, respectively, to surface tension force, while Rep represents the ratio 
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of inertial to viscous forces. In Stokes flow regime, the most important parameters are 

Cap (controlled by changing Up), φ, γ and Bo. Inertia of the plug fluid can be neglected if 

Rep is small, which is true for the liquids and small velocities used. In large airways as 

discussed in [14], Rep is ~ O(10) to O(103), thus inertia may play a very important role 

for the liquid plug transport and splitting. The purpose of these experiments in finite 

Reynolds regime focus on the effects of Rep, φ, γ, and Bo on Rs.  

3.3 Theoretical Analysis 

 
Figure 3.5 Schematic of the theoretical model of plug flow through a bifurcation. a1, a2 
and a3 are the radius of the parent, upper and lower daughter tube respectively. P1 is the 
pressure of the pumped air. P2 and P3 are atmospheric pressure. L1, L2 and L3 are the plug 
lengths in the parent, upper and lower daughter tube respectively. π1, π0, π2 and π3 are the 
pressures in the liquid plug at the rear interface, bifurcation zone, front meniscus of upper 
daughter and front meniscus of lower daughter respectively. Up, U2 and U3 are the plug 
velocities of rear meniscus in parent tube and front menisci in upper daughter and lower 
daughter tubes. 
 

To better understand the fluid transport of plug splitting process, theoretical models 

are developed to predict or compare the experimental results. A schematic model of plug 

splitting with all the dimensions is shown in Figure 3.5. For simplification, the curved 

tubes of the experimental bifurcation model are replaced by straight tubes. The branch 

angle in the experiments is a function of the distance from the bifurcation, since the 

proximal segments of the daughter tubes have a non-zero axial curvature. The initial 

value of the branch angle at the bifurcation is θ =10° and the distal value starting at 
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approximately 3 cm from the bifurcation is θ =30°. For the theory we selected a constant 

average value, θ = 20°.  The plug lengths were shorter than 3 cm, so this seems a 

reasonable approximation. The motion of the plug is considered to be quasi-steady and 

expressions for the splitting ratio Rs are derived by a theoretical calculation of the 

pressure drops and mass balances between the parent and daughter tubes. The effect of 

gravity on the meniscus shape of the air-liquid interface is neglected. The pressure drop 

between the parent and daughter tubes has different contributions. It includes the 

capillary jump across the air-liquid interfaces, viscous resistance estimated with 

Poiseuille’s law, gravitational hydrostatic effects and the effect of moving contact lines at 

Stokes flow regime at the air-liquid interface in the daughter tubes.  

The mass balance and definition of the splitting ratio are shown as follows. The flow 

rate in the parent tube must be equal to the sum of flow rates in the daughters, i.e. 

 1 2 3Q Q Q= +  (3.1) 

 22 2 2

33 3 3
s

Q U LUR
Q U LU

= = = =  (3.2) 

where 2
i i iQ a Uπ=  is the flow rate in the parent tube(i=1) and daughter tubes(i =2,3)  

with ai, Ui and iU  being the radius, mean front meniscus and mean plug speed. Since 

our bifurcation model is symmetric, we have a2=a3. U1 is the speed of the front meniscus 

of the plug in the parent tube. It can only be defined till the meniscus enters the daughter 

tubes at the beginning of splitting. Later in the section we will relate U1 to the rear 

meniscus speed Up in the parent tube which can be defined till plug splitting is complete. 

L2 and L3 are the lengths of the liquid plug in the daughter tubes at any time. From (3.1) 

and (3.2) the flow rates, capillary numbers, Reynolds number, and plug length in the 

daughter tubes can be related to those in the parent tube as 

2 1 3 1
1, 

1 1
s

s s

R
Q Q Q Q

R R
= =

+ +
;                 (3.3) 
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2 21 1
2 1 3 1

2 2

1( ) , ( )
1 1

s

s s

Ra aCa Ca Ca Ca
a R a R

= =
+ +

           (3.4) 

 2 21 1
2 3

2 2

1Re ( ) Re , Re ( ) Re
1 1

s
p p

s s

Ra a
a R a R

= =
+ +

 (3.5) 

The theoretical analyses are performed as follows in two regimes respectively. 

3.3.1 Low Re Regime 

Suppose L0 is the plug length in the parent tube just as the front meniscus reaches the 

bifurcation. As the plug moves towards the daughters, it deposits a trailing film of 

thickness h in the parent tube. Let the plug length in the parent tube be L1 < L0 when the 

plug has partially entered the daughter tubes, as shown in Fig. 3.5. Conservation of liquid 

mass requires the following relationship to be satisfied.   

 2 2 2 2
1 0 1 1 0 1 2 2 3( ( ) )( ) ( )a L a a h L L a L Lπ π π π− − − − = +  (3.6) 

From (3.2) and (3.6) we then obtain  

2
0 0 1

21 1
3

2

(1 (1 ) )( )
( )

1s

hL L L
a aL
a R

− − − −
=

+
                    (3.7) 

Numerical studies by [15] showed that, when liquid inertia and gravity are neglected, 

h depends on the speed of propagation and the tube radius according to the relation 

  ( )0 5232

1

0 36 1 −= −
.

pCah . e
a

,                            (3.8) 

where Cap is a capillary number based on the speed Up of the rear meniscus. We use (3.8) 

as an approximate expression for the trailing film thickness in our theoretical model.  

Liquid inertia is neglected at the small speeds of the experiments, however (3.8) does not 

consider variations of the trailing film thickness along the tube circumference due to 

gravitational effects. Up is related to the mean front meniscus speed U1 by  

2 2
1 1 1 1( ) pQ a U a h Uπ π= = − ,    (3.9) 

So  
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2

1
1

1 p
hCa Ca
a

⎛ ⎞
= −⎜ ⎟
⎝ ⎠

. (3.10) 

Now consider the pressure drop between the parent and daughter tubes. In the parent 

tube, the difference between the air pressure P1 and the liquid pressure π1 at the rear 

meniscus is equal to  

1 1
1

2P
a h

σπ− =
−

. (3.11) 

which represents the Young-Laplace law for the capillary pressure jump across a static 

hemispherical interface whose radius r is equal to the tube radius minus the film 

thickness (r = a1-h).  Since the meniscus velocity is very small, the viscous effect is 

neglected for the pressure drop across the interface. The pressure drop within the plug 

liquid is approximated by the Poiseuille law for flow in tubes.  For long plug length and 

small capillary number, this assumption is valid and simplifies the calculations. We 

neglect the entrance effects and secondary flows that prevail when liquid enters the 

daughter tubes. We do not expect these features to have much effect on the splitting ratio 

since the inertia is negligible and capillary number is small. Also, a hydrostatic pressure 

drop resulting from gravity is included.  Thus, in the parent tube  

 1 1
1 0 14

1

8 sinμQ Lπ π ρ g L
π a

γ− = −  (3.12) 

Similarly, pressure drops can be written for the upper daughter (Eqn.(3.13)) and 

lower daughter (Eqn.(3.14)).  

2 2
0 2 24

2

8 (sin sin cos sinμQ Lπ π ρ g L θ θ
π a

φ γ− = + − )  (B, upper),      (3.13) 

3 3
0 3 34

3

8 (sin sin cos sin )μQ Lπ π ρ g L θ θ
π a

φ γ− = − +  (A, lower).       (3.14) 

The capillary jumps at the air-liquid-solid interfaces in the daughter tubes are given 

by   
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 2 2 2
2

2 cos d
σπ P

a
α− = −  (3.15) 

 3 3 3
3

2 cos d
σπ P

a
α− = −  (3.16) 

where the dynamic contact angles 2dα  and 3dα  depend on the speed of the interfaces, 

and hence on the front meniscus capillary numbers, Ca2 and Ca3. This dependence was 

modeled using an empirical correlation given by Bracke et al. [16] 

 1 20

0

2
1

/dcos cos Ca
cos
α α

α
− = −

+
 (3.17) 

where α0 is the static contact angle at the three phases contact line. The equation (3.17) is 

an empirical equation which predicts the dependence of the dynamic contact angle on the 

static contact angle and the meniscus capillary number under air entrainment conditions. 

The equation was obtained from the experiments with a strip drawn into a large pool of 

liquid. We also tried one of the first empirical correlations given by Jiang et al. [17], 

which is based on data published by Hoffman [18] from a study of non-polar liquids 

forced to spread through a glass capillary tube, 

0 7020

0

4 96
1

.dcos cos tanh( . Ca )
cos
α α

α
− = −

+
,              (3.18) 

The two correlations give results which are within 5-10%. In our study, the capillary 

number covers from 10-3 to 10-1. Bracke et al. [16] gave a relatively simple correlation 

and matches the range of capillary number we investigated.  

When there is no blockage in the daughter tubes, the difference in the air pressure 

between the parent and the two daughter tubes can be found by combining Eqns. (3.11) - 

(3.18) to be 

1 1 2 2
1 2 14 4

1 2 1 2

2

8 82 2 cos sin

(sin sin cos sin

a d
μQ L μQ Lσ σP P ρ g L

a h a π a π a
ρ g L θ θ

α γ

φ γ

− = − + − +
−

+ − )
       (3.19)             
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3 31 1
1 3 14 4

1 3 1 3

3

882 2 cos sin

(sin sin cos sin

a d
μQ LμQ Lσ σP P ρ g L

a h a π a π a
ρ g L θ θ

α γ

φ γ

− = − + − +
−

− + )
       (3.20) 

Equating (3.19) and(3.20), using (3.1)-(3.10), an equation relating Rs and the other 

parameters is obtained:  

( )

4
21

2 1

1
2

2
2 0 1/ 2

11
1/ 2

2 3 1

8 (1 ) ( 1) ( 1)sin sin ( 1)cos sin

(1 ) (cos 1)
( 1)4 0

/ ( 1)

p s s s

p
s

s

a hCa R Bo R Bo R
a a

hCa
a Ra

a L a R

θ φ θ γ

α

⎛ ⎞
− − + + − −⎜ ⎟

⎝ ⎠

⎡ ⎤
− +⎢ ⎥⎛ ⎞ −⎣ ⎦+ =⎜ ⎟ +⎝ ⎠

 (3.21) 

 

 Equation (3.21) is solved numerically to determine Rs for given flow rate (Cap), 

orientation (φ, γ), Bo and plug length (L0). The first term in Equation (3.21) represents the 

flow (viscous) effects, the second and third terms represent the gravity effect and the last 

term expresses the moving contact line effects at the front menisci. All the theoretical 

curves for LB-400X are plotted with the static contact angle 0α  fixed at 6.4º, while for 

glycerin, 0α =56.3º.   

When a plug is introduced into one of the daughter tubes as a blockage, there is an 

additional pressure drop in that daughter: viscous drag within the blockage and capillary 

jump across two menisci of the plug blockage including the new trailing film of the 

moving blockage. We assume that the blockage remains stationary until the parent plug 

begins to split and then moves at the same speed as the liquid entering that branch. While 

in the experiments, it was observed that the blockages start moving before the plug starts 

to split, which may contribute for the discrepancy of the theory and experiments. If the 

length of the blockage at any time is Lb and its flow rate is Qb, the pressure drop across it 

is equal to 

4
2 2 2 2

82 2 cos sin sin cos sinb b
BLK d b b

μQ LP ρ g L θ ρ g L θ
a h a π a

σ σ α φ γΔ = − + ± −
−

, (3.22) 
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where the positive and negative signs in ±  refer to the upper and lower daughters 

respectively.  Since the blockage moves the same distance as the length of the 

bifurcating plug entering that daughter, conservation of mass requires that Lb and the 

known initial blockage length Lb0 are related as 

( )( )22 2 2
0i b i b i i i ia L a L a a h Lπ π π= − − − ,                  (3.23) 

where i = 2 if the blockage is in the upper daughter and i = 3 if it is in the lower daughter.  

The trailing film thickness hi is related to the local capillary number by (3.8).  The 

pressure drop in Eqns. (3.19) or (3.20) is modified by adding this contribution and the 

following equations are obtained for blockages in the lower (3.24) and upper (3.25)

daughters respectively: 

( )

4
21

2 1 3 3

2
1/ 2 1/ 21

0 0 2 3
3 2 3

18 (1 ) ( 1) ( 1 )sin sin
1

2( 1 )cos sin (1 cos ) (1 cos ) 2 4 0

b b
p s s

s

b
s

L La hCa R Bo R
a a L R L

L aBo R Ca Ca
L a L

θ φ

θ γ α α

⎛ ⎞⎛ ⎞
− − − + + +⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠

⎡ ⎤− − − − − − + − =⎣ ⎦

  (3.24) 

( )

4
21

2 1 3 3

2
1/ 2 1/ 21

0 0 2 3
3 2 3

8 (1 ) ( 1) 1 sin sin
1

21 cos sin (1 cos ) (1 cos ) 4 2 0

b s b
p s s

s

b
s

L R La hCa R Bo R
a a L R L

L aBo R Ca Ca
L a L

θ φ

θ γ α α

⎛ ⎞ ⎛ ⎞⎛ ⎞
− − + + + +⎜ ⎟ ⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠ ⎝ ⎠

⎛ ⎞ ⎡ ⎤− + − + − + + − =⎜ ⎟ ⎣ ⎦⎝ ⎠

 (3.25) 

3.3.2 High Re regime 
Since Cap is very small and Rep is very large, the motion of the plug when the plug 

starts splitting and enters the daughter tubes is considered as an entrance flow. The 

pressure-flow relation within pulmonary airways has been investigated numerically [19, 

20] and experimentally [21, 22]. And the pressure-flow relationship in a single pulmonary 

bifurcation was also investigated experimentally for expiratory flow [23]. However, those 

studies were single phase flow and did not provide any information for the pressure drop 

of multiphase flow in an airway bifurcation model. In this section, a theoretical model 

was developed in finite Reynolds number regime to predict the experimental results and 

further understand the two phase fluid mechanics in the plug splitting process. The 

expressions for Rs are derived by a calculation of pressure drops and mass balance 
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between parent and daughter tubes using entrance flow theory. 

The trailing film thickness is neglected due to the high Rep and low Cap. From the 

mass balance, we can have the daughter plug length to be 

 
2 2

1 1
2 0 3 0

2 2

1,
1 1

s

s s

Ra aL L L L
a R a R

⎛ ⎞ ⎛ ⎞
= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

 (3.26) 

where L0 is the initial plug length in the parent tube before the front meniscus reaches the 

bifurcation and Rep is the Reynolds number based on the parent plug speed Up, which is 

same as the mean plug speed 1U  here. The plug length in the parent tube be L1 < L0 

when the plug has partially entered the daughter tubes, as shown in Figure 3.5.  

The inertia effect is dominant (Rep is high), so it is assumed that the plug motion into 

the daughter tubes is entrance flow. By applying an energy balance on the plug flow in 

the upper daughter tube 

 

( )

( )
1 2 2

1

2
2

2
1 2

1 sin sin cos sin
2

1 sin sin cos sin
2

A A A

A

pu dA pu dA q gx u dA

q gx u dA

ρ ρ θ φ θ γ

ρ ρ θ φ θ γ

+

+

⎛ ⎞− = + −⎜ ⎟
⎝ ⎠

⎛ ⎞− + − + Φ⎜ ⎟
⎝ ⎠

∫ ∫ ∫

∫
 (3.27) 

A1+ is the cross sectional area of the bifurcation region where flow goes to the upper 

daughter and A2 is the distal cross section area (front meniscus) of the plug in the upper 

daughter tube. The mass conserves from A1+ to A2, i.e. 
1 2

1 2
A A

u dA u dA
+

=∫ ∫ . The left hand 

side shows the net work of pressure force between cross section 1 and 2. The first two 

terms in the right-hand side represent the net gains of the kinetic energy. Φ2 is the total 

frictional dissipation rate in the region between section 1 and 2. p and u are the pressure 

and velocity profile in one cross section. q is the magnitude of the velocity u. x1 and x2 

are the axial positions of the two cross sections A1 and A2.  

The flow averaged pressure and velocity square is defined as 

 
^

2 21 1,i i i i
i i

p u dA q q u dA
Q Q

π = =∫ ∫  (3.28) 
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Dividing Eqn. (3.27) by Q2 and using Eqn.(3.28), the pressure drop can be written for 

the upper daughter tube 

 ( )
^ ^
2 2 2

0 2 2 1 2
2

1 sin sin cos sin
2

q q gL
Q

π π ρ ρ θ φ θ γ Φ⎛ ⎞− = − + − +⎜ ⎟
⎝ ⎠

 (3.29) 

Similarly, in the lower daughter tube 

 ( )
^ ^
2 2 3

0 3 3 1 3
3

1 sin sin cos sin
2

q q gL
Q

π π ρ ρ θ φ θ γ Φ⎛ ⎞− = − − + +⎜ ⎟
⎝ ⎠

 (3.30) 

where π0 is the plug pressure in the bifurcation region, and π2 and π3 is the end 

downstream pressure of the plug in the upper and lower daughter tube as shown in Figure 

3.14. Since the capillary number is very small in this paper and on the interface ReCa<1 

and Ca<<1, which means the surface tension instead of inertia dominates the pressure 

drop across the interface from the interface stress balance conditions. Thus, at the 

air-liquid-solid interfaces in the daughter tubes, the pressure drops are approximated as 

 2 2 3 3
2 2

2 2,P P
a a
σ σπ π− = − − = −  (3.31) 

Assume the inlet velocity at A1 into the daughter tubes is uniform and the front 

menisci speed of the plug at downstream ends A2 and A3 in daughter tube is also uniform. 

Thus, we have 

 
^ ^ ^2 2 22 2 2

1 2 31 2 3, ,q U q U q U= = =  (3.32) 

Previous studies have shown that the frictional pressure drop vPΔ , normalized by the 

Poiseuille pressure drop PPΔ  in the same condition, v

P

P
P

Δ
Δ

 is proportional to Re1/2, such 

as 
1
20.556 0.06Rev

P

P
P

Δ = +
Δ

 in [23]. We then assume the frictional pressure drop 
Q
Φ  in 

our model to have similar nonlinear relationship with the plug velocities in both upper 

and lower daughter tubes are 
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1

32 222 22
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2 2 2

8L U LU
Q a a

ρμ μα βΦ = +  (3.33) 

 ( )
1

32 333 32
3 2

3 2 2

8L U LU
Q a a

ρμ μα βΦ = +  (3.34) 

Therefore, the total pressure drops in the daughter tubes are: 

( ) ( ) ( )
1

322 2 22 222 1 20 2 2 2
2 2 2

81 2sin sin cos sin
2

L U LP U U gL U
a a a

ρμ μ σπ ρ ρ θ φ θ γ α β− = − + − + + −  (3.35) 

( ) ( ) ( )
1

322 2 33 323 1 30 3 3 2
2 2 2

81 2sin sin cos sin
2

L U LP U U gL U
a a a

ρμ μ σπ ρ ρ θ φ θ γ α β− = − − + + + −  (3.36) 

Equaling (3.35) and (3.36), and substituting (3.3) - (3.5) and (3.26), an equation of 

Rs as the function of the other parameters is obtained: 

( )

1
1

3 22 2 2
2 0 01 1 12

02 2
2 1 1 2 1 2 1 2 2

2 sin sin1
8Re Re Re sin sin cos sin

2

s
gLR

L LA A A gL
A a a a a A a a A

ρ θ φ

μμ μα β ρ θ φ θ γ
ρ ρ ρ

= −
⎛ ⎞

+ + + −⎜ ⎟
⎝ ⎠

(3.37) 

α and β are assumed to depend on gravity and the bifurcation geometry.  
 

 φ=15°, γ=0° φ=30°, γ=0° φ=60°, γ=0° φ=30°, γ=-15° φ=30°, γ=15° 

β 4.5228 4.6101 4.8158 3.2444 6.4286 

LSE 0.06207 0.0080 0.0073 0.0061 0.0183 

Table 3.2. Values of the fitting parameter, β at different orientations. 
 

When the plug splits across the bifurcation into the curved daughter tubes with 

gravity acting, the velocity profiles are very complicated. The viscous dissipation may 

depend on the velocity profiles in the boundary layers or flow rates in the daughter tubes, 

which is different for different gravitational conditions. The experimental data is then 

fitted for each orientation φ and γ with no plug blockages using lease-square method on 

Eqn.(3.37). The fitting parameter α is found to be 0 for all cases at best fitting and the 

values of fitting parameter β are shown in Table 3.2, the range of which is between 3.24 
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and 6.43. The least square error (LSE), as the minimal sum of the deviation squared, is 

between 0.061 and 0.0682. Thus, in this study with plugs moving in the bifurcation, the 

frictional pressure drop is shown to be proportional to Re in stead of Re3/2 for 2<Re<400. 

Results show that β slightly increases with increasing roll angle φ from 15° to 60°, while 

β has a large increase when γ increases from -15° to 15°.  

With α=0 in Eqn.(3.37), we can get an explicit solution for critical Re, below which 

Rs=0: 
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 It is found that Rec decreases with increasing β at given orientations while increases 

with increasing φ and γ from this equation. 

3.4. Experimental Results 

 In the experiments at low Re regime, the plug length instilled into the parent tube is 

Lp
* =1.5 ± 0.1cm and the blockage length Lb

* =0.7 ± 0.1cm. In the high Re experiments, 

the plug length in the parent tube is Lp
* =2.0 ± 0.1cm and the blockage length Lb

* =0.5 ± 

0.1cm. 

3.4.1 Low Re Regime 

Effect of changing φ 

The pitch angle was fixed at γ = 0º and experiments were performed for three values 

of the roll angle, φ = 15º, 30º, 60º, and a number of different speeds such that 0.001 < 

Cap < 0.11 and 0.001< Rep < 0.03.  In Fig. 3.6 the symbols show the experimental 

results for the mean values of Rs plotted against Cap for different φ. The bi-directional 

bars on each experimental point represent the standard error.  In all cases a larger 

fraction of the plug liquid entered the lower daughter, A, than the upper daughter, B, after 

bifurcation and so Rs < 1. Note that for each φ there is a critical value of the capillary 

number, Cap = Cac below which Rs = 0, i.e. no liquid enters the upper daughter. Thus a 

minimum speed (pressure) is needed for the liquid to overcome gravity and enter the 
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upper daughter after bifurcation. For Cap > Cac, Rs increases with Cap and the slope of Rs 

– Cap curve decreases. In contrast, results for the iso-gravitational case [2] (φ = γ = 0º) 

showed that Rs ≈ 1 for all Cap and did not indicate the existence of a critical capillary 

number. As φ increases, Fig. 3.6 indicates that Cac increases and Rs decreases at a given 

Cap > Cac. These observations are consistent with the increasing gravitational asymmetry 

between the two daughters. 

 
Figure 3.6 Splitting ratio Rs vs. Cap for γ=0º and different φ using LB-400-X oil. φ=15º: 

(exps),  (theory); φ=30º: (exps), (theory); φ=60º: (exps),  (theory). 
 

Effect of changing γ  

Experiments were performed for four values of the pitch angle γ =-15º, 0º, 15º, 30º 

with the roll angle fixed at φ = 30º and 0.001< Cap <0.1. Experiments with γ ≠ 0º and 

φ = 0º were performed, and it is found that Rs ≈ 1 with φ = 0º. To study the effect of pitch 

angle, we studied the case with non-zero roll angle and let φ = 30º. Results are plotted in 

Fig. 3.7 with the symbols representing experimental results. When γ =-15º, Rs > 0 for all 

Cap chosen. Critical capillary numbers Cac, that increase with γ,  were found for γ >0º. Rs 

decreases with γ for a given Cap > Cac. However, when Cap > 0.1, Rs seems to asymptote 

to a value ~ 0.7 independent of γ. These results indicate that the effect of gravity in axial 
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direction is more important at low speeds than high speeds. At low speeds, the flow 

contribution to the pressure drop P1 – Pa is small and the hydrostatic pressure due to axial 

gravity dominates. Since this component varies with γ, Rs is a function of γ at small Cap.  

At high speeds, the flow contribution dominates the pressure drop and thus changing γ 

has only a small effect on Rs. For γ > 30º or γ ≤ -30º it was not possible to form a stable 

plug in the parent tube and the liquid drained as a film along the bottom of the parent 

tube. 

 
Figure 3.7 Rs vs. Cap for φ=30º and different γ using LB-400-X oil. γ=-15º:  (exps), 

 (theory); γ=0º: (exps), (theory); γ=15º: (exps), (theory); γ=30º:  
(exps), (theory). 
 
Effect of blockages in the daughter tubes 

Experiments were performed with a liquid plug introduced as a blockage into one of 

the daughter tubes and Cap and Rs were measured. Experiments were performed 

separately for blockages in the upper and lower daughters. The length of the blockages is 

Lb
* = 0.7 ±0.1cm. Experimental results are plotted as symbols shown in Fig. 3.8a-c for 

the orientations φ = 15º, 30º, 60º; γ = 0º.  Data from the unblocked experiments of Fig. 

3.6 are included for comparison.  In the unblocked case, more liquid enters the lower 

daughter which is gravity preferred.  The presence of a blockage in one of the daughter 
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tubes introduces an additional asymmetry, which can counteract or enhance the 

gravitational asymmetry.  

 
Figure.3.8 Rs vs. Cap for γ=0º and different blockage conditions with a pitch angle γ=0º 
and a roll angle of (a) φ=15º, (b) φ=30º, and (c) φ=60º using LB-400-X oil. Blockage in 
lower daughter: (exps), (theory); No blockage: (exps), (theory); Blockage 
in upper daughter:  (exps),  (theory). 
 

The figures (Fig. 3.8a-c) show that a blockage in the lower daughter tends to oppose 

the effect of gravity and results in larger Rs. In fact, this effect can overcome gravity and 

cause more liquid to enter the upper daughter than the lower daughter, leading to Rs 

values as high as 1.26 in Fig. 3.8a (φ = 15º). The same effect is seen in Fig. 3.8b and c for 

the larger roll angles (φ=30º, 60º), but Rs values are smaller due to the greater effect of 

gravity in these more asymmetric orientations. In contrast blockages in the upper 

daughter accentuate the gravitational asymmetry and lead to smaller values of Rs 
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compared to the unblocked case. These results are consistent with [2] who found that 

more liquid tends to enter the unblocked daughter in the iso-gravitational case. 

The effect of the blockages can be quite significant. A blockage in the lower daughter 

reduces Cac and at Cap < 0.03, a blockage in the lower daughter can increase Rs by 200% 

to 1000% while at Cap > 0.03, Rs increases by 50%-100% compared to the unblocked 

(Fig. 3.8a-c). In contrast, a blockage in the upper daughter increases Cac and Rs can 

decrease by 40%-80% at Cap > 0.02 while by 200% to 600% at Cap <0.02. These effects 

become more noticeable as φ is increased from 15º to 60º. Another interesting 

observation is the presence of maxima in the Rs – Cap curves in Fig. 3.8a and b when the 

lower daughter is blocked. The maximum is most noticeable at the smaller roll angle, φ = 

15º (Fig. 3.8a), but disappears when φ = 60º (Fig. 3.8c). In some clinical studies, a 

pre-treatment as a blockage in nearby airway branches can be introduced, which may be 

effective to control the liquid delivery to a targeted position in the lung. 

Effect of Bo 

 
Figure 3.9 Rs vs. Cap at φ=60º, γ=0º for different Bo. Glycerin Bo=0.78:  (exps), 

 (theory); LB-400-X Bo=1.26:  (exps),  (theory). 
 

Two different liquids, LB-400-X oil (Bo = 1.26) and glycerin (Bo = 0.78), were used 
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to study the effect of changing Bo on Rs at φ = 60º, γ = 0º. The static contact angle of 

LB-400X oil on polycarbonate plate is measured about 6.4º using video camera, 

consistent with [24] in which the static contact angle of silicone oil, with similar physical 

properties as LB-400X, on polycarbonate plate is 6.2º. The static contact angle of 

glycerin on polycarbonate plate is measured as 56.3º. We expect that the difference in Rs 

is mainly due to the difference in Bo not the variation of static contact angle α0 since it is 

predicted in Section of “Theoretical Analysis” that Rs varies within 5% when only 

changing static contact angle α0 from 0° to 60°. Results are plotted as symbols in Fig. 3.9 

and indicate that a 60% change in Bo leads to a 10 – 50% change in Rs for 0.007 < Cap < 

0.14.  Rs is more sensitive to Bo at lower Cap which is because at low speeds gravity 

contribution to pressure drop is more important, therefore changing Bo leads to bigger 

changes in Rs. 

3.4.2 High Re Regime 

As Rep is high, the inertia plays an important role in plug splitting, which makes the 

splitting ratio above 0 even at low Ca. The following experimental results present Rs vs. 

Rep at different experimental conditions, in which Rep is in the range of 2<Rep<300, 

while the capillary number is in a very small range of 2x10-5<Cap<3x10-3. For 

convenience, Rep is used as the characteristic speed in this regime. The symbols in the 

figures shown below represent the experimental data, while the lines represent the 

theoretical predictions from Section 3.3.2. 

Effect of changing φ 

 To study the effect of roll angle on the plug splitting, experiments were performed 

with initial plug length L0=2cm at different roll angle φ, fixed pitch angle γ, and a number 

of different speeds so that 5 < Rep< 300. Experimental results were found to be the same 

by flipping the bifurcation plates upside down, i.e. φ = ± |φ| at γ =0°, which demonstrated 

the symmetry in our bifurcation. And at φ = 90° and γ = 0°, Rs is found to be 

approximately 0 in the range of Rep we investigated since the gravity effect is very large. 
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Thus in Figure 3.10 the symbols show the experimental results for mean values of Rs 

plotted against Rep for φ=15°, 30°, 60° and γ=0°. The standard error is shown by the 

bi-directional bars on each experimental point. Similar to the experiments in Stokes flow 

regime, a critical Reynolds number, Rep=Rec is found to exist for each case below which 

Rs=0, i.e. no liquid enters the upper daughter tube. Generally a minimum speed (pressure) 

is required for the liquid to overcome gravity and enter the upper daughter tube after the 

bifurcation region. Rec increases and Rs decreases with increasing φ at a given Rep>Rec. 

For a given φ, Rs increases with Rep. The results show more homogenous plug splitting as 

the plug speed increased or the gravitational roll angle φ decreased. From the monotonic 

increase of Rs vs. Rep, we expect that Rs will approach 1 when Rep goes to infinity for the 

increasing trend of Rs with Rep if there is no plug rupture. Though the plug speed 

investigated has a limited range in our experiments due to the limitation of the pump, we 

expect our results provide most features of the experiments. 

 

Figure 3.10 Rs vs. Rep for γ=0º and different φ using LB-400-X oil. φ=15º: (exps), 
 (theory); φ=30º: (exps), (theory); φ=60º: (exps),  (theory). 
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Effect of changing γ 

Experiments were performed with initial plug length L0=2cm for three values of 

pitch angle γ=-15°, 0°, 15°; roll angle φ=30°; and Rep was in the range of 2<Rep<300. 

Results are plotted in Figure 3.11 with the symbols representing experimental results. 

When γ=-15°, no critical Reynolds number Rec is found for the range of Rep in the 

experiments. When γ>0°, Rec increases with γ. Rs decreases with γ for a given Rep>Rec 

while Rs increases with Rep. These results also provide evidence that increasing speed 

results in more homogenous splitting, moreover, decreasing pitch angle γ causes more 

homogenous splitting too. As we discussed in our previous paper, when γ is above around 

30° or below -30°, the plug flow freely along the tube due to the gravity without air 

pumping, which make it very hard for the accurate measurements. We expect three values 

of pitch angle will provide enough information on the trend of Rs with γ. 

 
Figure 3.11 Rs vs. Rep for φ=30º and different γ using LB-400-X oil. γ=-15º: (exps), 

 (theory); γ=0º: (exps), (theory); γ=15º: (exps), (theory).  
 
Effect of plug length 

Two different initial plug length (L0=1.0cm and L0=2.0cm) were used to test the 
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effect of plug length on plug splitting at φ=15°, γ=0° and 2<Rep<300. Results are plotted 

as symbols in Figure 3.12 and indicate that doubling the initial plug length L0 leads up to 

40% decreases in Rs for 20< Rep<300, which means that shorter plug result in more 

homogeneous splitting in finite Re regime. The results show an opposite trend for 

LB400X, which showed that Rs increased with increasing the initial plug length when 

inertia effect was negligible. 

 
Fig. 3.12 Experimental results of effect of parent plug volume on splitting ratio, Rs, vs. 
Rep for deionized distilled water at φ=15º, γ=0º.   L0=1cm (L0/a1=5):  (exp.),  
(theory); L0=2cm (L0/a1=10):  (exp.),  (theory). 
 
Effects of plug blockages 

Experiments were performed with a liquid plug introduced as a blockage into one of 

the downstream daughter tubes in our bifurcation model. The initial length of the 

blockages Lb0=0.5cm. As a plug blockage is introduced into the upper daughter tube, the 

gravitational asymmetry is enhanced. Rs is approximately 0 and no plug splitting occurs 

at the bifurcation region for three cases of orientation: φ=15°, 30°, 60° with γ=0° at 

2<Rep<300, which means all liquids enter the lower unblocked daughter tube. These 
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results are quite different with those at Stokes flow regime in which Rs could increase up 

to 0.5 with upper daughter blockage for LB-400X at φ=15°, 30°, 60° and γ=0°.  

As a plug blockage exists in the lower daughter tube, experimental data at φ=15°, 30°, 

60° and γ=0° are shown in Figure 3.13. The lower plug blockage acts adversely to the 

gravitational asymmetry. Our results show that as Rep is small, Rs is very large and can 

be as high as 18; while it decreases as Rep increases at φ=15°. At φ=30°, it seems that Rs 

stays in the range of 5<Rs<6.5. At φ=60°, Rec is found, below which Rs=0, and Rs 

increases with Rep at Rep<50, then asymptotes to a finite value around 4.  Rs is also 

shown to decrease with increasing φ for any fixed Rep at 2<Rep<300.  

 
Figure 3.13 Experimental results of Rs vs. Rep with the presence of lower plug blockage 
for γ=0º and different φ using deionized distilled water.  : φ=15º; : φ=30º; : φ=60º. 
 

These phenomena may be because of the unsteady effect when the plug splits. The 

existence of the inertia requires a large initial force to move the plug blockage. When Rep 

is very small, at small gravity effect, i.e. φ=15° and 30° , the blockage effects dominate 

and most of liquid enters the unblocked daughter tube; while at large φ, i.e. φ=60°, the 

gravity effect is dominant, more liquid enters the lower daughter tube, which causes a 

small Rs. As Rep increases, the inertia effect starts to play an important role and the 
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gravity effect diminishes, thus the plug tends to split more homogeneously and Rs-Rep 

curves for three φ asymptote to one curve when Rep keeps increasing.  We expect Rs 

will approximate to a finite value, which may depend on the plug blockage length, as Rep 

goes to infinity. 

 
Figure 3.14 Experimental results of the total liquid ratio, RT vs. Rep with the presence of 
the lower plug blockage for γ=0º and different φ using deionized distilled 
water.  : φ=15º; : φ=30º; : φ=60º. 
 

A total mass ratio, RT, is defined as the ratio of the total liquid volume in the upper 

daughter tube to that in the lower one including the blockage mass. Figure 3.14 shows the 

experimental data for RT vs. Rep at 2<Rep<300 with a lower blockage at φ=15°, 30°, 60° 

and γ=0°. RT decreases with increasing φ. At φ=15°, 30°, it seems that RT decreases 

monotonically with increasing Rep, while at φ=60°, RT increases to a steady value with 

increasing Rep. The total mass tends to distribute more homogeneously when Rep is 

larger, i.e. RT is expected to approach to a finite value for all three curves, which is 

expected to be slightly greater than 1 as Rep goes to infinity. 

3.5 Discussion 

3.5.1 Low Re Regime 
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The simplified theoretical model qualitatively captures the features of the 

experimental data. Fig. 3.6 – 7 show a comparison of the experimental data (symbols) 

with theoretical predictions for Rs (lines) for different φ and γ.  The theory captures the 

trends of the experimental data: 1) the existence of a critical capillary number, 2) the 

increase of Rs with Cap and its decreasing slope, and 3) the decrease of Rs with increasing 

φ. When 0º=γ , Fig.3.6 shows that there is qualitative agreement between the theory 

and experiments, which is promising given the simplifying assumptions of the theory.  

The agreement is better for smaller values of φ. At lower values of Cap, the theory 

underpredicts Rs, which leads to an overprediction of the critical capillary number. At 

higher values of Cap, Rs is overpredicted. Fig.3.7 shows Rs as a function of Cap for 

different values of γ. For γ = -15º, the theory does not predict the existence of Cac, but 

agrees fairly well with experiments for Cap < 0.04. For other values of γ, the theory 

underpredicts Rs for small Cap, while for large Cap, the theory overpredicts Rs for all 

values of γ. The discrepancy between the theory and experiments increases with γ.  

Fig.3.8a – c show comparisons of theory and experiments with the effect of 

blockages. The theory is more accurate when the upper daughter is blocked and for 

smaller values of φ. Also the theory is unable to predict the maxima in the experimental 

Rs – Cap curve observed when the lower daughter is blocked. 

Fig.3.9 compares theoretical and experimental results for different Bond numbers.  

It is seen that the theoretical results show bigger changes when Bo is varied than the 

experiments, but they agree qualitatively. 

The discrepancies between theory and experiment are a result of approximations to 

the geometry of the model and the fluid dynamics in the theoretical analysis. The 

simplified theoretical model does not account for the transition in geometry from the 

bifurcating region of the parent tube to the daughter tubes. Pressure drops in the liquid 

were computed under the assumption of Poiseuille flow. While this assumption is 

accurate for a long plug in the parent tube [25], entrance and transient effects are likely to 
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be important when the bifurcating plug enters the daughter tubes. The unsteady effect in 

the motion of the plug is neglected in the theory, which may play a complicated role in 

the experiments especially when the daughter blockages are present. It was observed in 

the experiments that the blockages start moving before the parent plug splits and plug 

speeds entering the daughter tubes are not constant so that the ratio LA/LB changes over 

the course of plug splitting.  

 
Figure 3.15 Experimental results of effect of parent plug volume on splitting ratio, Rs, 
and capillary number, Cap for LB-400-X oil at φ=30º, γ=0º. : L0=3cm (L0/a1=15), : 
L0=1.5cm (L0/a1=7.5). 
 

In order to study the effect of plug length on Rs, we performed a set of experiments 

by doubling the parent plug length to 3 cm. Results are shown in Figure 3.15. The critical 

capillary number was found to be unaffected by the plug length. For Cap < 0.01, doubling 

the plug length was found to decrease Rs by about 20%. For Cap>0.01, Rs for the longer 

plug was about 15% larger than the shorter plug. Since the variation in plug length in our 

experiments was small ( 1.5 0.1= ±0L  cm), we do not expect significant effects on Rs 

from plug length effects. Larger Ca experiments in which the plugs entering the daughter 

branches are very short have a greater potential for error since small variations in 

measuring plug lengths can lead to large changes in Rs. 
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3.5.2 High Re Regime 

Figure 3.10-3.11 show the comparison of experimental data (symbols) and 

theoretical results (line) for Rs with fitted β and α=0 at different conditions of 

gravitational orientations φ and γ.  β is found in the range of 3.24 ≤ β ≤ 6.43 and shows 

a slight decrease with roll angle φ but increases with pitch angle γ. It is expected that the 

frictional dissipation may depend on the gravity since the flow rate and the velocity 

profile in the daughter tubes may be changed by gravity. The range of β shows our 

frictional pressure drop is much higher than the Poiseuille pressure drop, which is 

reasonable as we know that the Poiseuille flow has the minimum viscous dissipation. The 

roughness of the bifurcation tubes may also account for some pressure drop due to pure 

friction. In our experiments, the plug flow in the daughter tube is complicated since 

entrance effects may be important and the daughter tubes have curved geometries. All 

these will cause additional dissipation. With α=0 and a small fluctuation of the parameter 

β, we expect our theory to predict the main features of the experiments: 1) the existence 

of a critical Reynolds number except the case γ =-15°; 2) the increases of Rs with Rep; 3) 

the decreases of Rs with increasing φ and γ. In fact, even with α=β=0, our theory can still 

predict the main features of the experiments, but cannot quantitatively agree with the 

experiments, which indicates that the inclusion of the viscous dissipation into the theory 

is essential for the quantitative agreements.  

Figure 3.12 shows the comparison of the experiments and theory with α=0 and β = 

4.52 for different plug length at φ=15° and γ=0°. It qualitatively agrees with the 

experiments and predicted that Rs increases with decreasing the initial plug length L0 and 

the difference of Rs for different L0 is larger for larger speed. However, with β = 4.52, the 

theory under predicts the experimental data for shorter plug L0=1.0cm, which indicates 

that β may also depend on the plug length, i.e. β may increase with decreasing plug 

length. These observations are consistent with our expectations: inertia increases the 

homogeneity of liquid distribution through one bifurcation and inertia may be more 
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important for shorter plugs because of more interactions between the front and rear 

menisci [25]. 

There are some assumptions in theoretical studies, which may cause discrepancies in 

certain degree to exist between the theory and experiments. The effects of bi-phase flow 

is neglected and the frictional viscous dissipation is assumed to have similar dependence 

with Re as one phase flow. The input velocity profiles to each daughter tubes are 

assumed to be the same: flat and uniform, which in fact maybe skewed to three 

dimensional profiles and maybe different for two daughters because of gravity effect. The 

inlet pressure to each daughter tube is assumed to be the same, while the actual pressure 

difference may exist on the inlets for two daughter tubes due to gravity or some other 

effects. The moving contact line force is neglected in the front meniscus since the Cap 

turns out very small, which is expected to have negligible effects. As Rs is very small, the 

flow rate in the upper daughter tube is very small, thus the flow in upper daughter may be 

close to Poiseuille flow while the flow in the lower daughter may be very complicated. 

The overestimated pressure drop in the upper daughter with our theory may cause the 

underestimated Rs and overestimated Rec. When Rep is very small, there should be a 

transition to Poiseuille flow, which, however, is not included in this theory. These 

assumptions in the theory may cause over-predicted Rec and under-predicted Rs for small 

Rep. 

Experimental limitations. The present system contains certain physiological 

limitations. The fabrication of the bifurcation plates determined that our bifurcation 

systems have rigid walls and the bifurcation region is a sharp corner instead of a 

physiologically rounded corner, which may cause large difference for the pressure drop. 

The length of the parent plug is measured before the leading meniscus enters the central 

zone of the bifurcation to get the parent volume with the average velocity measured 

through two IR sensors. Care was taken so that the error from the liquid plug length is 

within 10%. Figure 3.12 shows that within 40% decrease of Rs with doubling the plug 
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length at φ=15° and γ=0°. Hence, it is expected that the error coming from the plug length 

is not important for Rs. Previous experiments have shown Rs depends weakly on the plug 

and blockage lengths [2].  

The error for measuring Rs for high Re regime involves the IR measurement error as 

well as the error from the rounded plug meniscus. It includes: 1) the error from the IR 

detector size for recording the plug menisci. IR detector size is 1.5mm and its sensitive 

size is around 1mm, which cause the error for tracking the plug meniscus is around 1mm. 

2) the error of the plug length measurement in daughter tubes. The daughter tube is 

curved and the plug does not have a fully steady motion when it splits into two daughter 

tubes. Thus the error exists on the plug velocity and length measurement in IR sensors. 3) 

the error from the non-uniform air flow. When Rep is high, the air flow from the pump is 

not quite uniform in the tube cross section. Thus the meniscus shape, which may change 

by the velocity and gravity, will be affected and error will be present on the meniscus 

tracking. 4) the error from rounded meniscus. The signal of the meniscus is not exactly 

binary since the meniscus is a 3-D shape in the tube and its curvature is very complicated. 

As the detector senses the liquid absorption, the maximum difference of the absorption is 

recorded as the meniscus passes by. 

Effect of inertia 

For better understanding the effect of inertia on the plug splitting, additional 

experiments were performed at initial plug length L0=2cm, roll angle φ=30° and pitch 

angle γ=0° with 60% glycerin (2 <Rep< 25 and 0.0015 <Cap< 0.015). The results are 

compared with those using deionized water (70 <Rep< 400 and 0.0005 <Cap< 0.0028) 

and lubrication oil LB-400X from previous section with 0.012 <Rep< 0.17 and 0.0045 

<Cap< 0.065 at the same gravitational conditions. The same characteristic speed, Cap is 

used in three fluids for better comparison. In Figure 3.16, the symbols show the 

experimental results for mean values of Rs plotted against Cap in log scale for three 

liquids. The standard error is shown by the bi-directional bars on the experimental points.  
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Figure 3.16 Rs vs. Cap for γ=0º and φ = 30º with three liquid materials at different flow 
regimes. deionized distilled water: (exp.),  (theory); 60% glycerin:  (exp.); 
LB-400X:  (exp.),  (theory). 
 

The three sets of data have the similar trend: 1) a critical Cap=Cac, below which, R-

s=0, 2) Rs increases with Cap. However, the curve shifts to the left when the liquid plug 

material changes from LB-400X to 60% glycerin, then to deionized water with the 

critical capillary number Cac=0.0045, 0.0015 and 0.0005 respectively.  The viscosity of 

the liquid decreases around 150 times from LB-400X to the deionized water, which 

causes great decreases on Cap while great increases on Rep from the right curve to the left.  

It is shown that for deionized water, Rs increases from 0 to 0.8 when 0.0005<Cap<0.0028, 

in the range of which, however, Rs=0 for LB-400X. The bond number of these three 

liquids ranges from 1.26 to 0.54, which is not expected to have so much difference on Rs 

based on Fig. 3.9. The effect of plug length on Rs is expected to be small (L0=2cm for 

water and glycerin, L0=1.5cm for LB-400X). The main difference in these three 

experimental data is that Rep is much higher for the left curve at O(100) than the right 

one at O(0.1). Thus, the inertia must play the most important role on Rs. With high Rep, 

the plug can split more homogeneously even at small Cap. Using Rep as the characteristic 
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speed brings more convenience for this set of experiments.  

The two lines in Fig. 3.16 represent the theoretical prediction for the two sets of 

experimental data at different conditions. The previous theory for negligible inertia is 

used to predict the experimental data with LB-400X and the theory presented for finite 

Re regime is used to predict the experiments with water and glycerin. It is found that the 

present theory have a good prediction for the experimental data in high Rep while have 

some discrepancy in low Rep region. The Stokes flow theory under predicts the 

experimental data with glycerin and cannot predict the data with water, while the theory 

in finite Re regime over predicts the experimental data with glycerin and cannot predict 

those for LB-400X in negligible inertia.  Thus, to predict the total liquid distribution in 

the lung, we can expect the theory presented for finite Re regime to be used for the plug 

distribution in large and central airways (airway generation below ~ 10), where the plug 

Reynolds number is above O(10), while the theory with negligible inertia at Stokes flow 

regime can be used for small airways (generation above around 10) to predict the liquid 

distribution. A combination theory may be needed to predict the liquid distribution in a 

bifurcation at the intermediate range of parameters.  

3.6. Conclusion 

This chapter studies the effects of gravity, inertia, and liquid blockages in 

downstream branches on liquid plug splitting through bench-top experiments and 

theoretical models. A critical speed is found below which the entire plug drains into the 

gravitationally favored daughter leading to a splitting ratio Rs=0. For speed greater than 

the critical value, Rs depend on the plug speed, the roll angle φ and pitch angle γ. Rs 

increases with plug speed at a given φ and γ while Rs decreases with increasing φ and γ at 

a given plug speed. At low Re regime: as the plug speed increases Rs approaches a 

limiting value, which decreases with φ, but  seems to be independent of γ;  higher Bond 

numbers enhance the effect of gravity and lead to lower splitting ratios; This effect was 

more significant at low speed, but less important at higher speed. A comparison study 
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with at high Re regime shows that inertia plays an important role in plug splitting using 

three different plug materials: inertia results in more homogeneous plug splitting and it 

has more effect on shorter plug: shorter plug volume leads to larger Rs with inertia. 

Experiments were also performed with a liquid blockage in one of the daughter tubes. 

The presence of a blockage in the lower, gravitationally favored daughter counteracts the 

effect of gravity and results in larger splitting ratios compared to the unblocked case. 

When the upper daughter is blocked gravitational asymmetry is enhanced which causes 

smaller values of Rs.  

At high Re regime, Rs is found to be approximately 0 in the range of plug speed 

studied with a plug blockage existing in the upper daughter tube, and results show that Rs 

can be up to 18 with lower blockage for φ=15°, and decreases with further increasing 

plug speed. The total mass ratio, RT, is found to monotonically decrease for small φ while 

increase with the plug speed for larger φ, and RT decreases with increasing φ at a fixed 

plug speed investigated. Mathematical models are developed for both regimes. At low Re 

regime, the theory accounted for pressure drops across the tubes due to surface tension, 

gravity, viscosity and moving contact line effects was developed. Predicted values of Rs 

capture the experimental trends and agree qualitatively with the data over a range of 

parameters. At high Re regime, it accounts for the pressure drop across the daughter tubes 

due to inertia, viscous dissipation, gravity and surface tension effects. Fitting parameters 

are obtained for frictional pressure drop in daughter tubes, which is shown to depend on 

the gravitational effects. The predicted Rs capture most of the experimental features. 

Combining the theory in both regimes is expected to provide a good prediction for the 

total liquid distribution in the human lungs. 

This study provides some insights into the physical mechanisms that affect liquid 

plug transport in airways and quantifies the effects of flow rate, gravitational orientation 

and downstream liquid blockages. It represents a first step towards the development of a 

rational strategy to achieve targeted liquid delivery by manipulating ventilation (flow) 
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rate, posture (gravitational orientation) and instillation methods that promote or deter 

liquid plug formation in pulmonary airways. The parameter range studied in this work is 

applicable from small airways where fluid velocity is relatively low to large airways 

where inertia plays an important role.  
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CHAPTER 4 

 

MUCUS CLEARANCE - THE INFLUENCE OF MUCUS PROPERTIES AND 
SURFACTANT ON THE MUCUS PLUG CLEARANCE 

 

4.1. Introduction 

 Many forms of respiratory diseases such as, asthma, cystic fibrosis and chronic 

bronchitis are characterized by an increased secretion of respiratory tract mucus. Thus, 

mucus plugging can form and block the breathing pathway, which threatens the patients’ 

lives [1-4]. To clear the mucus in the pulmonary airways are essential to health and life 

safety. Mucus transport and clearance has been studied in two-phase flow regime before 

plugs are formed [5-12]. For example, Clarke et al. [5] studied the resistance of two phase 

gas-mucus flow in airways and showed that thicker mucus layer with lower air flow rate 

accompanied the increase of flow resistance. Kim et al. [6] studied two phase gas-mucus 

flow in the central airway and proposed the criteria of mucus transport: mucus layer 

transport speed and thickness increased with decreasing air flow rate.  

Studies [8, 13-16] suggested that the nasal and lung mucus were markedly non-

Newtonian with an appreciable elasticity, shear thinning, thixitropy and yield stress [17, 

18]. Mucus rheology was also studied and found to be very important in neonatal RDS 

[19]. Surfactant was found to be able to change the viscosity of the mucus and improve 

the mucus clearance. Banerjee et al. [20] showed that the surfactant changed the viscosity 

of the mucus versus shear rate to follow a power law model. Positive effects of the 

surfactant were observed on mucus rheology. They also found that the shear thinning 

effect on mucus viscosity at relevant shear rates was very important when using a 

surfactant for diseases like asthma and chronic bronchitis. Craster et al. [21] studied the 

surfactant spreading behavior on mucus films with influence of two principle rheological 

properties of mucus, yield stress and shear thinning. The spreading behavior was shown 

to be severely retarded with the increasing effects of shear thinning and yield stress.  
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 However, no study has included the effects of shear thinning and yield stress on 

the propagation and clearance of mucus plugs yet. Incorporation of these non-Newtonian 

effects into the recent lung modeling of plug propagations [22-25] can be advantageous. 

Therefore, in the present study, we focus on the shear thinning properties, liquid inertia 

and the effect of surfactant on the mucus plug clearance. To address the characteristics of 

mucus, several models give reasonable correlations, for example, power law model for 

shear thinning, Herschel-Bulkley constitutive law for both shear thinning and yield stress 

[21, 26, 27], Maxwell model [28] for viscoelastic behavior, and so on. For steady flow 

studied in this chapter, the yield stress and elastic properties are expected to be not very 

important for the mucus plug transport; therefore, the power law model is used for the 

mucus viscosity. 

In this chapter, numerical simulations are performed for the steady mucus plug 

propagation along pulmonary airways. A mathematical model is used to study power-law 

plug propagation in a two-dimensional channel lined by uniform, thin liquid films with 

the inspiration pressure as the driving forces. The mechanisms of mucus clearance is 

studied through the mucus plug propagations with the effects of the non-Newtonian plug 

properties, inertia and the presence of surfactant.  

4.2 Model Development 

Model Description 

The mathematical model is similar to that shown in Fig. 2.1 in Chapter 2. The gravity is 

neglected in this section and the plug viscosity is assumed to be non-Newtonian. The 

fluid viscosity μ* is defined as a function of shear rate *γ  using a power-law model 

( ) 1* * n

nKμ γ
−

= , where Kn is the consistency. The mucus viscosity is modeled based on 

the rheology of Sodium Carboxymethylcellulose (SCMC) material, which is shown to 

have similar shear thinning properties with mucus. The properties of which is shown in 

Table 4.1 [29], and the sample plots of the viscosity vs. the shear rate is shown in Fig. 4.1, 

in which 0
a

nK K n=  and we get the fitting parameters K0=0.42 and a=-6.53 from the 

viscosity data of SMCS at Table 4.1. When the power law index n decreases or the shear 

rate decreases, the viscosity increases.  

 



90 
 

SCMC 
(%) 

Power-law 
index (n) 

Consistency 
Parameter (K) 

(g/cm)sn-2 

Surface 
Tension (σ) 

dyn/cm 
0 1 0.01 72.4 

0.67 0.7 3.04 71 
1 0.56 24.9 70.6 

1.5 0.5 33.5 69 
2 0.375 255.1 68 

Table 4.1 The properties of Sodium Carboxymethylcellulose (SCMC). 

 
Figure 4.1 The sample plots of the viscosity vs. the shear rate for different power law 
index n. n=1 for Newtonian fluid, while n<1 for shear thinning fluid.  
 
Governing Equations and Boundary Conditions 

The steady flow inside the liquid plug is described by the dimensionless Cauchy 

equation and the continuity equation as  

 ( )Re 2

0

u u p E

u

μ⋅ ∇ = − ∇ + ∇ ⋅

∇ ⋅ =
 (4.1) 

where the viscosity μ is scaled by the Newtonian viscosity μ0; ( )( )1
2

TE u u= ∇ + ∇  and 

the shear rate 2 :E Eγ = ; the velocity, length, pressure and surface tension scales are 

the same as Chapter 2.2. The surfactant transport equations are shown in Chapter 2.2.2. 

The scaled viscosity equation is shown as: 

 ( )
1*

1
*

0

n
nnK U

H
μ γ

μ

−
−⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (4.2) 
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The capillary number studied in this chapter is defined as 0 /Ca Uμ σ= , in which 

μ0 is the Newtonian viscosity.  For the boundary conditions, the non-slip conditions are 

applied on the channel walls; kinematic conditions and stress balance conditions are 

applied on the plug interfaces. On the far end films, there is mass conservation from the 

trailing films to the precursor films and the fully developed flow is applied on the films. 

When the surfactant is present, the surfactant transport equations shown in Chapter 2.2 

are solved as well.  

Parameter Estimation 

Typically, the mucus viscosity is at the range of 10-2 to 102 poise [21]. The power 

law index is in a wide range of 0.3 to 1, with 1 to be Newtonian fluid. In this chapter, we 

present the studies in two regimes: Newtonian fluid with n=1 and μ=1 (μ is scaled with 

μ0 = 0.42P), and power-law fluid with 0.6<n<1. 

4.3. Numerical Grid and Methods 

The curvilinear computational grid is generated in the same way as stated earlier. 

The physical domain (x,y) is mapped into the orthogonal computational domain (ξ,η) 

using the boundary fitted coordinate transformation [30]. The governing equations are 

 

11 22

12 21

Re Re

0

T

B Bu uF u F u
J J

B Bu uA p S
J J

F

ξ η

ξ φ

ξ

μ μ
ξ ξ η η

μ μ
ξ η η ξ

⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂− + −⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂= − ∇ + + +⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠

∇ ⋅ =

 (4.3) 

in which Sφ  can be expressed as  

 
( ) ( ) for component

( ) ( ) for component

v vS u

u uS v

φ

φ

μ μ
ξ η η ξ

μ μ
ξ η η ξ

∂ ∂ ∂ ∂= − +
∂ ∂ ∂ ∂
∂ ∂ ∂ ∂= + −

∂ ∂ ∂ ∂

 (4.4) 

The SIMPLER algorithm is used to solve the momentum equation, the pressure 

equation, the pressure correction equation so that the calculated velocity field satisfies the 

momentum equations and continuity equation, as shown in steps (1)-(8) in Chapter 2.3. 

The viscosity, which is present in the coefficients are calculated using the velocities from 
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the previous iteration. A minimum critical 
.

510γ −= is defined to prevent division by zero 

in Eqn. (4.2).  

At far ends of the film regions, the fully developed conditions are applied and the 

mass balance occurs from the precursor films to the trailing films, which leads to hp+
 + 

hp- = ht+
 + ht-. as shown in Fig.2.2. In Chapter 2, the whole domain of the plug is 

calculated since there is plug asymmetry due to the gravity effect. In this chapter, we are 

using the same computational domain and the plug symmetry is verified. The trailing film 

thickness ht+
 and ht- are unknown quantities and part of solutions, thus the precursor films 

are updated to be (ht+
 + ht-)/2 at each iterative step. In this steady state study, hp+

 = hp- = 

ht+
 = ht- since the gravity effect is neglected. h will be used as the film thickness in the 

following text. The SuperLU solver [31] is used to solve the sparse linear system of the 

momentum, pressure, pressure correction and surfactant transport equations. The 

iterations continue until all equations and boundary conditions are satisfied, i.e. all 

corrections become negligible small, which satisfy: ( )1 6max 10N Nu u − −− <  and 

( )1 3max 10N Nx x − −− < (N is the iteration step). 

In the grid generation for the plug domain, the film length is 15 units to the right 

meniscus and 18 units to the left. When the surfactant is present, the film length is 20 

units to the right and 30 units to the left. The grid convergence is verified by comparing 

the trailing film thickness and pressure drops across the plug in different mesh systems.  

4.4. Results and Discussions 

 In this section, the shear thinning properties of the fluid will be investigated as 

well as the effects of inertia and surfactant on mucus plug propagation. Both the pressure 

and the shear stress are plotted with surface tension scale 
*

* / Mp Ca p
H

σ⎛ ⎞
∏ = = ⋅⎜ ⎟

⎝ ⎠
 and 

* .
* / M

H
στ τ μ γ⎛ ⎞

= =⎜ ⎟
⎝ ⎠

. 

4.4.1 Effect of Power Law Index n 

Fig. 4.2 compares the streamlines, pressure and shear stress fields for Newtonian 

(n=1) (Fig. 4.2a) and power law (n=0.7) (Fig. 4.2b&d) plug with Ca=0.02 and LP=1 at 
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Stokes flow regime. The solid lines are streamlines; the color coded contour in the upper 

half of the plug represents the pressure and the lower is for the shear stress in Fig. 4.2a 

and b. Fig. 4.2c shows the axial velocity in the plug core center x=0 along y axis. Fig. 

4.2d shows the viscosity color contour and velocity vectors in the plug domain.   

 
Figure 4.2 The streamlines, pressure, shear stress for LP=1, Ca=0.02 and Re=0 for (a) 
Newtonian n=1 and (b) power law n=0.7. The solid lines with arrows: steamlines, dash 
lines with color contour: pressure (upper half) and shear stress (lower half).  (c) Center 
axial velocity u(x=0,y) for different n. (d) Viscosity color contour and velocity vectors as 
white arrows for n=0.7. 
 
 For a Newtonian plug, Fig. 4.2a shows the two types of flows: film flow and core 

recirculation flow as shown in Chapter 2.4. The stagnation points S1-6 appear along the 

interfaces to separate the film and core flows as well as separate the upper and lower half 

domains. The high negative pressure is achieved in the front transition region and a 

capillary wave occurs in this region with minimum film thickness developed, as 

discussed in Chapter 2. The shear stresses near the wall in both front and rear transition 

regions are higher than the plug core region. As n decreases (comparing Fig. 4.2a and Fig. 

4.2b), trailing film thickness increases (h = 0.0794 and 0.135 for n=1 and 0.7) due to the 

increased effective capillary number from the increased effective viscosity. The vortex in 

the plug core is smaller and weaker and the stagnation points S1, S3, S4 and S6 moves 

towards the center. The pressure on the trailing films is found to increase and the shear 

stress is shown to increase near the wall and the plug tip. When the fluid is Newtonian, 

n=1, the dimensionless viscosity µ is 1 everywhere in the plug domain and film region. 
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While for a power law fluid with n=0.7, shown in 4.2d, the viscosity contour has higher 

value at the center of the plug core, the maximum in the plug core can be as high as 

around 22.4 and the far end film region, the viscosity is near infinity because of shear rate 

to be 0. Fig. 4.2c gives the axial velocity u(x=0,y) of the central cross-sectional plane 

along y axis. It is shown that u(x=0,y) flattens when n decreases because of the increased 

viscosity and decreased shear stress at the center.  

 
Figure 4.3 (a) The interface position, (b) wall pressure Πw, and wall shear stress τw, and 
(c) wall pressure and shear stress gradients for different n at Ca=0.02, LP=1 and Re=0. 
 

The interface position, wall stresses and wall stress gradients are then compared 

for different n at Ca=0.02 and LP=1, which is shown in Fig. 4.3a, b and c respectively. 

Again, in Fig. 4.3a, it can be seen that the film thickness increases in trailing films, both 

the front and rear interfaces move toward the center axial line and more liquid is 

deposited for smaller n. Fig. 4.3b shows that the wall pressure Πw increases in the trailing 

films and rear transition regions with decreasing n. This is due to the increased pressure 

drop in the plug core region because of the increased effective viscosity when n decreases. 

The magnitude of wall pressure at the front transition region decreases due to the 

increased film thickness. The wall shear stress increases in the plug core, and both front 

and rear transition regions, but keep 0 on the films due to the fully developed flow on the 

films. The peak wall pressure gradient can be as high as 5.6 at n=1, and it decreases with 

decreasing n, with it to be around 4 at n=0.7. The shear stress gradient does not have 

much change in the magnitude, with peak value to be around -1.18, with decreasing n, 

but have slight spatial shift.  

4.4.2 Effect of Plug Speed 

Stokes Flow Regime 
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Fig. 4.4 demonstrates the variations of trailing film thickness h (4.4a) and pressure 

drop ΔΠ (4.4b) across the plug with the capillary number, which indicates the plug speed 

in Stokes flow regime, with both axes in log scale for different power law index n and 

LP=1 at the range of 5x10-3 <Ca<0.5. For Newtonian fluid, n=1, both film thickness and 

pressure drop show increases with increasing Ca, and log-log plot is shown to be linear 

when Ca is small; the slope of logh vs. logCa is around 0.6 and the slope of log(ΔΠ) vs. 

logCa is around 0.62 at Ca~0.006, which is close to the Bretherton’s results 

h=1.3377Ca2/3 and ΔΠ ∝ Ca2/3. While Ca is large, the slope decreases for the film 

thickness and increases for the pressure drop ΔΠ , which agrees with previous literatures 

[22, 23, 32, 33]. There are two components contributing to the pressure drop ΔΠ : (1) the 

viscous dissipation in the plug core, and (2) the net pressure jump across the air liquid 

interface. As n decreases, the pressure drop is found to increase because of the increased 

viscosity and increased viscous dissipation. When n decreases, we see the similar trend 

for h and ΔΠ , both h and ΔΠ  increase with Ca but at a higher value. However, the 

curve slopes decrease: the slope for log h vs. log Ca is around 0.4 and that for log ΔΠ  vs. 

log Ca is around 0.39 for n=0.7. This is mainly due to the increased effective viscosity in 

the plugs and increased effective capillary number, thus increased film thickness and 

shear stress with decreasing n.  

 
Figure 4.4 (a) The trailing film thickness h and (b) pressure drop ΔΠ vs. Ca with LP=1 at 
Stokes flow regime for different n. 
 
Effect of Inertia   

Fig. 4.5 shows the trailing film thickness h (4.5a) and pressure drop ΔΠ (4.5b) 

across the plug vs. the Reynolds Re for 5<Re≤55 with λ=1000 and LP=1 for four 
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different power law index, n=1, 0.9, 0.8 and 0.7. Both film thickness and pressure drop 

are found to increase with increasing Re and decreasing n. The slope of ΔΠ  vs. Re is 

found to be higher for smaller n. For n=1, the slope have slight change when Re increases, 

i.e. ΔΠ  vs. Re is roughly linear for Re<30 but curve up for Re is greater. For n=0.7, ΔΠ  

vs. Re is linear for the whole range of 5<Re≤55. In other words, more increase in 

pressure drop is needed with increasing Re at small n. This shows the decreased effect of 

inertia when n decreases. 

 
Figure 4.5 The trailing film thickness h (a) and pressure drop ΔΠ (b) vs. Re with LP=1 
and λ=1000 for different n. 
 
4.4.3 Effect of Surfactant 

Fig. 4.6 shows the streamlines, and the pressure fields in the upper half plug; and 

velocity vectors and shear stress fields in the lower half shown in 4.6a; and viscosity 

contour in the upper half plug while the surfactant concentration contour in the lower half 

shown in 4.6b with C0=10-4, Ca=0.02, Re=0, LP=1, Pe=5 x102, Pes=5x103, Ka=104, 

Kd=102, E=0.7 and β=10-2. The flow pattern indicates that there are two major flow 

regioins in the domain, one of which passes through the plug from the precursor film to 

the trailing film, the other is the recirculation region inside the plug core that does not 

communicate directly with the precursor and the trailing films. At the steady state, all the 

recirculation streamlines are closed and no convective momentum flux between these two 

regions. As there is no surfactant, all the six stagnation points attach the interfaces in the 

plug domain as shown earlier. With soluble surfactant shown in Fig. 4.6a, there is only 

one interfacial stagnation point at the tip, and the second one, however, appears on the 

midline inside the plug, off the meniscus tip, which is true for both front and rear 

interfaces. The streamline pattern varies with the surfactant concentration. The 

Marangoni stress causes the surface velocity to be almost zero, thus the recirculation zone 
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detaches from the interface. The recirculations are weaker and smaller as well compared 

to the surfactant-free case.  

 
 Figure 4.6 (a) The streamlines and pressure contour (upper half plug), velocity vectors 

and shear stress contours (lower half) for n=0.7; (b) the viscosity and surfactant bulk 
concentration for n=0.7; and (c) the zoomed front transition region with velocity vectors 
and color contour of surfactant bulk concentration for n=0.7 and n=1 with C0=10-4, 
Ca=0.02, Re=0, LP=1, Pe=5 x102, Pes=5x103, Ka=104, Kd=102, E=0.7 and β=10-2. 

 
With no surfactant, a capillary wave is developed and local minimum film 

thickness is achieved in the front transition region at x=1.26 as shown in Fig. 4.2. 

However, with surfactant, shown in Fig 4.6a, the precursor film near the front meniscus 

at 1.0<x<2.0 is thicker than the film thickness far ahead of the plug, h=0.138, a local 

maximum film thickness in this region is achieved at x=1.66 with h=0.240 and local 

minima in this region is achieved at x=1.2 with h=0.224, and the minimum thickness 

h=0.132 is observed where this thick film region connects to the leading front precursor 

film. High pressure is developed where the thick films occur in the front transition 

regions. In the lower half domain of Fig. 4.6a, the shear stress contour is shown in color. 

Shear stress is found to be high in the film flow region but relatively low in the plug core 

region. Maximum shear stress is achieved in the thick film region near the front meniscus, 

between where the local minimum and local maximum film thickness occur.  

The viscosity decreases in the plug core region and near the interfaces compared 

to the surfactant free case in Fig. 4.2c, due to the increased shear rate, shown in Fig. 4.6b. 

The bulk surfactant concentration is maximized, C~7x10-3, at the front meniscus caused 
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by the accumulation of the interfacial surfactant here. The maximized surfactant 

concentration at the front meniscus thus minimizes surface tension in the interface so that 

Maragoni stress is developed to move the liquid away from the core interface and 

develop thick film in the front transition regions. The shear stress then increases in order 

to balance the increased Maragoni stresses.  

When the thick film region is zoomed in, Fig. 4.6c shows the velocity vectors in 

the thick film region for n=0.7 and n=1 with color coded contour to be the surfactant 

concentration. The velocity profile in the front transition region is Couette-like linear 

shape for Newtonian flow n=1, rather than the uniform flow in the end film, which causes 

the thick films developed to conserve the mass [34, 35].  The velocity profile changes to 

non-linear shape for power law fluid, shown in 4.6c for n=0.7. The change of the velocity 

profile leads to higher shear stress in the front transition region. It can be seen that the 

maximal surfactant concentration is higher and the thick film region is shorter for n=0.7 

than n=1. The increased shear stress near the interface in the front transition region leads 

to increased Marangoni stress and interfacial surfactant concentration gradients, therefore, 

shorter thick film region. 

Fig. 4.7 summarizes the interface position (4.7a & b), interfacial surfactant 

concentration (4.7c & d), and surface velocity (4.7e & f) vs. arc length for different n at 

both rear and front interfaces. Arc length s is the horizontal axis, with s=0 defined at the 

interface tips on the midline, and it increases along the interface to the right but decreases 

along the left interface. When n decreases, the trailing film thickness h increases (4.7a); 

the gradient of interfacial surfactant concentration d
ds
Γ  increases; and the rear transition 

regions shorten. While in the front transition region, the thick film region shortens and 

become thicker, as shown in Fig. 4.7b. The precursor film thickness near the front 

meniscus is thicker than the precursor film thickness far ahead and the maximum 

thickness in the front transition region is hmax=0.188 with trailing film thickness h=0.088, 

thus hmax /h ~ 2.14 at n=1 while hmax=0.24, h=0.138 and hmax /h ~ 1.74 at n=0.7. The 

decrease of hmax /h with decreasing n may be due to the velocity profile changes in the 

thick film region. 
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Figure 4.7 The interface position (rear at a and front at b), interfacial surfactant 
concentration (c & d), and the interfacial tangential velocity (e & f) vs. arc length for 
different n at C0=10-4, Ca=0.02, Re=0, LP=1, Pe=5 x102, Pes=5x103, Ka=104, Kd=102, 
E=0.7 and β=10-2. 
 

As the plug propagates, the front meniscus sweeps up the preexisting interfacial 

surfactant in the precursor film. The interfacial surfactant accumulates on the front 

meniscus. Γ arises in the front meniscus and reach a maximum in the front meniscus 

surface, which causes a steep gradient in σ. As shown in Fig. 4.7c&d, the maximal Γ 

increases for both front and rear interface with decreasing n. In the front transition region 

for n=1, Γmax is approximately 0.5 at s= 0.925 and the transition region span covers 

0.925<s<3 where the gradient of Γ stays high. While for n=0.7, Γmax is about 0.66 at 

s=0.7 and the transition region shifts towards the plug core and shorten at 0.7<s<1.9 for 

n=0.7. In the rear meniscus, Γ reach maximum at the meniscus tip with Γmax ~ 0.0675 for 

n=1, and Γmax ~ 0.0865 for n=0.7; the rear transition region shortens as well when n 

decreases. Thus along both front and rear interfaces, when n decreases, larger gradients of 

Γ is achieved, which causes stronger Marangoni stresses along the front and rear interface 

near the transition regions. The Marangoni stresses induced by the surface tension 

gradient oppose to the flow in the precursor film, which causes a rigid interface. The 

transitions from the thick film to the precursor film are similar for different n. However, 

the shortening of the thick film region causes the rigid interface shortens, which leads to 
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the shift of the surface velocity vs. the arc length towards to the plug core in both front 

and rear transition regions as shown in Fig. 4.7e&f.   

 
Figure 4.8 (a) Wall pressure (b) Wall shear stress (c) Wall pressure gradient (d) wall 
shear stress gradient along x for n =1 and 0.7 at the situations with or without surfactant.  
 

The wall pressure and wall shear stresses are compared in Fig. 4.8a & b for n=1 

and n=0.7 with or without the presence of the surfactant at Ca=0.02 and LP=1. The 

values of ΠW at the left end film increase with adding surfactant or decreasing n (Fig. 

4.8a). The wall shear stresses increase near the rear and front transition regions with 

adding surfactant, the peak magnitude of wall shear stresses decreases near the front 

transition region, and a local maximum is developed in the thick film regions (Fig. 4.8b).  

The wall pressure increases in the rear films and the wall shear stress increases near the 

bulk and the front transition regions with decreasing n from the Newtonian to the power 

law fluid. With surfactant, local maximum are achieved in the front transition region and 
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is larger for the power law fluid than the Newtonian. This is due to the changes on the 

axial velocity profile, causing the local maximal stress to change and shift spatially 

towards the plug core with decreasing n. The wall pressure and shear stress gradients are 

shown in Fig. 4.8 c&d. The wall pressure gradient magnitude decreases with decreasing n 

and adding surfactant. The wall shear stress gradient has little change with n but 

decreases with adding surfactant as well.    

 
Figure 4.9 (a) The trailing film thickness h and (b) pressure drop ΔΠ vs. Ca with n=1 and 
n=0.7 at the conditions of surfactant or no surfactant at Stokes flow regime. 
 

Fig. 4.9 shows the film thickness h (a) and the overall pressure drop ΔΠ (b) across 

the plug vs. Ca for two different power law components:  power law fluid (n=0.7) and 

Newtonian fluid (n=1), with or without surfactant.  The solid lines represent h and ΔΠ for 

surfactant-laden liquid plug when C0=10-4 is prescribed at the precursor film far ahead of 

the plug. The two dashed lines denote the “no surfactant” case as shown in Fig. 4.4. For 

all the cases, h increases as Ca increases. The increases of h have been shown in Fig. 4.4a 

with the increase of Ca and decrease of n without surfactant. When there is surfactant in 

Fig. 4.9a, the curves of h vs. Ca are more flatted with smaller slopes. For Newtonian fluid 

(n=1), the surfactant thickens the trailing film thickness when Ca<~0.12, but has little 

effects on the film thickness when Ca>~0.12. The thickening of the trailing film 

thickness with surfactant acts in a way similar to that for semi-infinite bubble propagation 

[36]. The interfacial surfactant in the rear meniscus lowers the surface tension, which 

results in a larger effective capillary number, thus increased h. However, for power law 

fluid (n=0.7), the trailing film thickness increases when Ca<0.0393 but decreases when 

Ca>0.0393. Though the surfactant lowers the surface tension in the rear meniscus, it 

lowers the liquid viscosity as well. With the two counteractive effects, the curves of h vs. 
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Ca for n=0.7 with or without surfactant cross at Ca=0.0393. Fig. 4.9b shows monotonic 

increases on ΔΠ with Ca for all the cases. Comparing the cases with and without 

surfactant, ΔΠ with surfactant is larger than that without surfactant for whole range of Ca 

in Fig. 4.9b. Therefore the surfactant increases the overall pressure drop across the plug. 

The Marangoni stresses induced by the surface tension gradient make the interface less 

mobile, requiring a larger force to move the meniscus.  The curves of ΔΠ with surfactant 

have similar shape but smaller slopes comparing to the curves without the surfactant.  

When the power law index n decreases, the pressure drop ΔΠ increases. As mentioned 

earlier, the thick film region shortens for power law fluid when surfactant is present, 

which reduces the drag during plug propagation. Therefore, even though the surfactant 

causes the pressure drop ΔΠ to increase, the increase of ΔΠ is smaller and less dependent 

on Ca for power law fluid. In other words, for power law fluid, the effects of surfactant 

and plug speed are not as prominent as the cases of Newtonian plugs.  

4.5. Conclusions 

 In this chapter, the flow and transport phenomena of the mucus plug are 

investigated in the mucus plug during mucus clearance from the pulmonary airways. The 

mucus properties are studied as well as the plug propagation speed and presence of 

surfactant. It is found that the power law fluid has a higher shear-thinning effect with 

decreasing the power law component n, which causes the effective viscosity, and shear 

stresses to increase. Consequently, the trailing film thickness and pressure drop increases 

due to the increased effective capillary number. The plug core recirculations become 

smaller and weaker with the decrease of n due to the increased viscosity in the plug core 

center. Larger driving force is required to drive the mucus plugs due to the increased 

shear stress when n decreases. When the surfactant is present, even larger pressure drop 

over the plug is needed to drive the mucus plug though the viscosity in the plug tends to 

decrease. A higher surfactant concentration is achieved along the plug menisci with 

decreasing n, which causes a higher Marangoni stresses for both front and rear transition 

region. A shorter but thicker film in the front transition region is found for smaller n, 

which compresses and amplifies the pressure and shear stress gradients. The existence of 

surfactant is found to decrease the viscosity of the plug core, therefore soften the mucus 

plug. Therefore, less force may be needed when surfactant is present for the initial 
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movement of mucus plugs before the development of thick film in the front transition 

regions and reaching the steady state. The existence of surfactant is found to increase the 

magnitude of wall stresses and stress gradients in the front transition region, leading to a 

potential higher risk of pulmonary epithelial cell damage.   
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CHAPTER 5 

 

MICROFLUIDIC APPLICATIONS – PLUG DYNAMICS IN FLEXIBLE 
MICROCHANNELS AS A SMALL AIRWAY MODEL 

 

5.1. Introduction 

 In various pulmonary diseases such as chronic obstructive pulmonary disease 

(COPD) [1], acute respiratory distress syndrome [2, 3], asthma [4-6] and cystic fibrosis [7, 

8], the liquid layer coating the pulmonary airways tends to form a bridge due to the 

interfacial instabilities because of the deficient or dysfunctional lung surfactant. When a 

liquid plug forms in the pulmonary airways or alveoli, it blocks the gas exchange 

pathways. With the inspiration, the liquid plugs are forced to propagate through the 

airways and finally rupture to reopen the occluding airways [9]. Theoretical studies have 

suggested that the liquid plug or air bubble propagation during airway reopening process 

can generate fluid mechanical stresses, i.e. the normal and shear stresses on the wall, 

beyond the physiological values [10-15], which might cause cell damage and possiblye 

tissue damages as well.  

Experimental studies [16, 17] have demonstrated severe injuries in surfactant-

deficient lungs through the excised lungs or in vivo animal models. Cell injuries have also 

been investigated experimentally in Gaver’s group [14, 18-20] during airway reopening 

by propagating the semi-infinite air bubbles through a parallel plate chamber with the 

walls cultured with airway epithelial cells. They found significant cell damages from the 

mechanical stresses and proposed that the pressure gradient near the bubble front was 

responsible for the cellular injury. Huh et al. [21] studied the cellular lung injury from the 

propagation and rupture of liquid plugs on the human airway epithelial cells in a 

microengineered airway system. They found that there are more cell injuries in the 

vicinity of where the plug ruptures and that the crackle sound may correspond to the 

cellular injury in the lungs.  
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However, these bench-top experiments are based on rigid channel/chambers. It is 

well known that the lung is compliant and the pulmonary airways are flexible and the 

airway flexibility varies with respect to the lung situations. In diseases like emphysema, 

the tissues or paranchyma in the lungs can be destroyed, which leads to over-compliant 

lungs; in chronic bronchitis, the airway walls can be thickened and leads to low-

compliant lungs. Therefore, understanding the dynamics of plug propagation in flexible 

channels is essential to knowing the stresses on the lining cells and corresponding cell 

injuries. In this chapter, the plug propagation is investigated through flexible 

microchannels with both experiments and numerical simulations, and try to provide the 

insights on the mechanisms of potential cell injuries at in-vivo situations.  

5.2. Experimental Methods 

5.2.1 MicroChannel Fabrication 

The microfluidic channels were fabricated using soft lithography [22].   

Poly(dimethylsiloxane)(PDMS) (Slygard 184; Dow Corning, MI), pre-polymer was 

mixed with curing agent at a weight ratio of 10:1. The mixture was then cast onto a 4 in. 

silicon wafer with 100µm thick positive relief patterns of SU-8 50 of microchannels and 

cured at 60 ºC overnight. The cured PDMS layer was peeled from the silicon wafer. 

Holes of 2mm diameter were punched through the cured PDMS substrates as reservoirs. 

To fabricate a very thin membrane of PDMS (thickness ~O(5µm)), PDMS and toluene 

were mixed at 1:1 mass ratio using a vortex mixer and the resulting mixture was allowed 

to sit for around 5 minutes before use to remove bubbles. The toluene-diluted PDMS 

prepolymer was spin-coated on a silanized clean glass cover slide for one and a half 

minutes (3 s for 500rpm, ramped at 500rpm/s to 1800rpm for 90 s) to generate a thin 

layer. This thin layer covered glass slide was then cured at 120 ºC for an hour and 

transferred to a plain PDMS thin membrane with thickness of 7µm, which was similar to 

the wall thickness of the distal airways in human lungs [23].  The cured thin membrane 

and channel layer were then sealed against each other using a plasma oxidizer (11005-

plasma Prep II, SPI, West Chester, PA) [22]. This assured the entire channel to have the 

same surface properties and be hydrophilic. PDMS with 10:1 curing ratios has Young’s 

modulus around 0.7MPa and Poisson ratio about 0.5 [24-26]. This is comparable to the 

connective tissue network in the normal lungs. The elastin in the lungs has Young’s 
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modulus in the order of 0.5-5MPa [27]. The average Young’s modulus of a single 

alveolar wall was estimated to be around 300kPa [28].  PDMS is justified to be used as 

elastic materials with similar elastic properties as the normal lungs.  

The fabricated channel has to be vertically flip 90º so that the thin membrane is 

shown as a side wall under an inverted microscope. This way the thin membrane 

deformation due to the pressure drop over the membrane can be well observed under the 

microscope. A razor blade was used to cut through the sealed structure near one channel 

wall along the axial direction; PDMS is then used to cure the rough cutting side again 

with a vertical level so the cured side keeps 90º with the near surfaces. The schematic of 

microchannel is shown in Fig.5.1a and the cross section of which is shown in Fig. 5.1b. 

The back of the channel (Height LH and width LW) is sealed with the thin membrane 

with thickness t, when Pext>Pin, then membrane will deform inwards, thus from the 

inverted microscope, we can detect the deformation of the wall from the bottom. The 

height LH and width LW is roughly 100µm and the thin wall thickness t is roughly 7 µm. 

 
Figure 5.1 (a) Schematic of microchannels sealed with thin membrane with liquid plugs 
moving in the main channel. (b) the cross section of the microchannel. (c) schematic of 
compliance measurement (pressure-volume relationship). 
 
5.2.2 Compliance Measurement 

In the compliance measurement of the microchannels, two sets of channels were 

fabricated, one was the replica of PDMS microchannel sealed with a glass slide, and the 

other was the PDMS microchannel replica sealed with the PDMS thin membrane. De-

ionized water with dye was used for compliance measurement. The microchannels were 

filled with water first, then the outlet is sealed with permanent glue to keep seamless. The 

inlet was then connected to U-shaped microchannel (PDMS sealed with a glass slide) via 
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0.8mm id silicone tubing (Fisher Scientific) with water filled, as shown in Fig. 5.1c. As 

the U-shaped microchannel was higher (lower) than the microchannel, the pressure inside 

is above (below) than the outside. The thin membrane deforms and water volume 

increases (decreases) in the target microchannel. Therefore the interface marker in the U 

channel moves, from which we can calculate the volume changes and pressure changes. 

The pressure-volume relationship thus reveals the compliance of the target microchannels. 

5.2.3 Liquid Materials and Plug Visualization 

The liquid material used is the mixture of de-ionized water and fluorescence 

particles (Duke Scientific) with the diameter 0.5 µm and density 1.05g/cm3 at 

concentration around 0.1%. The fluorescent particles can be excited by the blue light at 

468nm and emit green light at 508nm. The microchannels were filled with the liquid. The 

inlet and outlet are connected to reservoirs which were open to the atmosphere. A pair of 

air bubbles were injected in the liquid through a side channel using a 10µL syringe. The 

plug propagated with a specified pressure from the gravity pump. A CCD camera 

(Hamamatsu Orca-100), connected to an inverted fluorescent microscope (TE-300, Nikon, 

Tokyo, Japan), and SIMPLE PCI software (Compix Inc.) were used to record the plug 

motion and wall deformation. 

5.3. Experimental Results 

5.3.1 Channel Compliance  

 
Figure 5.2 (a) pressure P (cmH2O) vs. the dimensionless volume V/V0 for the 
microchannels with flexible membrane and with glass slide. The red (black) symbols 
with error bars in volumes are for the rigid (flexible) channel. (b) P vs. V/V0 from the 
deformation of the thin membrane by subtracting the two data sets in (a) and compare 
with the large deflection theory.  
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Fig. 5.2a shows the pressure –volume measurements for the PDMS microchannel 

sealed with the PDMS thin membrane, called the flexible channel, and with a glass slide, 

called the rigid channel, as a control. The red symbols with error bars in volumes are for 

the rigid channel. The rigid channel shows slight volume increases (decreases) with 

pressure increases (decreases). This is due to some elasticity of the PDMS polymer 

materials. The black symbols with error bars in volume represent the flexible channel. 

With the same pressure, the flexible channel shows a larger change of volume than the 

rigid channel, which is believed due to the deformation of the thin PDMS membrane. By 

subtracting these two curves, we can get the pressure-volume relationship just due to the 

thin flexible PDMS membrane shown as the symbols in Fig.5.2b. When the pressure is 

positive, the outer pressure is smaller than the inner pressure in the channel. Tthe thin 

membrane then expands outwards and the channel volume increases.  When the pressure 

is negative, the outer pressure is larger than the inner pressure. The thin membrane is then 

sucked and deforms inwards and the channel volume decreases.  This study is mostly 

interested in negative pressure region because the plug propagation has shown to result in 

a large negative pressure when it passes by from Chapter 2 and 4.  

A large deflection theory on a clamped thin plate was used to calculate the 

compliance of our PDMS microchannel from the thin membrane deformation using Von-

Karman’s equations [29-33]. In a channel with height and width 100µm, length 4cm, the 

deformation of the thin PDMS membrane with Young’s modulus around 0.7MPa and 

Poisson ratio about 0.5 [24-26], is calculated in the membrane coordinate, as shown in 

the purple curve of Fig. 5.2b. The results show agreements with our measurements when 

the pressure is negative. The properties of the PDMS during expansion may be quite 

different as that during the compression. Since the negative pressure ranges are of interest, 

the inconsistency of PDMS properties during expansion and compression is not expected 

to affect our analysis.  

The average compliance of the flexible channel is calculated and compared with 

the airway compliances so the usage of the flexible channel can be justified. The average 

compliance is defined as ( )0 /C V V P= Δ Δ . From Fig. 5.2, we can calculate C to be 

around 0.003 to 0.006 cmH2O-1at pressure is at the range of -100 ~ 0 cmH2O. For the 

human bronchioles, it was shown that the average in vivo compliance is a bit larger, 
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~O(0.01) cmH2O-1 at pressure of -40 to 0 cmH2O [23]. Since our microchannel only has 

one flexible wall, the compliance of the channel is expected to be reasonable and able to 

show the deformation properties of the actual human airways. 

5.3.2 Wall Deformation from Plug Propagation 

The liquid plug is generated in the microchannels by instilling pairs of bubbles 

from the side channel and the liquid plug propagates driven by the hydrostatic pressure 

from the gravity pump.  With the negative pressure generated by the liquid plug 

propagation, the wall deformation is observed. As can be seen in Fig. 5.3 a, the upper 

wall is rigid and the lower wall is the thin flexible membrane. Fig. 5.3 b shows the 

extracted wall positions regarding to the plug propagation for different plug length and 

propagation speed. From the large deflection theory, the maximum thin membrane 

deformation is estimated to be about 12µm with uniform pressure load of p=103Pa on the 

thin membrane of 100µm wide and 4cm long.  

 
Figure 5.3 The snapshot images under microscopes for the plug propagation in a 
microchannel with upper wall rigid and lower wall flexible with plug length to be around 
(a) 2.5 x channel height H (b) 0.55 x channel height.  

 
Figure 5.4 The snapshot images with extracted wall positions for different plug length 
and plug speed. The purple lines represent the top rigid walls and the green lines 
represent the bottom flexible walls. 
 

Quantitative information was achieved by extracting the wall shapes from the 

snapshot images at instant plug length and plug speed, as shown in Fig. 5.4. The purple 
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lines represent the top rigid walls and the green lines represent the bottom flexible walls. 

The maximum deformation for each case are calculated to be (a) 15.5µm (b) 14µm (c) 

12.5µm (d) 15.5µm and (e) 11µm with error of 2 µm. Comparing case (c) and (d), the 

plug length is very close, however the plug propagates in a larger speed for case (d) and 

results in a larger deformation. When the speed changes relatively small, the deformation 

seems to decrease with decreasing the plug length. The average strain on the bottom walls 

are calculated to be in the range of 0.7%-1.2% for the five cases, which increases with 

decreasing the plug length. The plug interface is shown to be asymmetric due to the 

deformed wall compared to that in a rigid channel.  

5.4 Theoretical Formulation 

5.4.1 Model Description 

 
Figure 5.5 Schematic of the model system of a liquid plug driven by pressure drop p1-p2 
through planar fluid-filled channel with upper wall rigid and lower wall flexible.  
 

The plug propagation through a 2-D channel with lower wall flexible is illustrated 

in Fig. 5.5. A liquid plug propagates with steady speed U* relative to the channel, driven 

by the pressure drop p1
* - p2

*. The fluid has Newtonian viscosity μ, and constant density ρ. 

The surface tension σ, is assumed to be uniform. The viscous fluid is modeled in a 

channel with a rigid upper wall and a membrane-like lower wall with constant 

longitudinal tension TL
* and  supported by nonlinear springs, the parameters of which are 

obtained from the experiments. Far ahead of the plug, the channel has a width of 2H*, and 

the springs are unstressed. Far behind the plug, the springs are slightly compressed due to 

the positive pressure p1
* and uniform liquid films on each of the channel walls h1

* at the 
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lower flexible wall and h3
* at the top rigid wall. The precursor films along the lower 

flexible and tip rigid walls are h2
* and h4

*. 

5.4.2 Governing Equations 

The parameters are nondimensionalized as follows. Lengths (x, y) are scaled on 

half channel width H*, pressure on the viscous force scale μU*/H*, and velocity ( ),u u v=  

are scaled on U*. For steady plug flow in the microchannels corresponding to the 

experiments, the flow governing equations (Navier-Stokes equations) may be 

approximated to Stokes flow equations and continuity, which in scaled form are 

 2 , 0p u u∇ = ∇ ∇ ⋅ =  (6.1) 

Along the front and rear menisci, the dimensionless interfacial stress conditions 

are given by 

 1
2( )T

ITFp n u u n Ca n p nκ−− + ∇ + ∇ ⋅ = −  (6.2) 

in which n  is the interface inward-facing normal direction; the capillary number 
* /Ca Uμ σ=  represents the ratio of viscous to the capillary stresses and can be 

considered as a dimensionless plug tip velocity; the interfacial surface curvature 

sITF nκ = ∇ ⋅ , where ( )s I nn∇ = − ⋅∇  is the surface divergence vector. At both air-liquid 

interfaces, the kinematic boundary conditions for the steady state are 0u n⋅ = . 

The lower flexible wall is assumed to be massless and the springs may slide freely 

in the x direction so that they always remain vertical. The variations in wall tension from 

tangential viscous stresses are assumed to be negligible. Therefore the tangential stress 

boundary condition along the bottom flexible wall is neglected. Under steady state 

conditions, a moving reference frame is chosen on the plug tip. The lower flexible wall is 

a membrane and is assumed to move normal to itself in the laboratory frame and 

tangential to itself in the moving frame. For steady plug propagation at the Stokes flow 

regime, the effects of membrane damping and inertia are neglected due to the thin 

flexible wall studied, thus the simplified normal stress at the bottom wall is balanced with 

the spring forces and wall tension as discussed in [11, 15],   

 ( )L LW w wT f Can T nκ ζ− = − ⋅ ⋅  (6.3) 
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where 
*

L
L

TT
σ

= is the dimensionless longitudinal tension on the lower flexible wall, κLW is 

the curvature on the lower flexible wall sLW wnκ = ∇ ⋅ , ζ(x)=1+y is the lower wall 

deformation with undeformed wall ζ(x)=0, f(ζ) represents the nonlinear force 

dependence on the wall deformation ζ,; f(ζ) is obtained by fitting the pressure-

deformation curve of the flexible channels from the P-V measurements discussed earlier. 

A cubic spring function is obtained with the formula f(ζ)=Aζ3 + Bζ where A=76.8 and 

B=0.13. The right hand side of Eqn (6.3) can be calculated from the fluid stresses:  

 ( )T
w w w wn T n p n u u n⋅ ⋅ = − + ⋅ ∇ + ∇ ⋅  (6.4) 

The normal stress Πw and shear stress τw on the wall from the fluid is defined as follows 

with the surface tension scale. 

 
w w w

w w w

Ca n T n

Ca t T nτ
∏ = ⋅ ⋅ ⋅

= ⋅ ⋅ ⋅
 (6.5) 

5.4.3 Boundary Conditions 

In the plug tip frame of reference, the no-slip conditions at the walls are: 

 wu t=  (6.6) 

where wt  is the tangential vector along the wall and ( )1,0wt = −  on the top rigid wall, and 

( )
( )1/ 22

1,

1
x

w

x

t
ζ

ζ

− −
=

+
 on the bottom flexible wall. 

For all the end films, the fully developed conditions are applied for the fluid 

velocity. At steady state, the mass leaving the front is the same as that coming into the 

rear at each wall, which is simplified as h2 =h1 and h4= h3. The pressure at the precursor 

films is equal to the front gas pressure (p2=0) and in the trailing films equals the rear gas 

pressure p1 as a part of solution.  

5.4.4 Parameter Estimation 

 In actual pulmonary airways, the airway geometry depends on the generations and 

the liquid properties depend on the lung status or the instilled liquid properties, as 

discussed in Chapter 2.2.4. The microchannel investigated in this chapter is justified in 

Section 5.3.1, based on which the theoretical parameters are chosen. In the experiment, 
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H*~ O(100µm), ρ~1g/cm3, µ~O(0.1P), σ~O(50dyne/cm), the liquid speed is estimated to 

be O(1cm/s), thus Ca ~O(10-3), Re~O(0.1). The inertia is negligible. The longitudinal 

tension is assumed to be at the same order with the surface tension.  

5.5 Numerical Methods 

 The curvilinear computational grid was generated in a similar way as discussed in 

Chapter 2 and 4 from two dimensional Poisson’s equation [34]. SIMPLER algorithm [35] 

is used to solve momentum and pressure equations as well. The detailed procedure is 

shown in Chapter 2.3. In this study, the wall equation is solved using Newton’s method. 

The wall position is updated semi-steadily and the cubic splines [36] are applied to 

approximate the wall shape as the function of the arc length.  

The wall equation is decretized with finite difference method, and a function is 

defined: 

 ( ) ( ) ( )
2 2 23

pL
e e p p w w

fT d d d F
L L

ζ
ζ ζ ζ ζΨ = − + + + +  (6.7) 

where ( )( )1/ 22

1 1 11 e e p p w wL d d dζ ζ ζ= + + + and w wF Can T n= − ⋅ ⋅ . 

 Using Newton’s method, the Newton’s Jacobi matrix can be calculated to be 

 

0 0 0

0 0 0 0

0 0

newton
e p w

J
ζ ζ ζ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥∂Ψ ∂Ψ ∂Ψ= ⎢ ⎥

∂ ∂ ∂⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 (6.8) 

At each iteration, after the momentum and pressure equations are solved and the 

flexible wall shape is updated with δζ , which is solved numerically from  

 ( )k
newtonJ fδζ ζ=  (6.9) 

 Thus, the bottom flexible wall is corrected by 1k kζ ζ δζ+ = − , and this correction 

repeats with each iteration after the velocity and pressure fields are achieved and the plug 
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interfaces are updated until the correction become negligible small, which satisfy: 

( )1 3max 10k kζ ζ+ −− < (k is the iteration step).  

5.6 Theoretical Results 

Fig. 5.6a shows the streamlines and pressure fields of steady plug propagation in a 

two-dimensional channel with top wall rigid and bottom wall flexible at Ca=0.01, TL=1 

and LP=1. Two major flow regions are shown again: film flow near the wall from the 

precursor films to the trailing films, and the plug core recirculatoins. Two stagnation 

points S2 and S5 at the interface tips separate the upper and lower recirculation. The 

recirculation center at the lower half domain moves towards the center due to the 

deformed wall, which locates at y=-0.515 while the upper one is at y=0.617. The 

stagnation points S1 and S6 separate the wall layer flow and the core recirculation in the 

lower half domain and they move up towards the center as well, with S1 is at x=0.918, 

y=-0.722 and S6 at x=-0.981, y=0.73. S3 and S4 separate the film flow from the core 

flow in the upper half domain with S3 at x=0.917, y=0.85 and S4 at x=-1.083, y=0.848. 

 
Figure 5.6 (a) The streamlines (black solid lines) and pressure fields (color contour) in a 
2-D channel with top wall rigid and bottom wall flexible at Ca =0.01, TL=1 and LP=1. 
Zoomed films in the (b) rear and (c) front transition regions near the flexible wall. The 
white arrows are the velocity vectors. The color coded contour represents the pressure 
fields and the solid black lines with arrows are streamlines 
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The capillary wave exists on the front interface near the upper rigid wall where 

the plug core is connected to the upper precursor film. However, the capillary wave 

disappears along the front interface near the bottom transition region. The zoomed-out 

film near the bottom front transition region is shown in Fig.5.6c. The front interface 

extends monotonically to the far-ahead of film near the bottom wall. In the lower film, 

however, minimum film thickness still occurs and an oscillation on the film thickness 

occurs as well due to the non-uniform wall deformation. This result is consistent with 

Howell et al.[37]. They also found the capillary wave diminished in the front interface in 

some cases of η; however, the local minimum film thickness is still developed in the 

front transition region due to the deflection of the wall.  

In this parameter set, the bottom wall deformation is largest near the front 

transition region, which then causes the minimum film thickness to occur. This 

oscillation on the film thickness results in an oscillation on the fluid pressure: pressure is 

quite low when the fluid is approaching the thinnest film location from the plug core 

region and pressure increases when film is expanding. In the rear transition region as 

shown in Fig. 5.6b, the film thickness decreases monotonically to the far-behind region, 

so do the wall deformation and rear meniscus. In Fig. 5.6b & c, the velocity vectors are 

also shown with the white arrows. Fig. 5.6c shows larger speed on the interface than the 

wall near the thinnest film region, which causes a high negative shear stress but the 

opposite towards the plug core, i.e. a high positive shear stress region, thus a high shear 

stress gradient may be achieved and the risk of cell damage on the airways can be 

increased.  

Fig. 5.7a shows the wall normal stress wΠ  (solid lines) and its gradient 

( ) /wd dsΠ  (dash lines) along the wall arc length s on the flexible wall and rigid wall 

when plug propagates through at Ca=0.01, LP = 1 and Re = 0. s = 0 corresponds to x = 0 

and s = x for the rigid wall. The red curves represent the values on the flexible wall, and 

the blue curves represent that on the rigid wall. The peak magnitude of Πw has a slight 

increase on the flexible wall (Πw=1.567) than a rigid one (Πw=1.448) and the peak 

location shifts towards the center on the flexible wall at x=1.09 and peak at x=1.192 for 

the rigid wall. Πw has slightly larger magnitudes near the plug core (Πw ~ -1) and the 
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exposure region of a high negative magnitude on the wall near the plug core is shorter for 

the flexible than the rigid. This causes a much higher gradient of the normal stress near 

the transition regions along the flexible wall. The peak normal stress gradient  

( ) /wd dsΠ  is shown on the front transition region, and its magnitude is shown to be 14.4 

on the flexible wall, which is more than double of that on the rigid wall, ( ) /wd dsΠ =6.7. 

In the front transition region, the local peak magnitude of ( ) /wd dsΠ  is ~ 2.3 on the 

flexible wall is also larger than that on the rigid wall, i.e. ( ) /wd dsΠ ~1.5.  

 
Figure 5.7 (a) The normal stress, normal stress gradient and (b) shear stress, shear stress 
gradient along the wall arc length s (s=0 corresponds to x=0) at Ca=0.01, LP=1 and Re=0 
on the flexible wall and rigid wall. Red colored curves represent those on the bottom 
flexible wall, while blue curve represents those on a rigid wall. 
 

Fig. 5.7b shows the wall shear stress wτ  (solid lines) and its gradient ( ) /wd dsτ  

(dash lines) along the wall surface with arc length s on the flexible wall and rigid wall 

when plug propagates through a 2-D channel at Ca=0.01, LP=1 and Re=0. In the plug 

core region, the wall shear stress is shown to be the similar for both flexible and rigid 

wall. In both front and rear transition regions, the locations of the peak magnitudes shift 

towards the center when wall is flexible, and the peak magnitude increases. As shown in 

Fig. 5.7b, near the rear transition region, the local peak of wτ  is 0.095 at x=-1 on the 

flexible wall but wτ =0.068 at x=-1.255 on the rigid wall. In the front transition region, 

the peak magnitude of wτ  is 0.189 at x=1.19 on the flexible wall. On the rigid wall, the 
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wall shear stress peak wτ =0.125 occurs at x=1.36. The flexible wall shear stress shows 

higher peak value and the peak position shifts towards the center x=0 compared to the 

rigid wall. The shear stress gradients are a lot larger in the transition regions on the 

flexible wall than on the rigid wall as well. ( ) /wd dsτ  is shown to has a negative peak 

around -2.85 at x=0.115 and a positive peak around 2.12 at x=1.242 on the flexible wall. 

While on the rigid wall, the peak magnitude is only around 1.1, which is even less than 

half of that on the flexible wall. The high peak values and their rapid changes may result 

in a higher risk of cell damages on the flexible wall than the rigid one. At far end films, 

the wall shear stress is 0 since the flow is nearly uniform in the film region.  

5.7 Discussion 

 Our computation shows agreements with the experiments on the wall deformation. 

As the plug propagates through the flexible channel, the negative pressure generated on 

the wall near the plug core is large enough to deform the flexible wall, which affects the 

plug flow and wall stresses. The dimensional values of the wall maximal deformation and 

stress can be estimated from our computation. For LP=1, Ca=0.01 and Re=0, the 

maximal wall deformation is 0.165, and peak magnitudes of the normal stress and shear 

stress are -1.5 and -0.19 with the scales of σ/H. The dimensional normal and shear stress 

peaks are 1.5x104 and 0.19x104dyne/cm2 and the wall maximal deformation is ~8µm. 

This is close to our experimental measurements of 12.5±2 µm for the maximum 

deformation and estimation of 1.05 x 103Pa for the transmural pressure. This set up can 

be then used to mimic the actual flexible airways and study the cell injury from plug 

propagation with the effect of wall flexibility. It should be noted, that the experiments 

and computation did not take into account many factors such as pulmonary surfactant and 

stresses from wall stretching during the deformation. The analysis here would limit to the 

airway system with surfactant dysfunction and the stresses estimated are mainly from the 

fluid with stresses from wall stretching neglected. 

 It is commonly known that increasing compliance in the lungs or airway trees 

helps breathing and relieve the lung injuries. However, the opposite trend is shown 

locally in current scenario. When the plug forms and blocks the lung airways, the wall 

flexibility may result in larger injuries due to the larger wall stress imposed. The 

compliance may help recruiting more alveoli; at the same time, it may worsen the local 
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cell or tissue injuries due to the increased wall stresses. Normal surfactant function is 

expected to reduce the surface tension and the peaks of the wall pressure and shear stress, 

which reduces the potential damages of the epithelial cells lining on the flexible walls.  

 Airway reopening on the epithelial cells has been studied previously by [18, 20, 

21], where the lung epithelial cells were exposed to the propagating semi-infinite bubbles 

[14, 18, 20] or plugs [21] through rigid channels and severe cell injuries were 

demonstrated under the fluid stresses during airway reopening. This microfluidic flexible 

airway system enables us to demonstrate the importance of the wall flexibility in 

promoting the mechanical tissue injury during airway reopening. This has not been 

addressed in previous models. Our studies provide new insights into understanding 

physiological nature of flexible airways on the local cell injuries during airway reopening 

in many diseases and clinical therapies.  

5.8 Conclusions 

 In this chapter, a microfluidic airway system was used to study the effect of wall 

flexibility on the plug propagation experimentally and computationally. Flexible 

microchannels were fabricated with compliance similar to that of the human small 

airways by incorporating a thin membrane as one channel wall. The local deformation of 

this thin flexible wall is observed experimentally as the plug propagates through the 

microchannel. The numerical results agree with the experiments on the wall deformation 

and predict a higher level of wall stress and stress gradients along the flexible wall 

comparing to a rigid channel wall. Therefore more deleterious effects are expected on the 

cells lining in the flexible airways during the reopening plug flows. Current approaches 

provide a stage to enhance the understanding of pulmonary mechanical forces during the 

airway reopening process. The results potentially contribute to relieving the lung injuries 

during the lung diseases and treatments. Future studies will be performed on the 

responses of cells cultured on the flexible wall during the plug propagations and ruptures. 
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CHAPTER 6 

 

CONCLUSIONS 

 

 This thesis investigates the transport of liquid plugs through the pulmonary 

airways in order to understand the fundamental fluid mechanics in many lung diseases 

and clinical therapies, and to optimize the treatment efficiencies. Analytical, experimental 

an computational methods are applied to study the fluid mechanics of the following 

phenomena: liquid delivery into the lung, mucus clearance from the lung, and 

microfluidic study of the liquid plug propagations in flexible channels.  

 Many clinical therapies require liquid instillation into the lungs such as surfactant 

replacement therapy (SRT), liquid ventilation and drug delivery. Studies have shown that 

the effectiveness of the treatments by liquid delivery may depend on how liquids 

distribute in the lung. In clinics, physicians tend to turn the patients in different 

orientations during liquid delivery. Many studies have investigated the plug or semi-

infinite bubble propagations in straight channels, but very few studied the liquid 

distribution from plug propagation and splitting in the lungs. The lungs is composed of 

branching airways trees, thus understanding liquid delivery through straight tubes and 

bifurcations will be of great benefit on the liquid transport and lung functions.   

The first part of this dissertation studies the fundamental fluid mechanics of the 

liquid plug propagation through the tubes and bifurcating airway models in order to 

reveal important system parameters governing the liquid delivery and distribution. When 

a liquid plug propagates in the straight tube before it reaches the bifurcation, the plug 

volume shows asymmetry due to the gravity, which predetermines the asymmetric 

splitting: more liquid enters the gravity-favored branches. This pre-bifurcation symmetry 

is then studied using computational fluid mechanics method. The effects of gravity 

(characterized as the Bond number Bo), gravitational orientation α, the plug speed (Ca at 
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Stokes flow regime, or Re with high inertia), plug volume and the presence of surfactant 

are assessed on the plug propagation in a two-dimensional channel. When there is no 

gravity (Bo=0), the flow inside the plug is symmetric and independent on the upper and 

lower half domains of the plug. When Bo>0 and α≠0 or π, the fluid is found to flow from 

the upper precursor films, pass through the plug cores, and finally enter the lower trailing 

films. The flow recirculations become weaker with the increase of Bo and the resulting 

number of vortices can be 0, 1 and 2 depending on the flow parameters. When the 

surfactant is present, the vortices detach from the interfaces and lead to two saddle points 

inside the plug core. Capillary waves develop in the front transition regions with the 

amplitude increases with Bo and Re, which results in an increasing magnitude of wall 

pressure and wall shear stress. Consequently, a higher risk of pulmonary epithelial cell 

damage occurs on the top wall. The pre-bifurcation asymmetry is quantified by the 

volume ratio. The results show that the asymmetry is enhanced by increasing Bo but 

reduced by increasing the plug volume, speed and surfactant. The fluid mass deposited in 

the trailing films increases with increasing Bo for α>2π/5, gravity orientation α, plug 

length LP and plug speed. At the same time, it increases with C0 for small Bo (Bo<0.4) 

while decreases with C0 as Bo≥0.4. 

The plug splitting behavior is studied experimentally using a bench-top symmetric 

bifurcation. Liquid plugs are instilled into the parent tube of the bifurcations with a 

constant flow rate driven by a syringe pump. The effects of gravity and flow rate are 

studied by varying the roll angle, pitch angles, and different flow speed. The plug 

splitting behavior is recorded and analyzed, from which the splitting ratio is calculated by 

dividing the length of the plugs entering the daughter branches. The results show that the 

splitting ratio increases with increasing flow rate, decreasing Bo and the gravitational 

orientations (roll and pitch angles). A critical plug speed is found below which the plug 

did not split and traveled entirely into the lower branch by gravity. The plug splitting 

behavior is studied in both low Re regime and high Re regime with three different plug 

materials. The results show that inertia plays a very important role in plug splitting: more 

homogeneous plug splitting with inertia and larger effects on shorter plug. Downstream 

plug blockages are introduced to simulate the effect of earlier delivery of liquid during 

the treatments. The lower daughter blockage counteracts the effect of gravity and results 
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in a larger splitting ratio, while the upper blockages have the opposite effects. The liquid 

distribution is more homogeneous with larger volume, faster speed and lower 

gravitational effects.  

 These results observed in both experiments and in the theoretical work, can be 

incorporated into clinical therapies to achieve relatively homogeneous liquid distributions 

in the lungs. The results suggest that faster flow rate allows the plugs to move more 

uniformly through the airway trees. The patients may be positioned in specific 

orientations in order to achieve the liquid delivery to specific target regions. Multiple 

doses are better for the homogeneous liquid distribution.   

 In diseases like asthma and chronic bronchitis, mucus plugging may easily form 

in the pulmonary airways, and block the breathing pathways, threatening the patients’ 

lives. Removing mucus, which has non-Newtonian properties, from the lung is very 

essential to reduce the life threaten.  

The second part of this dissertation computationally studies the mucus plug 

propagation and clearance from the pulmonary airways. The mucus plug propagation is 

studied with various shear thinning effects as well as the plug propagation speed and 

presence of surfactant. The power law model is used for the shear thinning properties of 

the mucus. It is found that the mucus have a higher shear-thinning effects with decreasing 

the power law component n, which causes the effective viscosity and shear stress to 

increase. Thus the trailing film thickness and pressure drop increases. The recirculations 

in the plug core become smaller and weaker with the decrease of n due to the increased 

viscosity in the plug core center. Larger driving force is required to drive the mucus plugs 

due to the increased shear stress when n decreases. As the surfactant is present, even 

larger pressure drop over the plug is needed for the mucus plug to propagate though the 

viscosity in the plug tends to decrease. A higher surfactant concentration is achieved 

along the plug menisci with decreasing n, which causes a higher Marangoni stresses for 

both front and rear transition region. A shorter but thicker film in the front transition 

region is found for smaller n, which compresses and amplifies the pressure and shear 

stress gradients. The presence of surfactant is found to decrease the viscosity of the plug 

core, thus soften the mucus plug and help the mucus removal from the lung.  
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Previous studies have reported severe damages on the cell lining on the rigid 

channel walls during plug propagation. However, no experimental studies have been 

performed on the plug propagation and induced stresses on the flexible walls, which is 

happening in the real airways. Very few theoretical or computational studies were 

performed to predict this behavior either.  Therefore, the third part of this dissertation 

studies the plug propagation in a microfluidic flexible channel with both experiments and 

computations, mimicking a small airway model. A thin membrane is incorporated into 

the microchannel to model the physiologic thin airway wall. Pairs of bubbles were 

injected into the square cross sectional areas to investigate the wall flexibility on plug 

propagations through a microchannel. The wall deformation is observed from the high 

negative pressure when plug propagates, causing the plug to become asymmetric. 

Computations agree with the experiments. Higher stress and stress gradients are predicted 

on the flexible wall than on the rigid channel wall. More deleterious effects on the lining 

cells are expected during the reopening plug flows on the flexible airways. This study 

enhances the current understanding of pulmonary mechanical forces during the airway 

reopening process in more physiological situations. It potentially contributes to relieving 

the lung injuries during the lung diseases and treatments. 

 In a summary, this dissertation describes in depth the fundamental fluid 

mechanics and transport for physiological situations in the lungs during liquid delivery, 

mucus clearance and airway reopening in flexible small airways with microfluidic 

approaches.  Fluid mechanics as well as the physiological applications are studied in 

details for the liquid plug propagation and splitting behavior. The work presented here 

provides new information for the physical mechanisms on the liquid plug dynamics in 

pulmonary airways during liquid instillation, removal and airway reopening in micro 

scales. Further investigation in both experiments and computations can be used to 

simulate the specific in-vivo situations. 

 

 

 


