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Preface

Present manuscript includes a series of republished articles in the areas of micro-
scale flow and capillary phenomena with application to fluid management in micro-
systems. The author elaborated on these papers under the advice of Dr. Jeff Allen,
listed as the second author. Introductory concepts and the interrelation between
different aspects of capillary two-phase flow are discussed in the first chapter, Intro-
ductory Notes. The second chapter contains republished research which addresses
fluid management issues in the gas flow channels of Proton Exchange Membrane fuel
cells. The third chapter presents two-phase flow morphology investigated by high-
speed microscopy, the two constitutive sections are separate papers reprinted by
permission. Section 4.2 of chapter four, republished, investigates the effects of sur-
face wetting on two-phase flow in microchannels. Chapter five, reprinted, continues
the investigation of micro-scale flow through film deposition experiments performed
in wetting and non-wetting capillary tubes. Chapter six comprises of unpublished
research targeting film deposition processes in non-wetting capillary tubes, and also
investigates an interface phenomenon taking the form of a hydraulic jump in an
annular liquid film.
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Abstract

The existence and morphology, as well as the dynamics of micro-scale gas liquid-

interfaces is investigated numerically and experimentally. These studies can be used

to assess liquid management issues in microsystems such as PEMFC gas flow chan-

nels, and are meant to open new research perspectives in two-phase flow, particularly

in film deposition on non-wetting surfaces. For example the critical plug volume data

can be used to deliver desired length plugs, or to determine the plug formation fre-

quency. The dynamics of gas-liquid interfaces, of interest for applications involving

small passages (e.g. heat exchangers, phase separators and filtration systems), was

investigated using high-speed microscopy - a method that also proved useful for the

study of film deposition processes.

The existence limit for a liquid plug forming in a mixed wetting channel is deter-

mined by numerical simulations using Surface Evolver. The plug model simulate

actual conditions in the gas flow channels of PEM fuel cells, the wetting of the gas

diffusion layer (GDL) side of the channel being different from the wetting of the

bipolar plate walls. The minimum plug volume, denoted as critical volume is com-

puted for a series of GDL and bipolar plate wetting properties. Critical volume data

is meant to assist in the water management of PEMFC, when corroborated with ex-

perimental data. The effect of cross section geometry is assessed by computing the

xxiii
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critical volume in square and trapezoidal channels. Droplet simulations show that

water can be passively removed from the GDL surface towards the bipolar plate if we

take advantage on differing wetting properties between the two surfaces, to possibly

avoid the gas transport blockage through the GDL.

High speed microscopy was employed in two-phase and film deposition experiments

with water in round and square capillary tubes. Periodic interface destabilization

was observed and the existence of compression waves in the gas phase is discussed by

taking into consideration a naturally occurring convergent-divergent nozzle formed

by the flowing liquid phase. The effect of channel geometry and wetting properties

was investigated through two-phase water-air flow in square and round microchan-

nels, having three static contact angles of 20◦, 80◦ and 105◦. Four different flow

regimes are observed for a fixed flow rate, this being thought to be caused by the

wetting behavior of liquid flowing in the corners as well as the liquid film stability.

Film deposition experiments in wetting and non-wetting round microchannels show

that a thicker film is deposited for wetting conditions departing from the ideal 0◦

contact angle. A film thickness dependence with the contact angle θ as well as the

Capillary number in the form hR ≈ Ca2/3/cosθ is inferred from scaling arguments,

for contact angles smaller than 36◦. Non-wetting film deposition experiments re-

veal that a film significantly thicker than the wetting Bretherton film is deposited.

A hydraulic jump occurs if critical conditions are met, as given by a proposed non-

dimensional parameter similar to the Froude number. Film thickness correlations are

also found by matching the measured and the proposed velocity derived in the shock

theory. The surface wetting as well as the presence of the shock cause morphological

changes in the Taylor bubble flow.
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1. Introductory Notes

Capillarity is omnipresent in nature, in rain drops, a foggy window or the ripples on

the surface of a lake. The droplets hanging on the rails of my balcony will eventually

fall when a certain volume of water is accumulated. But is it going to matter for

the size of the falling drops if the rail is round or square, or if it is painted or not?

The sciences that study capillarity examine the interface between a gas (vapor) and

a liquid, or between two immiscible liquids. An interface, such as the surface of a

hanging drop can be subjected to forces caused by an acceleration or a magnetic

field, it deforms and takes a shape that corresponds to a state of minimum energy.

Interfaces can become unstable under certain circumstances. Their behavior is of

major importance to chemical industry or to soil science, to numerous engineering

applications old and new.

Two phase flow, a gas or vapor flowing together with a liquid in a passage, is

important to macro and micro-scale technologies such as fuel cells, heat exchangers,

phase separators and bioreactors. These applications commonly incorporate multi-

ple channels, complex flow paths or manifolds. Microscale applications, lab-on-chip

technology and MEMS exhibit this type of flow. PEM fuel cells are macroscale appli-

cations which are dependent upon two-phase flow for effective water management of

the product water. Coating industrial processes are based on capillary phenomena,
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they require precise knowledge of the parameters controlling the film thickness which

is also important in oil recovery. Challenges brought by miniaturization, the devel-

opment of micro-scale technologies and a good amount of curiosity towards capillary

phenomena constitute the sole motivation for this work, the expected result being

more questions than answers.

1.1 Wetting, Microscale and Microchannels

Capillary phenomena are a consequence of an interface property, the surface

tension σ, which is measured in units of N/m. In many situations the interface

makes contact with a surface at a measurable angle, which is a property dependent

on the surface tension and the energy of the solid surface. This angle is denoted as

the static contact angle if the line of contact does not move, or dynamic contact angle

otherwise. A defining length scale is the capillary length, or Laplace constant, Lc =√
σ/ρg. A channel having a characteristic length, typically the hydraulic diameter,

smaller than the capillary length is regarded as a microchannel. A microchannel is

a microscale or a capillary scale system, which is often defined by the Bond number

Bo « 1, where Bo = ρgL2/σ. The type of wetting is specified by the contact angle

θ, perfect wetting if θ = 0◦, wetting if θ < 90◦ or non-wetting if θ > 90◦.

1.2 Two-Phase Flow in Microchannels

Two-phase flows can be categorized in a number of flow regimes which attempt

to group them into distinct morphological categories. The flow morphology can
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change dramatically the way capillary scale devices operate and in spite of sustained

research efforts it is still not well understood. The way a gas and a liquid occupy

the space while they flow together through a microchannel is the result of a complex

interaction between the two phases. The geometry and wetting properties of the

channel are crucial to flow morphology as well as to the transition between flow

regimes. The investigations presented throughout this work aim to characterize

two-phase flow morphology and the behavior of the gas-liquid interface under various

wetting conditions and geometries in microchannels.

Two-phase morphology is described in a variety of terminologies, which could

be summarized as intermittent (plug/slug) flow, annular, bubbly, churn/dispersed

rivulet/wavy and separated/stratified [3]. The existence of different morphologies

is typically presented as two-phase flow maps having the gas and liquid superfi-

cial velocities (UG,S, UL,S) as abscissa and ordinate, respectively. The superficial

velocity is defined as the volumetric flow rate divided by the cross-sectional area.

There are numerous microchannel flow regime maps (Hassan, Damianides, Triplett,

Coleman, Kawaji, Kawahara [1, 2, 9–12]) which attempt to give universal transition

criteria using the classical macroscale parameters, the superficial velocities. These

studies were not successful due to the fundamental differences between macroscale

and interface dominated microscale flows. Other authors took a different approach

using dimensional analysis to devise transition criteria (Waelchli, Tabatabai, Ak-

bar [7, 13, 14]). Although these studies bring us closer to a physical understanding

of capillary scale two-phase flow they cannot be extended to other cases. There is a

need of fundamental knowledge of the interface behavior.

A high-speed microscopy experimental setting consisting of two setups is designed

3



www.manaraa.com

and used for the purpose of two-phase characterization:(i) a two-phase setup with

interface tracking and pressure measurements capability, and (ii) a film deposition

setup with simultaneous interface tracking and liquid film thickness measurement ca-

pability. The visualization data is obtained via a high speed CMOS camera (Photron

FASTCAM Ultima APX-RS) coupled to an inverted compound microscope (Nikon

Eclipse TE-2000U) using an up to 20X objective and a 100 Watt halogen light source.

The images are acquired at a rate of up to 15,000 frames per second with exposure

times down to 1 µs. Both the high image acquisition rate and the low exposure

time are crucial for successful interface tracking and morphological characterization

of capillary scale phenomena which often span less than 1 ms. These setups were

used for the investigations presented in Chapters 3 - 6.

A periodic flow regime characterized through liquid lobe formation and sudden

collapse, as well as the effect of gas phase compressibility manifested through com-

pression waves are presented in Chapter 3. Barajas and Panton[3]were the first to

note a shift in the flow regime transition lines in round 1.6 mm diameter tubes as

the contact angle is changed. Herescu and Allen[15] showed that the flow regime in

square and round 0.5 mm tubes changes with the contact angle θ, four morpholo-

gies being observed at the same flow rate. These findings presented in Chapter 4

prove that both cross-sectional geometry and contact angle change the flow mor-

phology. This behavior is summarized in Figures 4.1 and 4.2, where experimental

results from literature are grouped by geometry (round and square) and the tran-

sition lines are shown for different wetting cases (wetting θ < 45◦, intermediate

wetting 45◦ < θ < 90◦ and nonwetting θ > 90◦) .
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1.3 Water Management in PEM Fuel Cells

PEM fuel cells operate by splitting hydrogen atoms into electrons and protons,

the protons passing through a polymeric membrane to recombine with oxygen and

produce water and heat. The membrane blocks the electrons which travel from

the anode to the cathode generating electrical power. The Membrane Electrode

Assembly (MEA) consists of a gas-diffusion anode, a proton-conducting membrane,

and a gas-diffusion cathode. The MEA is placed between two plates, bipolar plates,

which have embedded gas flow channels to allow for the transport of gas and water.

A balance must be achieved between water production and removal such that

the membrane is hydrated while the passage of gases and water is not obstructed.

Water may accumulate in the porous cathode and block the transport of oxygen

to the membrane, a condition known as flooding. Liquid holdup is a condition

which occurs when the gas flow channels become completely blocked due to water

accumulation and represents an acknowledged barrier in the way of reliable PEM

fuel cell development and the main motivation for the study presented in Chapter 1.

The reader is referred to Bazylak, Mukundan [16, 17], and Trabold [18] for reviews

of water visualization and quantification methods, as well as Li [19] for a summary

of water management issues in PEM fuel cells.

The wetting properties play a major role in establishing the two-phase flow mor-

phology in a microchannel of a given geometry. Experiments conducted by Owe-

jan [20] concluded that the effect of flow field channel properties on water accumula-

tion are important. They noted that a PTFE coated channel demonstrated smaller,

more uniformly distributed liquid plugs when compared to an uncoated channel.
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The better performance yielded by the non-wetting channel suggests the opportu-

nity of further optimization through surface wettability and geometry manipulation.

A better understanding of the static plug morphology can assist in the design and

optimization of the gas flow channels. The minimum volume required to form a

plug in a channel of mixed wettability, critical volume, is computed for a number

of wetting configurations. The wetting properties of the GDL are different than

those of the bipolar plate, the plug model presented in Chapter 2 captures this con-

figurations through numerical simulations using Surface Evolver [21]. The volumes

can be further used for PEMFC development, when corroborated with experimental

data. Additional simulations provide water management guidance showing how the

water can be passively removed from the GDL to the channel walls by making use

of differing surface wetting properties, to avoid the reactant gas transport blockage

through the porous layer.

1.4 Film Deposition in Round Capillary Tubes

This topic is addressed in Chapters 5 - 6.

Finite length gas bubbles longer than the tube diameter alternating with liquid

plugs is defined as plug flow. The study of the film deposition problem representing

the infinite bubble case is a necessary step in understanding the interface behav-

ior associated with the plug flow regime. Fairbrother and Stubbs[22] first noted

that a bubble passing through a liquid-filled tube would move at a velocity higher

than the average liquid velocity. Later on Landau, Levich[23] and Derjaguin[24]

proposed a model for evaluating the thickness of a viscously deposited film as a
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function of Capillary number (Ca = µU/σ). Bretherton[25] proposed a similar law

for a film deposited inside a capillary, valid for thin films and Ca smaller than 0.005.

He also found experimentally that aniline (θaniline = 36◦) does not follow the pre-

dicted behavior and the deviation becomes increasingly important as the Capillary

number decreases. Teletzke[26] proposed a theory which accounts for the conjoin-

ing/disjoining pressure potential to explain the behavior of films thinner than one

micron. Aussillous and Quere[8] examined the role of inertia and extended Brether-

ton’s law for higher Ca by matching own and Taylor’s experimental data.

Snoeijer[27] showed recently that the thickness of a film coating a plate withdrawn

from a liquid reservoir depends on surface wettability. He proved that the film

thickness can have two solutions for the partial wetting case. Schwartz et. al.[28]

examined the infinite and finite bubble in low Ca flow and found that the short

bubble film obeys Bretherton’s law while the long bubble film is almost twice as

thick; for intermediate bubble length the film thickness presented multiple solutions

possibly due to instabilities. Herescu and Allen[29] observed that the film thickness

increases with the contact angle. Marangoni effects caused by contamination induced

surface tension gradients was studied by Ratulowski[30], Ramdane and Quere [31]

as well as Krechetnikov and Homsy [32], no general agreement exists concerning the

thickening or thinning of the deposited film.

The results of film thickness deposition experiments in wetting and non-wetting

capillary tubes, performed by means of high speed microscopy, are presented in

Chapter 5. A scaling is proposed to account for the thicker film deposited on a par-

tially wetting surface, a case generally not accounted for in classical film deposition

which considers an infinite bubble with no influence from the trailing end of the film.
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Film deposition experiments in non-wetting capillary tubes are performed in an at-

tempt to understand unresolved issues with this process, as presented in Chapter

5. These results are discussed in Chapter 6, where a shock theory is developed and

non-wetting film thickness correlations are proposed.
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2. The Influence of Channel

Wettability and Geometry on Water

Plug Formation and Drop Location in

a Proton Exchange Membrane Fuel

Cell Flow Field

Chapter reprinted by permission.∗

The critical volume of liquid water required to form a plug in a channel hav-

ing mixed wettability similar to that found in the flow field of a proton exchange

membrane (PEM) fuel cell is computed for a range of gas diffusion layer (GDL) and

bipolar plate wettabilities and channel bend dihedral angles. Three gas diffusion

layers (GDL) with 80, 110 and 150◦ contact angles are considered while the bipolar

plate wettabilities are varied with static contact angles ranging from 50 to 130◦. The

critical volume is an intrinsic property of the channel-GDL configuration and has

direct implications for the liquid holdup, the water distribution in the flow fields of

∗ Reprinted by permission from Elsevier, Journal of Power Sources, v. 216, Alexandru Herescu
and Jeffrey S. Allen, The influence of channel wettability and geometry on water plug formation
and drop location in a proton exchange membrane fuel cell flow field, pp. 337-344, Copyright 2012
Elsevier. The copyright agreement is attached in Appendix B.
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PEM fuel cells as well as on the pumping parasitic power loss. The plug volume

correlations may be used as an optimization tool for water management in channels

of mixed wettability. The effect of cross-section geometry on the critical volume is

also investigated through a comparison between a square and a trapezoidal chan-

nel. Mixed wettability drop simulations reveal that water can be passively removed

from the GDL surface to the bipolar plate if the latter has a lower contact angle,

potentially avoiding the flooding of the porous electrodes.

2.1 Introduction

Proton Exchange Membrane (PEM) fuel cells convert chemical energy into elec-

trical energy through an electrochemical reaction between hydrogen and air. Protons

resulting from the oxidation of hydrogen pass from the anode through a polymeric

membrane to the cathode and combine with oxygen to produce water and heat. Cat-

alyst layers on either side of the membrane are required to enable the half-reactions

due to the low operating temperature of PEM fuel cells. A single cell of a fuel cell

stack is comprised of a porous anode, a proton-conducting membrane, and a porous

cathode, the assembly of which is compressed between two plates (bipolar plates)

that have embedded gas flow channels to allow for the transport of reactants and

water.

A balance must be achieved between water production and removal such that the

membrane is hydrated while the passage of gases and water is not obstructed. Water

may accumulate in the porous cathode and block the transport of oxygen to the

membrane, a condition known as flooding. At high current densities, the production
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of liquid water may exceed the capacity of the gas streams to remove the water. The

resulting decrease in electric potential is known as concentration polarization. Liquid

holdup is a condition which occurs when the gas flow channels become completely

blocked due to water accumulation and represents an acknowledged barrier to reliable

PEM fuel cell development and is the primary motivation for this study. The reader

is referred to Bazylak [16], Mukundan and Borup [17], and Trabold et al. [18] for

reviews of water visualization and quantification methods, as well as Li et al. [19]

in which the water management issues in PEM fuel cell are summarized.

Flooding of the flow fields occurs when liquid drops can no longer be evacuated

and sufficient liquid volume accumulates to form water plugs. Flow field flooding

occurs at relatively low air/H2 stoichiometry, for which a plug/slug flow regime

has been observed in operating fuel cells [33–36]. From microscale two-phase flow

studies [1, 4] performed in semi-triangular and rectangular microchannels having a

hydraulic diameter of 1 mm, it can also be concluded that a plug/slug flow regime is

most likely to occur at low gas flow rates that correspond to low stoichiometry (≤ 2).

Two-phase flow regimes in the gas channels and their relevance for the PEM fuel cell

operation was reviewed by Anderson [37], who concluded that more optimization

work is still needed.

Wetting properties have a significant effect on two-phase flow morphology in a

microchannel where gravity is negligible and surface tension is important [3, 38].

Wettability is measured by the static contact angle with a 0◦ indicating a perfectly

wetting fluid; that is the fluid spontaneously spreads over a solid surface. A contact

angle of 90◦ is the transition between wetting and nonwetting fluids on a flat surface.

The presence of a corner formed by two surfaces presents additional criteria for
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defining wettability [39]. Liquid can spontaneously wick into or out of a corner due to

capillary pressure gradients. The condition under which spontaneous wicking occurs

is a combination of corner angle and static contact angle known as the Concus-

Finn criteria, π/2 > α + θ, where α is the half-angle of the corner and θ is the

static contact angle [40]. For the purposes of this discussion, when the channel

contact angle for a square cross section is less than 90◦ but greater than 45◦ the

configuration is considered partially wetting. When, for a square cross section, the

contact angle is greater than 90◦ but less than 135◦ the configuration is considered

partially nonwetting. This designation is based on whether there is an underpressure

or overpressure in the water (relative to the gas phase) due to surface curvature. The

wetting-nonwetting limits of the channel contact angle (45◦, 90◦, 135◦) will change if

the corner angle changes as found in a triangular cross section.

Experiments conducted by Owejan et al. [20] concluded that the effect of flow

field channel properties on water accumulation in operational fuel cells are impor-

tant. They reported that a PTFE coated channel (contact angle θw = 95◦) demon-

strated smaller, more uniformly distributed liquid plugs as compared to an ‘uncoated’

channel (contact angle θw = 40◦). Experiments performed by Bazylak et al. [41]

reported that partially nonwetting gas channels may enhance drop formation and

detachment, at the same time water was not collected under the channel lands. The

better performance yielded by the partially nonwetting channels suggests the oppor-

tunity of further optimization through surface wettability and geometry. Numerical

simulations performed by Ding et al. [42] showed that a less wetting GDL helps in

expelling water from its surface while a partially wetting channel increases the GDL

water coverage and the water residence time. On the other hand, simulations per-
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formed by Cai et al. [43] concluded that partially wetting channels perform better

for water discharge and gas diffusion. Quan and Lai [44] reported that for wetting

surfaces and edges water transport is facilitated. The enhanced water transport re-

sults from corner flow. Ex-situ experiments by Lu et al. [45] reached the conclusion

that wetting channels are advantageous over partially wetting or partially nonwet-

ting channels, yielding less flow maldistribution and more stable operation due to a

film flow regime. Wetting channels were observed to have draw-backs however, such

as enhanced water retention. No general agreement exists for the use of wetting or

nonwetting channels and it is clear that more research is necessary to be able to

predict the behavior of liquid water in these types of microsystems.

Much of the research on liquid water in the reactant flow fields has been focused

on water removal under operating conditions; either experimentally or using com-

putational fluid dynamic (CFD) simulations. A complete review of these studies is

beyond the scope of this paper. In general, it is difficult to compare experimental

results from different researchers due to subtle differences in cell assembly, operating

conditions, and material sets; all of which have a significant effect on water morphol-

ogy in channels. CFD simulations have attempted to examine the dynamics of plug

motion in channels, but have generally been limited to a single plug for which the vol-

ume is prescribed due to computational demands and the results remain qualitative

[46]. CFD has not been able to predict the size of the plug formed.

Static configuration of liquid water in the flow field for a fuel cell that is not oper-

ating can provide useful information on water behavior under the action of capillary

forces, at a very modest computational cost. A more thorough understanding of

static configuration of water in the flow field will assist in development of material,
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geometric, and operational strategies for improved water management. Colosqui

et al. [47] proposed an analytical method to estimate liquid plug volumes formed

under uniform wetting conditions in square acrylic channels. Their observations

show that the size of the plug exhibits minimal dependence on the gas and liquid

flow rates; indicating that a static calculation of plug volume is appropriate for some

fuel cell operating conditions.

Previously, the volume and configuration of a static liquid plug in a fuel cell flow

channel was shown to depend on wettability and geometry [48]. The motivation for

the study presented herein is to assist the design of gas channels using information

on static plug volumes and droplets formed under mixed wetting conditions. The

minimum liquid volume required for a plug to exist is investigated. This is simi-

lar to recent studies on the stability of drops and plugs in tubes [49, 50] and the

more general formulation for the existence (and nonexistence) of liquid occlusion in

arbitrary tubes under transverse gravitational fields [51]. This study examines the

minimum volume required for a plug to exist in channels with planar walls having

different wettabilities.

For fuel cell flow fields, the wettability varies between the porous layer and the

bipolar plate channel. This mixed wetting between surfaces results in a non-intuitive

relationship between water drop location and flow field configuration. Similarly, the

relationship between liquid plug formation and volume exhibits unusual behavior

based on mixed wettability, channel geometry and channel bends.
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(a) Initial Model (b) θb = 150◦ and θw = 60◦ (c) θb = 150◦ and θw = 110◦

Figure 2.1. Initial and converged solutions for liquid that is in contact with the porous
electrode (horizontal plane, contact angle θb) and two bipolar plate walls
(contact angle θw) in a channel bend. The drops shown in 2.1(b) and
2.1(c) are the same volume.

2.2 Computational Model

Surface Evolver[21, 52] is an experimental mathematics program that can be

used to study surfaces that are formed through the action of surface tension as

well as other energies. It has been a valuable research tool for applications such as

modeling the location of fuel in low gravity, computing capillary surfaces in exotic

containers, simulating grain growth, calculating the rheology of foams, modeling the

shape of molten solder on microcircuits, studying polymer chain packing, modeling

cell membranes, knot energies and classifying minimal surface singularities. There

have been limited studies on water morphology in fuel cells using Surface Evolver.

The equilibrium morphology of isolated water drops in the porous transport layer

with respect to fiber size and orientation has been studied by Roth [53]. Surface

Evolver minimizes the total energy, which may have any number of components

such as surface tension and gravitational potential. The minimization is performed
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on an initially defined surface using a gradient descent method. The surface is

comprised of triangular facets and the surface energy of a facet is its area multiplied

by the surface tension. The contact angle may be set as a constraint after the

appropriate edge integral is determined and included in the energy calculation. For

a liquid drop sitting on a plane surface, the contact angle can be implemented by

removing the wetted face and assigning to the drop boundary the same energy as

that of the removed face. If the wetted face A has an interface energy density T , the

energy of the removed plane surface can be ascribed to the contact angle through

the corresponding line integral
∫∫

A
T k̂ · dS=

∫
∂A
w · dl, where ĵ and k̂ are the y and

z axes unit vectors. In this case, w = xT ĵ and the corresponding line integral can

be included in the total energy as a constraint on the plane surface†.

To mimic an actual gas flow channel, the base corresponding to the porous transport

layer (also known as the gas diffusion layer) has a contact angle θb different from the

remaining three walls of the bipolar plate channel which have a contact angle θw.

The effect of a change in channel wall wettability on drop morphology is shown in

Figure 2.1 in which the water does not completely plug the channel. The water is in

contact with both the vertical walls and the base, but not the channel wall opposite

the gas diffusion layer (GDL). An initial configuration is shown in Figure 2.1(a) with

the gas-liquid interface in shaded (blue) and the front walls removed for visualization.

The contact angle on the horizontal plane (gas-diffusion layer) is the same for both

cases with θb = 150◦. The converged solutions for channel wall contact angles of

θw = 60◦ and 110◦ are shown in Figures 2.1(b) and 2.1(c), respectively. The water

within a partially wetting channel bend will begin to wick up in the outer vertical

corner due to a curvature gradient, while in the partially nonwetting channel bend
† Contact angle implementation in SE is described in more detail in Appendix A
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the water tends to retract out of the corners. A growing drop of water would

completely obstruct a partially wetting channel bend earlier than in a partially

nonwetting channel bend.

2.3 Critical Plug Volume

The critical plug volume VCR is defined as the minimum volume necessary for the

water to completely obstruct a channel, that is, to form a plug. VCR is a function

of the contact angle, channel cross section and in-plane channel bends. The gravita-

tional potential energy is neglected in the model and the gas-liquid interface shape

is determined solely by surface forces. This assumption is justified based on the

characteristic length scale of the channel and the resulting Bond number. The Bond

number is a ratio of gravitational to capillary effects on the shape of a liquid surface

and is defined as Bo = ρgL2/σ, where ρ is the density of the liquid (neglecting the

gas density), g is the gravitational acceleration, L is the characteristic length, and

σ is surface tension. A water plug in a typical gas flow channel of 0.5 mm hydraulic

diameter has Bo = 0.035 indicating the gravitational force has minimal effect on the

liquid-gas interface shape.

Figure 2.2. Initial model for determining the critical volume of a plug in a bend of a
square channel using Surface Evolver. The left plug end consisting of a
gas/water interface is shown, the right end (not visible) is symmetrically
disposed.
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Surface Evolver is only valid for static surfaces even though the surface shape

changes with each computational iteration. A moving plug of water would be sub-

ject to contact angle hysteresis [54] and viscous stresses so that the interface shape

becomes dependent on the flow conditions. Dissipation of energy is not captured in

Surface Evolver so dynamic shape and plug volume cannot be studied is this manner.

However, static plug interface shape and volume characterize intrinsic properties of

mixed wettability channels and are a good indicator of the anticipated liquid water

distribution in the reactant flow channels at low air/H2 stoichiometry. In addition,

the frequency of plug formation can be estimated for a given current density when

the reactant flow is fully saturated.

The critical plug volume is determined by iteratively changing the volume of the

initial model, shown in Figure 2.2. Each converged solution is computed by solving

for a minimum energy interface with boundary conditions θb and θw in a channel

with dihedral 2α, where 2α = 180◦ is a straight channel. The surface defining the

plug end translates during a Surface Evolver run and reaches a position according

to the prescribed volume. The critical volume solution is determined when the ends

of the liquid plug intersect resulting in a singularity. The critical volume calculated

is the minimum volume for which a plug will exist. This volume is not the same

as that determined using the stability limit of a growing drop that eventually forms

a plug [49]. The critical volume is an intrinsic property of the mixed wettability

channel whereas the plug volume determined by the stability of a growing drop will

depend on the location of the drop; i.e. on the channel surface, on the GDL, or in

a corner.

A Surface Evolver run requires modest computational time. Using an IBM T60
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notebook with an Intel Centrino Duo T2500 CPU at 2 GHz and 512 MB of RAM, a

minimum energy surface is obtained in 5 to 10 minutes. The geometric and surface

energy constraints (facet energies) are checked for consistency by solving for a volume

with 90◦ contact angles resulting in flat interfaces. This provides an easy visual

validation of the input model as well as a check on volume calculation.

In Figure 2.2 the initial model is shown for a volume of water sufficient to plug

the channel. Only half of a plug is shown, the other half being symmetric with

respect to the bend dihedral bisector. The gas-liquid interface that forms the left

plug side is shown shaded (blue). The value of surface tension is set to one, which is

valid for a Bond number of zero. Changing the value of surface tension would subse-

quently change the line integral value corresponding to the contact angle. Therefore,

changing the value of surface tension will have no effect on the converged interface

shape nor the critical volume. Inclusion of gravitational potential would necessitate

incorporation of scaled forces through the Bond number. The converged solutions

for a GDL wettability of θb = 150◦ and two channel wettability conditions in a 1×1

cross section are shown in Figure 2.3. The critical plug volume for these runs are

2.16 and 3.52 for channel wall contact angles of θw = 50◦ and θw = 130◦, respectively.

A plug of a lesser volume cannot exist in this configuration. The critical volume in

a d× d square channel cross section can be obtained by multiplying VCR by d3.

The interface curvature and the critical plug volume change with surface wet-

tability. The θw = 50◦ plug has a positive interface curvature with liquid pressure

less than gas pressure, while the θw = 130◦ plug has negative curvature with liquid

pressure higher than the gas. Values of θw below 45◦ cannot be simulated because

a solution does not exist or is unbounded per the Concus-Finn criterion [40], which
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(a) θw = 50◦ (b) θw = 130◦

Figure 2.3. Critical volume plug in a 90◦ bend of a square channel for θb = 150◦

on the GDL surface(lower horizontal plane). The interface curvature is
positive for θw = 50◦ on the bipolar plate (vertical planes and upper
surface) and the water is in a state of under-pressure with respect to the
gas. For the nonwetting cases the curvature is negative with the water
in a state of over-pressure with respect to the gas.

is the criteria for capillary wicking in a corner. For θw = 50◦ the liquid plug is

stretched along the upper corners as the Concus-Finn criteria of 45◦ is approached.

If the contact angle on the channel surface is below 45◦, the liquid could spread

spontaneously along the corner thereby draining the plug [55, 56]. Thus, the lower

limit for a converged solution is set by the Concus-Finn criterion, and the lowest

wall contact angle used is 50◦ in order to attain convergence.

Contact angles below 45◦ would favor a relatively stable configuration corre-

sponding to a liquid film attached to the more wetting surface as observed experi-

mentally [45]. For partially nonwetting surfaces as shown in Figure 2.3(b) the liquid

begins to de-wet the corners. This effect may occur when the contact angle is greater

than 90◦ for perpendicular faces and will become more pronounced as the contact

angle increases. A bounded solution does not exist for a channel with perpendicular

walls when the contact angle approaches θw = 135◦. At 135◦, the liquid will tend

to spontaneously evacuate the corners in the absence of any other forces, but that

does not preclude plug formation in fuel cell flowfields.
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Figures 2.4 and 2.5 show the dependency of critical volume on contact angles and

bend dihedrals. Critical volume solutions for a fixed GDL contact angle (θb = 110◦)

and four bend dihedrals are shown for a range of bipolar plate wall contact angles

(θw) in Figure 2.4. A similar data set for θb = 150◦ is shown in Figure 2.5. Each

data point represents a fully converged solution. The critical volume solutions in

a square cross section exhibit similar trends with respect to wall contact angle θw.

The data set for each bend dihedral is offset from the straight channel by 1/ tan(α),

where α is the half-angle of the bend. Therefore, a correlation for VCR as a function

of θw can be generated for all bend dihedrals.

VCR = a0 + a1

(
θw
90

)
+ a2

(
θw
90

)2

+ a3

(
θw
90

)3

+ a4

(
θw
90

)4

+
1

tan (α)
(2.1)

where ai are fitting coefficients and θw is in degrees. The coefficients a are given in

Table 2.1 for base contact angles of 80◦, 110◦ and 150◦. The correlations are valid

for wall contact angles of 50◦ ≤ θw ≤ 130◦ and bend dihedrals from 90◦ to 180◦. For

2α = 180◦ the channel is straight (without bend) and last term of the correlation is

set to zero.

The dependence of these correlation on the GDL contact angle is not simple and

a separate correlation for each θb appears to be necessary. Figure 2.6 shows the

correlation for three different base contact angles (80◦, 110◦, and 150◦) and a wall

contact angle between 50◦ ≤ θw ≤ 130◦ in a 1×1 channel. The dihedral angle factor

of 1/ tan (α) has been subtracted from each simulation so that the correlation is, in

effect, for the straight channel. If the contact angle on the GDL surface decreases

there is also a trend of decreased critical plug volumes, though not uniformly with

channel contact angle. An example can be seen in the intersection of 80◦ and 110◦

21



www.manaraa.com

θwall (degrees)
50 60 70 80 90 100 110 120 130 140

VCR

0.0

0.5

1.0

1.5

2.0

2.5   90 degree dihedral
120 degree dihedral
170 degree dihedral
180 degree dihedral
  (straight channel)

Figure 2.4. Critical plug volume in a 1×1 square channel for a range of bipolar plate
contact angles θw for bend dihedral angles of 90◦, 120◦, 170◦, and 180◦

(straight channel). The base, or GDL, contact angle is θb = 110◦.
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Figure 2.5. Critical plug volume in a 1×1 square channel for a range of bipolar plate
contact angles θw for bend dihedral angles of 90◦, 120◦, 170◦, and 180◦

(straight channel). The base, or GDL, contact angle is θb = 150◦.
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Figure 2.6. Critical plug volume in 1 × 1 square channels for a range of bipolar
plate channel contact angles θw, three values of θb corresponding to three
different GDLs. The correlations shown (solid lines) correspond to equa-
tion 2.1 and Table 2.1 for the straight (2α = 180◦) channel. The family
of curves shown in Figures 2.4 and 2.5 are obtained by adding 1/ tan (α).
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Table 2.1. VCR correlation coefficients for a 1×1 square cross section channel with
a contact angle θb on the GDL side. All angles are in degrees. The
correlation for θb = 110◦ condenses all of the data shown in Figure 2.4 to
a single curve. Similarly, the correlation for θb = 150◦ condenses all of the
data shown in Figure 2.5. The correlation for the trapezoidal section is
only valid for a straight channel, for which the last term of equation (2.1)
is 0. The correlation coefficients are for θw in degrees and normalized by
90◦.

θb a0 a1 a2 a3 a4 r2

square 80 -0.3910 5.0443 -11.5088 8.8721 -1.9562 0.9983

square 110 0.8868 -0.0233 0.4513 -2.7382 1.6787 0.9995

square 150 21.6526 -93.2994 154.7584 -112.7123 30.4181 0.9952

trapezoidal 110 4.7701 -16.4804 28.052 -23.9858 7.9031 0.9988

correlations in Figure 2.6. The relative change in critical volume is not intuitive and

indicates the need for specific simulations when wetting and nonwetting GDLs are

used. For this particular case the critical volume is larger for the 80◦ GDL when the

bipolar plate contact angle θw is greater than 102◦.

The general trend in critical volume correlations shown in Figure 2.6 can be

separated into partially nonwetting (1 < θw/90
◦ < 1.5) and partially wetting (0.5 <

θw/90
◦ < 1) interior corners. The critical volume increases as the wall contact angle

approaches the convergence limits of 45◦ and 135◦ (0.5 < θw/90
◦ < 1.5), though

the rate of increase in critical volume is much greater on the partially nonwetting

side of the correlation. A gross estimate of plug length can be inferred from the

value of the critical volume, VCR ∼ L/d, where L is the plug length and d is the

hydraulic diameter of the channel. The exact length will depend upon the meniscus

curvature. Thus, per Figure 2.6, the plug length is approximately 2.5 times the

channel dimension for θb = 150◦, θw/90
◦ = 1.4 and approximately 0.5 times the

channel dimension for θb = 110◦, θw/90
◦ = 1.4. The plug length corresponding to
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the critical volume is always less than three channel dimensions for the square cross

section. Based on these correlations a channel-GDL configuration could be designed

to deliver liquid plugs of a specific (critical) volume, which prompts the question of

which critical volume (small or large) is most advantageous for fuel cell operation.

Experimental observations indicate that a single large plug is easier to move than

multiple small plugs through a capillary-scale channel comparable to fuel cell flow

fields [57]. This observation is generally true when the static contact angles range

from 60◦ to 130◦ for which the energy dissipation resulting from moving contact

lines is an important mechanism resisting plug motion [58]. Lee and Lee [59] note

that pressure drop for plug flow in polyurethane and teflon tubes decreases with a

reduction in the number of moving plugs. A follow on study concluded that the

moving contact lines are a major factor in determining the pressure drop of plug

flow [60]. Based on these experimental studies, for fuel cell operating conditions

during which plug formation occurs, the flow field can more easily be cleared for

lower frequency plug formation (longer average plug lengths). The channel-GDL

surface energies that result in the longest plug length is for the partially nonwetting

conditions as shown in Figures 2.4, 2.5, and 2.6.

The experimental study by Owejan et al. [20], which examined plug formation

in an operating fuel cell under various channel wettabilities, would seem to con-

tradict this conclusion. Their results show that the partially nonwetting channels

(θw = 95◦) exhibited small, more uniformly distributed plugs than the wetting chan-

nels (θw = 40◦). Also, the partially nonwetting channels (θw = 95◦) demonstrated

better performance in the mass transport limited region of the polarization curve as

compared to the wetting channels; i.e., better performance with small plug lengths
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Figure 2.7. Square and trapezoidal cross sectional areas used for comparison of crit-
ical volumes. The area of the two sections are both 0.2925 mm2.

rather than long plug lengths. However, a channel contact angle of 40◦ meets the

Concus-Finn criteria in both the square and triangular cross sections tested. This

results in liquid accumulation along the channel corners so that when a plug forms,

the length can be on the order of a hundred hydraulic diameters as shown in neu-

tron images. Under these conditions the inertial resistance impeding the motion of

the plug becomes important in addition to the contact line energy dissipation. The

wetting conditions (θw = 40◦) in the study by Owejan et al. [20] do not allow for

a bounded solution using Surface Evolver because of corner wicking. For moderate

length plugs that are less than three hydraulic diameters as predicted using Surface

Evolver, contact line dissipation will be the dominant mechanism resisting plug mo-

tion. The fewer the contact lines, the easier the plugs can be removed from the flow

field.

2.3.1 Comparison of Critical Volume for Square and Trapezoidal Cross

Sections

The critical volume is compared for a square and a trapezoidal cross section with

dimensions used in a typical PEM fuel cell flow field. The isosceles trapezoidal
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Figure 2.8. Liquid hold-up in a straight channel, square 0.54 × 0.54 and trapezoidal
sections with parallel sides of 0.57 and 0.73 spaced by 0.45 as illustrated
in Figure 2.7. The GDL contact angle is θb = 110◦ and the bipolar
plate contact angle θw is varied. The curves shown are correlations per
equation (2.1).

channel having the parallel sides of 0.57 and 0.73 distanced by 0.45 with a cross-

sectional area of 0.2925 mm2 has the same cross sectional area as a square channel

of width 0.5408 mm. Figure 2.7 illustrates the respective geometries. The critical

volume analysis enables a comparison between the square and trapezoidal geometries

under varied wetting conditions.

Figure 2.8 is a comparison of critical volume for the square and trapezoidal cross

sections for a 180◦ degree bend dihedral (straight channel) with a GDL contact angle

of θb = 110◦. A simple relationship for the bend dihedral has not been found for

the trapezoidal cross section. Thus, the trapezoidal correlation expressed in equa-

tion (2.1) with the coefficients listed in Table 2.1 are only for a straight channel. For

a geometrically similar trapezoidal section with parallel sides spaced by a distance
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`, the critical volume can be obtained from multiplying equation (2.1) by (`/0.45)3.

In a straight channel the critical volume VCR is larger for the trapezoidal section

than for the square section when θw ≥ 110◦ even though the cross sectional areas are

the same. At θw = 120◦, the trapezoidal critical volume is 20% greater and is 50%

greater at θw = 130◦. The implication is that the larger the critical volume, the less

frequently plug formation will occur under nominal fuel cell operating conditions

and the less pressure drop required to keep the channels clear of water. Lu et al. [45]

did not observe a significant difference in pressure drops for plug flow in square and

trapezoidal cross sections with the same dimensions shown in Figure 2.7. However,

the channel contact angle is reported as 85◦, which per Figure 2.8 should result in

nearly identical critical volumes and subsequently, similar plug lengths.

2.3.2 Plug Formation Frequency

The time required for a sufficient volume of water to accumulate for plug forma-

tion can be approximated using the critical volume. The calculation assumes that

water is collected over a channel length equal to three hydraulic diameters roughly

approximating the Rayleigh instability wavelength, which has been shown as a valid

pinch-off wavelength for capillary-scale two-phase flows [61–66]. For a liquid water

flux into the cathode flow field at an equivalent current density of 0.4 cm−2 over an

active area of 18.4 cm2, similar to the ex-situ experiments performed by Lu et al.

[34], the time necessary for critical volume accumulation may vary significantly be-

tween the trapezoidal and square cross sections depending on the channel contact

angle. When θb = 110◦ and θw = 130◦, the time to critical volume is 140 seconds in

the square section, while in the trapezoidal section the time is 211 seconds.
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2.4 Drop Location as a Result of Mixed Wettability

Even though water is uniformly distributed along the channels for high VCR val-

ues, the cross-sectional water distribution may be predominantly towards the GDL.

This implies that the gas transport across the GDL would be blocked resulting in

flooding of the porous electrodes. Capillary forces naturally present in microchannels

pose a challenge for water transport due to a large area-to-volume ratio. Surface

Evolver simulations were performed for drops being in contact with two adjacent

walls of a rectangular channel having different wettabilities simulating a water drop

simultaneously contacting the bipolar plate and GDL.

The case of a drop which forms on the GDL side and makes contact with one of

the bipolar plate walls is shown in Figure 2.9. The GDL has θb = 150◦ (horizontal

plane) and the bipolar plate has θw = 100◦ (vertical plane). The drop shape and

location is solely dictated by capillary forces that are initially unbalanced due to

the difference in the surface energies of the two walls. The surface tension forces

act on the drop surface as well as on the contact lines which are present at the

gas/liquid/solid junction. The contact angle on the walls was prescribed and the

drop evolution is shown at different iteration steps in Figure 2.9. The liquid volume

migrates towards the lower contact angle surface, which is the vertical wall in order

to minimize the surface area under given contact angles. This implies that water

can be passively removed from the GDL surface to the bipolar plate walls by sole

means of capillary forces, preventing thus the blockage of gas transport through the

porous electrodes as well as flooding. Experimental observations of Bazylak et al.

[41] corroborate this result.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.9. Energy minimization steps towards an equilibrium configuration (f). The
base (GDL) contact angle is θb = 150◦ and the channel wall contact angle
is θw = 100◦.
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2.5 Wetting or Nonwetting Channels?

In order to better predict the flow morphology for preliminary design purposes,

the critical volume data has to be corroborated with other information concerning

either the particular geometry such as the presence of bends, the existence and

stability of liquid films, and the presence of moving contact lines. For example,

a GDL with θb = 150◦ can have the same critical volume with either a partially

wetting channel (θw = 60◦) or a partially nonwetting wall (θw = 110◦) as shown

in Figure 2.6. The choice of partially wetting or partially nonwetting channels is

not immediately obvious. If other channel features such as bends are present, then

additional simulations can be used to help determine the more optimal wetting

condition. The channel bend simulations shown in Figure 2.1 indicate that the

partially wetting channel (θw = 60◦) would tend to plug earlier than the partially

nonwetting (θw = 110◦) channel for a drop growing in the bend. Therefore, the

partially nonwetting channel would appear to be the more optimal configuration.

Each combination of channel geometry, channel wettability, and GDL wettability

presents a unique scenario.

Degradation of the GDL often results in a lower θb [67] and this may negatively

impact fuel cell performance by decreasing VCR, resulting in more numerous plugs.

Using the correlations shown in equation 2.1 and Table 2.1, if a square channel with

an initial GDL contact angle of 150◦ and channel contact angle of θw = 100◦ degrades

to θb = 80◦ and θw = 80◦, then the critical plug volume will decrease by nearly a

factor of ten. Ten times less water would be required to plug the degraded channel

resulting in many more liquid plugs for a given current density. Consequently, there
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will be many more moving contact lines within the same channel length and clearing

the channel will be more difficult as compared to the initial wetting conditions.

2.6 Conclusion

The critical volume calculations via Surface Evolver enable estimation of the

minimum volume of water required to plug the flow field channel of a PEM fuel cell

with mixed wettability between the bipolar plate and the GDL. The correlations

for critical volume are sensitive to the GDL and channel contact angles as well

as channelcross-section and channel bends. For square cross section channels, the

bend dihedral can be accounted for in the correlations of VCR and θw through a

single term, 1/ tan(α). The utility of Surface Evolver has also been demonstrated

with determining the equilibrium location of discrete drops within a fuel cell flow

field. Notably, simulations show that water can be passively removed from the

GDL surface to the bipolar plate if the latter has a lower contact angle, potentially

avoiding flooding of the GDL.

The critical volume represents an intrinsic property of mixed wettability channels

and VCR is an implicit measure of static plug formation. As such, the magnitude

of the critical volume can be used to estimate the frequency of plug formation dur-

ing fuel cell operation at low reactant flow rates. Though the calculated critical

volumes are for static morphologies, the effect of component degradation on water

management can be inferred. The calculated critical volumes with corresponding

correlations can be used to assess the effect of material degradation on water accu-

mulation in flow field channels.
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Partially nonwetting channels will tend to form relatively large plugs as com-

pared to partially wetting channels, though the difference is only significant at the

upper end of nonwetting. At θw > 120◦ the divergence in VCR becomes apparent.

This range of channel wettability would tend to produce the least number of liquid

plugs, with the least number of moving contact lines. Experimental observations

and energy dissipation arguments suggest that relatively large partially nonwetting

plugs would be advantageous for fuel cell operation. Unfortunately, there appears to

be no experimental data available for fuel cell operation with channel wettabilities

greater than 120◦. Contact angles on materials used for bipolar plates generally

range from 80◦ to 120◦, which exhibit small variations in critical volume as shown in

Figures 2.4, 2.5, and 2.6. Fuel cell testing with θw > 120◦ would provide valuable re-

sults that could be used to assess the effectiveness of highly nonwetting GDL-channel

combinations on water management in the flow field.
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3. High Speed Microscopy

Chapter comprising of two sections, reprinted by permission.

3.1 Periodic Interface Destabilization in High-Speed

Gas-Liquid Flows at the Capillary Scale

∗ Recent research efforts have illustrated the importance of capillarity on the

behavior of two-phase flow (gas-liquid) in low Bond number systems; that is, systems

where capillary forces are important relative to gravitational forces. Such systems

include capillary tubes and microchannels as well as the gas flow channels of a PEM

fuel cell. High speed microscopy experiments visualizing air-water flow through a

500 micrometer square glass capillary, 10 cm long were conducted. The flow rates

are significant with velocities of 6.2 m/s for the air and 0.2 m/s for the water. A

unique annular flow with periodic destabilization of the gas-liquid interface has been

observed. Standing waves develop on the liquid film and grow into annular lobes

typical of that observed in low speed two-phase flow in capillary tubes. Atypical is

∗ Section reprinted by permission from ASME. The copyright agreement is attached in Appendix
B. Herescu A, Allen JS (2006) Periodic interface destabilization in high-speed gas-liquid flows at
the capillary scale. vol. 2006 B, pp 1157-1164 Limerick, Ireland: American Society of Mechanical
Engineers.
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the interface destabilization phenomena. The leading face of the lobe will decelerate

and suddenly become normal to the wall of the square capillary while the trailing face

of the lobe will remain gently sloped back into the annular liquid film. The transition

between the leading and trailing faces acquires a sharp edge having a exceptionally

large curvature. The entire structure then rapidly collapses and produces travelling

waves which propagate upstream and downstream along the annular liquid film. The

entire sequence of events takes approximately a half millisecond. This destabilization

phenomenon is regular and periodic. Visualization of the destabilization from the

high speed microscopy setup and preliminary analysis are presented.

3.1.1 Introduction

Two-phase flow plays a major role in a number of technologies critical to manned

and unmanned space missions; including fuel cells, phase and particle separators,

thermal management systems, and bioreactors. Many of these technologies exhibit

a common morphology of complex flow paths, multiple channels, and manifolds.

Terrestrial applications such as MEMS scale and lab-on-chip technologies also in-

corporate similar complex flow paths. Of particular interest in this study is the flow

of gas and water vapor through microchannel gas flow passages of proton exchange

membrane (PEM) fuel cells. [68]

A description of two-phase flow regimes in capillary tubes can be found in Barajas

and Panton [3]. The effect of contact angle in delimitation and existence of different

flow regimes was found to be important for tube diameters of 1.6 mm. For smaller

diameters, as in the case presented herein (0.5 mm), capillarity becomes an even

more important factor and some flow regimes (such as ‘wavy’, with gas flowing
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above the liquid) no longer exist.

A discussion on the effect of a steady pressure disturbance moving at constant

velocity along the interface of a thin viscous film was done in Kriegsmann, Miksis,

and Vanden-Broeck [69]. However, the model employed neglects shear stress on the

gas-liquid interface, which we believe should be included for proper description of

interface destabilization studied herein. In Pols, Hibberd, and Azzopardi [70] there

is a description of waves that occur in the case of simultaneous flow of a gas stream

and a liquid film, denoted as ‘roll waves’ or ‘disturbance waves’. It was observed

that for smaller diameter tubes (<58 mm) the waves that appear in vertical annular

flow are symmetrical around the circumference (ring shaped). The major differences

from the present case is in that a turbulent velocity profile was considered while the

flow in present system is most likely laminar, and also the gravity effect was included

while we can confidently neglect it.

A PEM fuel cell relies on its flow field to transport water, hydrogen and air needed

to sustain the chemical reactions that produce electricity. The flow field consists of

a number of channels which are denoted as gas flow channels. Typically, the cross

section of the gas flow channel is rectangular with a characteristic dimension on the

order of one millimeter. As such, the gas and liquid flow in the gas flow channel

is subject to capillary forces since the characteristic channel dimension is less than

the Laplace constant, Lc =
√
σ/ρg, where σ is surface tension, ρ is the liquid

density, and g is gravitational acceleration. For water at 80 ◦C the capillary length

is approximately 2.6 mm. Another means of assessing the importance of capillary

forces on a two-phase system is with the Bond number. The Bond number is a ratio

of gravitational effects to surface tension effects on a liquid surface and is defined
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Figure 3.1. Schematic of high speed microscopy setup.

as Bo = ρgL2/σ, where L is the characteristic length scale. An alternative form

of the Bond number is Bo = (L/Lc)
2. When the Bond number is small, surface

tension effects dominate. A small Bo may be achieved by reducing the gravitational

acceleration or by reducing the characteristic length scale as is found in capillary

tubes. We define a microchannel as having a characteristic length scale such that

the Bo < 1 in normal gravity.

The problem of liquid holdup is particularly acute in a low-Bond number envi-

ronment where capillary effects can destabilize a liquid film which then may “pinch

off” the flow passage with a liquid bolus.

3.1.2 Experiment Setup

The microchannel experiments investigate low-Bo number two-phase flow in a single

microchannel. The system, illustrated in Fig. 3.1, consists of the visualization setup,

and the water and air supplying lines. The two-phase flow test section consists of

a 100 mm long, 500 µm wide square glass capillary tube. The two phases (water
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and air) meet at the entrance region and naturally generate converging-nozzle-type

entrance flow. The details of the capillary controlled mixing region can be found in

[38, 68, 71, 72]. The uniquely designed and controlled entrance flow gives the sev-

eral advantages in two-phase microchannel flow study. The two phase flow regimes

including slug, slug-to-annular (transient), and annular flow can be synthetically

generated by manipulating the single-phase supply pressure. Also, the naturally

generated converging-nozzle-type flow also minimizes the entrance effect on the flow

in the downstream of the microchannel. Water and air are supplied into the system

from a 10 cc gas-tight syringe (water) and a 50 cc gas-tight syringe (air) both con-

nected to the input tubes and controlled by two syringe-pumps with variable flow

rate capability.

The visualization data was obtained via a high speed CMOS camera (Photron

FASTCAM Ultima APX-RS) coupled to an inverted compound microscope (Nikon

Eclipse TE-2000U) using a 4X objective and a 100 Watt halogen light source. The

exposure time for all of the images presented herein is 9.8 µsec and the images were

acquired at 10,000 frames per second.

3.1.3 Experimental Observations

Initially, the water flows in the corners of the capillary tube and also on the walls in

the form of a thin film (∼ 10 µm), while the air flows in the remaining volume (in the

“center”). In the series of images presented, the region adjacent to the corners will

appear as dark bands since the corner menisci reflect away the light, while the liquid

lobes will appear bright as the light is transmitted directly into the microscope’s

objective lens. The “dark” or “bright” regions shouldn’t be interpreted as “gas” or
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Figure 3.2. Sequence of lobe formation and collapse. The flow is from right-to-left
and the width of the images is 3.931 mm.
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(a) Image of lobe formation detail-
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the interface.
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(b) Schematic of lobe formation in
the microchannel

Figure 3.3. Lobe formation.The flow is from right-to-left with a high speed gas core.
The bright areas of the image result from the unimpeded path of the
backlight through the test section. The interface defines a gas core sur-
rounded by liquid adjacent to the microchannel walls.

“liquid”, rather the liquid encompasses the gas phase and curved interfaces deflect the

transmitted light away from the objective lens. Bright areas represent the absence

of a curved gas-liquid interface in the ray path.

For flow rates of 10.07×10−6 kg/s (water) and 1.22×10−6 kg/s (air) an unsteady

annular flow regime is observed. The Bond number is Bo = 0.035 and Rel = 20 for

water and Reg = 137 for air based on the capillary width of 500 µm. The average gas

velocity is 6.2 m/s and average water velocity is 0.2 m/s. The superficial velocities

are 0.04 m/s for water and 4.1 m/s for air.

The gas-liquid interface that delimits the thin water film deposited on the in-

ner walls presents periodic capillary shear-driven instabilities as seen in the image

sequence shown in Fig. 3.2. These instabilities grow into liquid lobes that travel

in the direction of the flow (from right to left) at about 0.3 m/s which is close to
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the estimated water velocity. Figure 3.3(a) is a magnified view of the liquid film

instability highlighting the lobe formation. As the liquid lobes grow, they tend to

coalesce at a critical volume forming a liquid plug characteristic for the plug flow

regime. However, if the gas shear is high enough the coalescence of the liquid lobes

may be prevented and the lobes will abruptly collapse back to the liquid film via

capillary forces. This sudden collapse generates waves on the surface of the liquid

film which propagate upstream and downstream.

A schematic of a lobe (unduloid) is shown in Figure 3.3(b). The flow is in the

positive ‘Z’ direction ( 0-Z is the longitudinal axis) and the capillary tube is sectioned

with three orthogonal planes (X-0-Y), (X-0-Z) and (Y-0-Z). In the (X-0-Y) plane,

which is a cross-section upstream of the lobe, the geometry of the gas-liquid interface

(the heavy line) consists of circular arcs (menisci) in the corners connected by thin

layers (liquid films) along the walls. If we sliced the tube with a family of parallel

planes perpendicular to the 0-Z axis the contour of the interface would evolve from

that in the (X-0-Y) plane to quasi-circular and circular curves as we approach the

crest (peak) of the lobe. The minimum diameter of the gas core corresponding to

the lobe crest is estimated to be smaller than 50 µm in diameter for many of the

non-coalescence lobe growth-collapse events. The (X-0-Z) and (Y-0-Z) are planes of

symmetry for the lobes. The interface contour (heavy line) in the (X-0-Z) or (Y-0-

Z) planes represents half of the lobe contour as seen in the images captured with

the high speed camera and is characterized by the following elements: a ‘dimple’

preceding the leading side, a peak and a trailing side less steep than the leading one.

The crest starts as a smooth, gently-sloped surface and gets narrow with a sharp

peak as the wave approaches the collapse.

42



www.manaraa.com
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0.2 ms 1.4 ms

0.3 ms 1.5 ms

0.4 ms 1.6 ms
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1.0 ms 2.2 ms
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Figure 3.4. Sequence showing the repetitive liquid lobe formation and collapse. The
formation and collapse occurs twice in a 2 ms period. The flow is from
right-to-left and the width of the images is 3.931 mm.
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The periodicity of lobe formation is shown in the sequence of images presented

in Fig. 3.4, where we can see that the lobe formation and collapse occurs twice in

a 2 millisecond time interval. The sudden collapse of the lobes may result from the

capillary pressure imbalance caused by the sharp wave peak which occurs when the

lobes are near coalescence.

An ejected droplet is captured in the image sequence shown in Fig. 3.7 traveling

at about 6 m/s which is the same as the average gas flow rate. The series of images

in Fig. 3.5 show the ejection of a droplet. After the coalescence of the lobes, the

newly-formed liquid slug (0.1 ms) is accelerated from the liquid to near the gas

velocity. When the accelerating liquid lobe reaches the downstream lobe traveling

at a lower velocity coalescence and ejection of a liquid jet occurs (0.8 ms) which

subsequently breaks into droplets due to a capillary instability. A magnified view of

the droplet ejection is shown in Figure 3.6.

3.1.4 Discussion

The important physical mechanisms in the lobe formation, growth and destruction

act upon the surface of the flowing liquid. These mechanisms include wall shear

and shear on the gas-liquid interface, and surface tension. The velocity at which

the lobes travel is about 50% higher than the estimated velocity of water (0.3 m/s

vs 0.2 m/s), suggesting that shear on the gas-liquid interface might play a role in

the wave dynamics (shear driven instability). In a capillary system (low Bo), body

forces such as gravity may be neglected. Other forces that might be involved are

caused by the distribution of pressure on the surface of the lobe due to the gas flow.

A perturbation deforms the gas-liquid interface causing the effective area through
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0.0 ms

0.1 ms

0.2 ms

0.3 ms

0.4 ms

0.5 ms

0.6 ms

0.7 ms

0.8 ms

0.9 ms

1.0 ms

Figure 3.5. A 1-ms sequence of images showing lobe-lobe coalescence and subsequent
droplet ejection. The faster liquid lobe (sometimes plug) on the right side
of the image is moving approximately an order of magnitude faster than
the slower moving lobe on the left. The coalescence of the two liquid
masses results in an inertial ejection of a liquid jet shown at time 0.8 ms.
The width of the images is 3.931 mm.
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Figure 3.6. Magnified view of 2 ms droplet ejection sequence from Figure 3.5. In
the top image (0.7 ms) coalescence is imminent. In the middle image
(0.8 ms) coalescence has occurred and a liquid column is being ejected
from the liquid plug. In the bottom image (0.9 ms) the liquid column is
breaking up into drops which travel at very high velocities with the gas
phase.
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0.0 ms

0.1 ms

0.2 ms

0.3 ms

0.4 ms

0.5 ms

0.6 ms

Figure 3.7. Sequence the motion of a liquid drop in the gas phase. The liquid drop
is marked with a circle. The velocity of the drop is 6 m/s. The width of
the images is 3.931 mm.
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which water flows to shrink, the blockage thus formed forces the liquid to accumulate

in lobes (capillary instability). It has been observed that, at the downstream edge

of the moving lobe, the liquid film gets thinner which might lead to rupture. In

the eventuality of film rupture we would have moving contact lines in the system

that would dramatically increase the flow resistance and the pressure drop along the

capillary tube.

When the lobes coalesce, the unduloid evolves into a liquid plug which is accel-

erated due to pressure build-up in the gas phase upstream of its location (inertial

phenomenon). When the lobes don’t coalesce, it was observed that the gas flow area

is greatly reduced which might choke the air flow and cause a pressure build-up as

in the previously mentioned case (the acceleration of the lobes is also apparent).

The rapid collapse of the lobes might be caused by an important pressure gradient

due to surface tension forces at the ‘peak’ of the lobes which is visible at the time

immediately preceding this event.

There were also observed waves that travel upstream and bounce against an

existing liquid slug. An explanation of this phenomenon is that downstream of the

observed location another lobe coalescence occurred and generated a pressure wave

as the gas is compressed against the newly formed liquid plug. Depending on the

magnitude of pressure build-up on the upstream side of a coalesced (or ‘almost’

coalesced) liquid plug and given the fact that this slug rapidly collapses, normal

shock waves in the gas phase might exist.

The air velocity was estimated under the assumption of incompressible gas, which

is reasonable considering that the Mach number is M=0.018. This hypothesis is also

confirmed by the measured velocity of the water droplets traveling in the air stream,
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which is 6 m/s and compares well with the estimated average air velocity of 6.2 m/s.

However, if we look at the mass continuity (for air) between a section where the

unduloids are not present and another section bounded by the wave peak observed

at the time immediately preceding the lobe collapse, we obtain a velocity of 397 m/s

which would exceed the speed of sound of 340 m/s for air as an ideal gas at the

given temperature (15 ◦C). Even though for a global evaluation the gas could be

taken as incompressible, locally it has to be considered compressible to account for

phenomena such as pressure waves traveling at a finite velocity.

3.1.5 Conclusion

Periodic gas-liquid interface destabilization in a square 500 µm capillary tube was

studied via high speed imaging technology. Wave formations that evolve from incep-

tion to collapse in less than one millisecond were identified on the interface. Possible

physical mechanisms involved in the lobe formation and evolution were enumerated

and discussed. It was stressed out that compressibility of the gas phase cannot be

neglected since interaction between lobes and pressure waves (in gas) was noticed.

We believe this is the first presentation of this wave behavior in a capillary

system. Further investigation and analysis is required in order to reveal the physics

of interface destabilization and to delimit the corresponding transitional flow regime.
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3.2 Compressibility Effects In The Gas Phase For Unsteady

Annular Two-Phase Flow In A Microchannel

† High speed microscopy experiments investigating two-phase (gas-liquid) flow

behavior in capillary-scale systems, that is, systems where capillary forces are im-

portant relative to gravitational forces, have revealed a unique unsteady annular flow

with periodic destabilization of the gas-liquid interface. Standing waves develop on

the liquid film and grow into annular lobes similar with those observed in low-speed

two-phase flow. The leading face of the lobe will decelerate and suddenly become

normal to the wall of the capillary, suggesting the possibility of a shock wave in the

gas phase at a downstream location from the minimum gas flow section. Visualiza-

tion of the naturally occurring convergent-divergent nozzle-like structures as well as

a discussion on the possibility of shock wave formation are presented.

3.2.1 Introduction

Two-phase flow is important to a number of technologies at both the macro- and

micro-scales. Many of these technologies, including fuel cells, heat exchangers, phase

separators, and bioreators, exhibit a common morphology of complex flow paths,

multiple channels, and manifolds. Microscale applications such as MEMS and lab-

on-chip technologies incorporate similar flow complexity [73–77]. PEM fuel cells,

while not microscale, are dependent upon microscale two-phase flow for effective

† Section reprinted by permission from ASME. The copyright agreement is attached in Ap-
pendix B. Herescu A, Allen JS (2006) Compressibility effects in the gas phase for unsteady annular
two-phase flow in a microchannel. Chicago, IL, United states: American Society of Mechanical
Engineers.
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management of the product water [78].

A Polymer Electrolyte Membrane (PEM) fuel cell operates by catalytically strip-

ping a hydrogen atom of its electrons and then passing the protons across a acid-

based polymeric membrane. In order for the proton transport to occur, the mem-

brane must be hydrated. The production of water at the cathode must be balanced

by removal of water from the cell. As the oxygen gas stream becomes saturated,

the removal of water from the gas diffusion layer via evaporation diminishes and

water may accumulate. If the water accumulation becomes too great, then the gas

flow channel may become completely blocked by water; a condition known as “liquid

holdup”. The problem of liquid holdup is particularly acute in a microchannel where

capillary effects can destabilize a liquid film which then may “pinch off” the flow

passage with a liquid bolus.

Reliable Polymer Electrolyte Membrane (PEM) fuel cell operation requires that

the reactant flow be as uniform as possible over the entire MEA (membrane electrode

assembly) surface. Uniform distribution can be difficult to achieve due to the number

of parallel flow paths connected to the same inlet and exit. Liquid holdup in one or

more locations along a channel or channels does not significantly affect the pressure

drop and there is little driving force to move the liquid plug. This results in a

mal-distribution of reactants which is detrimental to fuel cell operation and stability

[6, 78].

Typically, the cross section of the gas flow channel is rectangular with a charac-

teristic dimension on the order of one millimeter. As such, the gas and liquid flow

in the gas flow channel is subject to capillary forces since the characteristic channel

dimension is less than the Laplace constant, Lc =
√
σ/ρg, where σ is surface tension,
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ρ is the liquid density, and g is gravitational acceleration. At 80 ◦C, the operating

temperature of a PEM fuel cell, the capillary length of water is approximately 2.6

mm which is greater than the characteristic length of the gas flow channels of a PEM

fuel cell. Thus, the fuel cell flow field constitutes an array of microchannels.

Generally, microchannel two-phase flow has been investigated in much the same

manner as macroscale two-phase flow. Flow regime maps are generated in order to

predict flow regime transitions. [1, 6, 9, 13, 78–85]. Suo and Griffith [79],Biswas

and Geenfield [80],Garimella and Coleman [81],Hassan et al. [9], Mishima and Hi-

biki [82],Tabatabai and Faghri [13],Triplett et al. [1],Wölk and Hans [83], Xu et al.

[84],Zhao Zhao and Bi [85],Trabold [78],Owejan et al. [6] However, unlike macroscale

two-phase flow, microscale two-phase flow can be significantly affected by local phe-

nomena such as contact angle and cross-sectional geometry [3, 68, 86]. Contact

angle and cross-sectional geometry define the curvature of a static liquid surface in

a microchannel. The research results presented herein illustrate that local curva-

ture is also extremely important to the behavior of a dynamic liquid surface in a

microchannel.

3.2.2 Experiment Setup

The high speed microscopy setup, illustrated in Fig. 3.8, consists of a high speed

camera coupled to an inverted microscope with controlled water and air feeds. The

two-phase flow test section was a 100 mm long, 500 µm square glass capillary tube.

The two phases (water and air) meet at the entrance region and naturally generate

converging-nozzle-type entrance flow. The uniquely designed and controlled entrance

flow gives the several advantages in two-phase microchannel flow study. The two
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Figure 3.8. Schematic of high speed microscopy setup.

phase flow regimes including slug, slug-to-annular (transient), and annular flow can

be synthetically generated by manipulating the single-phase supply pressure. Also,

the naturally generated converging-nozzle-type flow also minimizes the entrance ef-

fect on the flow in the downstream of the microchannel. The details of the capillary

controlled mixing region can be found in Allen et al. [68] and Son and Allen [38].

Water and air are supplied into the system from a 10 cc gas-tight syringe (water)

and a 50 cc gas-tight syringe (air) both connected to the input tubes and controlled

by two syringe-pumps with variable flow rate capability.

The visualization data was obtained via a high speed CMOS camera (Photron

FASTCAM Ultima APX-RS) coupled to an inverted compound microscope (Nikon

Eclipse TE-2000U) using a 4X objective. The exposure time for all of the images

presented herein is 9.8 µsec and the images were acquired at 10,000 frames per

second.

53



www.manaraa.com

f l o w  d i r e c t i o n

m i c r o c h a n n e l  w a l l

g a s  c o r e
l o b e

i n t e r f a c e

Figure 3.9. Image of lobe formation detailing the nozzle like liquid structure. The
flow is from right-to-left with a high speed gas core. The bright areas of
the image result from the unimpeded path of the backlight through the
test section.

3.2.3 Experimental Observations

Within the 500 µm square microchannel, water wicks into the corners of the mi-

crochannel as well as spreads on the interior walls to form a thin liquid film (∼ 10

µm), while the air flows in the core (“center”). The gas-liquid interface that delimits

the thin water film deposited on the inner walls exhibits a periodic shear-driven

instabilities. Figure 3.9 is a magnified view of the liquid film instability highlight-

ing the lobe formation;the convergent-divergent nozzle is apparent. If Fig. 3.9, the

regions adjacent to the corners appear as dark bands since the corner menisci re-

flect away the light, while the liquid lobe appears bright as the light is transmitted

directly into the microscope objective. The “dark” or “bright” regions shouldn’t be

interpreted as “gas” or “liquid”, rather the liquid encapsulates the gas phase and any

curved interfaces deflect the transmitted light away from the objective lens. Bright

areas represent the absence of a curved gas-liquid interface in the ray path. As the

liquid lobes grow, they tend to coalesce at a critical volume forming a liquid plug.
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However, at sufficiently high gas flows, coalescence of the liquid lobes is suppressed

and the curvature of the liquid surface creates a converging-diverging nozzle. The

physical mechanisms responsible for the growth and sudden collapse of this nozzle-

like structure on the liquid surface are as yet unknown.

The minimum diameter of the gas core corresponding to the lobe crest (the

nozzle throat) is estimated in the range of 50 µm in diameter for many of the non-

coalescence lobe growth-collapse events. The interface contour is characterized by

the following elements: a ‘dimple’ preceding the leading side, a peak and a trailing

side less steep than the leading one. The crest starts as a smooth, gently-sloped

surface and gets narrow with a sharp peak as the wave approaches the collapse.

The image sequence shown in Fig. 3.10 illustrates the growth and abrupt collapse

of a liquid lobe. Instabilities on the liquid surface grow into lobes which travel in

the direction of the flow (from right to left). For this sequence of images, the flow

rates are 10.07×10−6 kg/s for the water and 1.22×10−6 kg/s for the air. The Bond

number is Bo = 0.035 and Rel = 20 for water and Reg = 137 for air based on the

capillary width of 500 µm. The average gas velocity is 6.2 m/s and average water

velocity is 0.2 m/s while the superficial velocities (flow rate divided by channel cross

sectional area) are 0.04 m/s for water and 4.1 m/s for air. The liquid lobes move at

approximately 0.3 m/s.

The lobe formation and growth occurred in approximately 1 ms at which point

the leading edge of the lobe becomes perpendicular to the channel wall with ex-

tremely large curvature at the core. Then, in less than 1/10 ms, the lobe collapses

and generates surface waves which travel downstream (and possibly upstream) on

the annular liquid film (1.1 to 1.6 ms images). It is hypothesized that the leading
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0.8 ms
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1.1 ms

1.2 ms

1.3 ms

Figure 3.10. Sequence of lobe formation and collapse. The flow is from right-to-left
and the width of the images is 3.931 mm.
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edge of the lobe flattens as a result of a density wave in the gas reflecting off of the

lobe. The density wave reflection results in a curvature with an estimated pressure

difference of 12,800 Pa over 225 µm between the lobe apex and the channel wall.

The large pressure drop drives the liquid lobe back towards channel wall. The peri-

odicity of lobe formation is shown in the sequence of images presented in Fig. 3.4,

where the lobe formation and collapse occurs twice during a 2 ms time interval.

3.2.4 Discussion

The physical mechanisms associated with the lobe formation, growth and collapse

include wall shear, shear on the gas-liquid interface, and surface tension. The velocity

at which the lobes travel is about 50% higher than the estimated velocity of water

(0.3 m/s vs 0.2 m/s), suggesting that shear on the gas-liquid interface is driving

the lobe motion and growth. Recent numerical results of Zhang and Bankoff [87]

suggest that interfacial shear may also contribute to the flattening of the lobe’s

leading edge. The local pressure in the lobe and the rapid collapse also suggest that

another mechanism is at work.

When the lobes coalesce, the unduloid evolves into a liquid plug which is accel-

erated due to pressure build-up in the gas phase upstream of its location (inertial

phenomenon). When the lobes don’t coalesce, it was observed that the gas flow area

is greatly reduced which may choke the air flow and cause normal shock waves down-

stream of the nozzle throat. Rapid acceleration of the lobes is also apparent. The

air velocity is estimated assuming incompressible gas, which is reasonable (globally)

considering that the Mach number is M = 0.018. The gas velocity is also confirmed

by the measured velocity of the small water droplets traveling in the air stream.
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Even though for a global evaluation the gas could be taken as incompressible, lo-

cally it has to be considered compressible to account for phenomena such as pressure

waves traveling at a finite velocity.

Assuming stagnation conditions for the gas flow upstream of the throat of a

nozzle-like structure of T0 = 298 K and P0 = 1 atm, the critical mass flow rate

necessary to attain Mach number of one at the minimum section (taken 54 µm in

diameter) results as 5.4 × 10−7 m3/s while the estimated air mass flow rate was

1.2156× 10−6 m3/s which is comparable to the gas flow rate for these experiments.

This suggests a strong possibility for the occurrence of normal shock waves provided

that the back pressure in a section downstream of the throat drops below a critical

value. The pressure gradient in the flow direction is negative, therefore the back

pressure can attain values between those at the entrance and at the exit of the

microchannel. A shock wave would then form downstream of the minimum gas flow

section (nozzle throat). Upstream of the shock there is an expansion of the gas,

which may cause the flattening of the downstream lobe surface just prior to lobe

collapse. The normal shock wave travels towards the throat (upstream) while the

lobes move downstream such that some interaction between the wave and the lobes

is expected.

3.2.5 Conclusion

An unsteady annular two-phase flow regime in a square 500 µm capillary tube was

studied via high speed imaging technology. Wave formations that evolve from incep-

tion to collapse in less than one millisecond were identified on the interface. Com-

pressibility effects in the gas phase, and potentially shock waves, are thought to be
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the mechanism for generation of the extremely large capillary pressures which drive

the liquid back into the thin film region of the microchannel. Further investigation is

required and new visualization techniques need to be developed in order to confirm

this hypothesis. The existence of shock waves would have serious implications for

the operation of a PEM fuel cell, since the occurrence of this phenomenon could

increase the pressure drop across the system and, more significantly, the localized

pressure could result in premature degradation of structural elements within the gas

flow channels.
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4. Two-Phase Flow in Microchannels

4.1 Foreword

Two-phase morphology is described in a variety of terminologies, which could

be summarized as intermittent (plug/slug) flow, annular, bubbly, churn/dispersed

rivulet/wavy and separated/stratified [3]. The existence of different morphologies

is typically presented as two-phase flow maps having the gas and liquid superficial

velocities (UG,S, UL,S) as abscissa and ordinate, respectively. The superficial velocity

is defined as the volumetric flow rate divided by the cross-sectional area. There are

numerous microchannel flow regime maps (Hassan, Damianides, Triplett, Coleman,

Kawaji, Kawahara [1, 2, 9–12], etc.) which attempt to give universal transition

criteria using the classical macroscale parameters, the superficial velocities. These

studies were not successful due to the fundamental differences between macroscale

and interface dominated microscale flows. Other authors took a different approach

using dimensional analysis to devise transition criteria (Waelchli, Tabatabai, Ak-

bar [7, 13, 14]). Although these studies bring us closer to a physical understanding

of capillary scale two-phase flow they cannot be extended to other cases. There is a

need of fundamental knowledge of the interface behavior.

Barajas and Panton[3]were the first to note a shift in the flow regime transition
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Figure 4.1. Two-Phase Transitions in Round Microchannels [1–3]
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Figure 4.2. Two-Phase Transitions in Square Microchannels [1, 4–7]
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lines of round 1.6 mm diameter tubes as the contact angle is changed. Herescu and

Allen[15] showed that the flow regime in square and round 0.5 mm tubes changes

with the contact angle (θ), four morphologies were observed for θ=20◦, 60◦ and 105◦

at the same flow rates. These findings suggest that both cross-sectional geometry and

contact angle change the flow morphology. To better show this, experimental results

from literature were grouped by geometry (round and square) and the transition

lines were shown for different wettabilities (wetting θ < 45◦, intermediate wetting

45◦ < θ < 90◦ and nonwetting θ > 90◦) in Figures 4.1 and 4.2.
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The following section is reprinted by permission.∗

4.2 Wetting Effects on Two-Phase Flow In A Microchannel

In the recent years there has been an increasing interest in the study of two-phase

flows in low Bond number systems (where capillary forces are important relative to

gravitational forces). Such systems include capillary tubes and microchannels as well

as the gas flow channels of a PEM fuel cell. At the capillary scale, surface tension

forces play an important role in two-phase flow regime transitions, pointing out the

need to take into account the geometry of the cross section and the surface properties

(wettability). Surface tension is generally considered in flow transitions, but the

wetting properties of the fluid-surface material pairs (contact angle) are rarely given

any importance. The researchers investigating two-phase flows should take extreme

care when choosing the material of the test sections, as the flow morphology and

the the pressure drop accordingly can vary widely with contact angle. In order to

show these morphological changes high speed visualization experiments of air-water

flow through 500 µm square and round microchannels were conducted. For the

round channels, contact angles of less than 20◦ (wetting) and 105◦ (non-wetting)

were investigated. For the square section, things are complicated by the presence

of the corners. According to the Concus-Finn criterion, the liquid will wick into

(wet) the corner if the contact angle is less then 45◦, or will de-wet the corner if the

contact angle is above 45◦. A new case not previously mentioned in the literature

∗ Reprinted by permission from ASME. The copyright agreement is attached in Appendix B.
Herescu A, Allen JS (2008) Wetting effects on two-phase flow in a microchannel. vol. 11 PART B,
pp 863-868 Seattle, WA, United States: American Society of Mechanical Engineers
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arises for a contact angle of 45◦ ≤ θ ≤ 90◦, for which the liquid is wetting the walls

but de-wetting the corners. Three contact angles of less than 20◦, 80◦ and 105◦ are

considered to investigate the possible morphologies in the square geometry. Images

aquired with a high speed camera depicting the different flow morphologies that

exist at the same air-water flow rates for each of the considered contact angle and

geometry are presented.

4.2.1 Introduction

Two-phase flow plays a major role in a number of technologies critical to manned

and unmanned space missions; including fuel cells, phase and particle separators,

thermal management systems, and bioreactors. Many of these technologies exhibit

a common morphology of complex flow paths, multiple channels, and manifolds.

Terrestrial applications such as MEMS scale and lab-on-chip technologies also in-

corporate similar complex flow paths. Of particular interest in this study is the flow

of gas and water vapor through microchannel gas flow passages of proton exchange

membrane (PEM) fuel cells. [68]

A description of two-phase flow regimes in capillary tubes can be found in Barajas

and Panton [3]. The effect of contact angle in delimitation and existence of different

flow regimes was found to be important for tube diameters of 1.6 mm. For smaller

diameters, as in the case presented herein (0.5 mm), capillarity becomes an even

more important factor and some flow regimes (such as ‘wavy’, with gas flowing

above the liquid) no longer exist.

PEMfuel cells incorporate gas flow channels used for the gas and water transport

necessary to sustain the electrochemical reactions. Typically, the cross section of the
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gas flow channel is rectangular with a characteristic dimension on the order of one

millimeter. The gas and liquid flow in the gas flow channel is subject to capillary

forces since the characteristic channel dimension is less than the Laplace constant,

Lc =
√
σ/ρg, where σ is surface tension, ρ is the liquid density, and g is gravitational

acceleration. For water at 80 ◦C the capillary length is approximately 2.6 mm.

Another means of assessing the importance of capillary forces on a two-phase system

is with the Bond number. The Bond number is a ratio of gravitational effects to

surface tension effects on a liquid surface and is defined as Bo = ρgL2/σ, where L

is the characteristic length scale. An alternative form of the Bond number is Bo =

(L/Lc)
2. When the Bond number is small, surface tension effects dominate. A small

Bo may be achieved by reducing the gravitational acceleration or by reducing the

characteristic length scale as is found in capillary tubes. We define a microchannel

as having a characteristic length scale such that the Bo < 1 in normal gravity.

The problem of liquid holdup is particularly acute in a low-Bond number envi-

ronment where capillary effects can destabilize a liquid film which then may “pinch

off” the flow passage with a liquid plug.

4.2.2 Experiment Setup

Present experiments investigate low-Bo number two-phase flow in a single microchan-

nel. The system, illustrated in Figure 4.3, consists of the visualization setup, and

the water and air supplying lines. The two-phase flow test sections consist of a 100

mm long 500 µm wide square glass capillary tube, a 120 mm long 500 µm diameter

round glass tube and a 500 µm wide 100 mm long acrylic coated square channel.For

the uncoated square and round channels the contact angle is less than 20◦. To obtain
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Figure 4.3. Schematic of high speed microscopy setup.

a contact angle of 105◦ the glass channels are coated with a comercially available

glass treatment. The two phases (water and air) meet at the entrance region and

naturally generate converging-nozzle-type entrance flow. The details of the capillary

controlled mixing region can be found in [38, 68, 71, 72]. The uniquely designed and

controlled entrance flow gives the several advantages in two-phase microchannel flow

study. The two phase flow regimes including slug, slug-to-annular (transient), and

annular flow can be synthetically generated by manipulating the single-phase supply

pressure. Also, the naturally generated converging-nozzle-type flow also minimizes

the entrance effect on the flow in the downstream of the microchannel. Water and

air are supplied into the system from a 10 cc gas-tight syringe (water) and a 50

cc gas-tight syringe (air) both connected to the input tubes and controlled by two

syringe-pumps with variable flow rate capability.

The visualization data was obtained via a high speed CMOS camera (Photron

FASTCAM Ultima APX-RS) coupled to an inverted compound microscope (Nikon

Eclipse TE-2000U) using a 4X objective and a 100 Watt halogen light source. The

images were acquired at 10,000 and 15,000 frames per second.
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The flow rates (resulting from the volumetric flow rates as the fluids are consid-

ered incompressible) are of 10.07× 10−6 kg/s (water) and 1.22× 10−6 kg/s (air).

4.2.3 Experimental Observations

All the experiments were performed at a single fixed flow rate for air and a single fixed

flow rate for water. Contact angles of 20◦ and 105◦ were tested for both square and

round sections and the case of 80◦ was tested in the square acrylic coated channel,

totaling five cases with the corresponding morphologies. For the wetting case (20◦

contact angle) in the square channel the water flows in the corners of the channel

and also on the walls in the form of a thin film (∼ 10 µm), while the air flows in

the core. In the series of images presented, the region adjacent to the corners will

appear as dark bands since the corner menisci reflect away the light, while the liquid

lobes will appear bright as the light is transmitted directly into the microscope’s

objective lens. The “dark” or “bright” regions shouldn’t be interpreted as “gas” or

“liquid”, rather the liquid encompasses the gas phase and curved interfaces deflect

the transmitted light away from the objective lens. Bright areas indicate the absence

of a curved gas-liquid interface in the ray path.

The gas-liquid interface that delimits the thin water film deposited on the inner

walls presents periodic capillary shear-driven instabilities as seen in the image se-

quence shown in Figure 4.4. These instabilities grow into liquid lobes that travel in

the direction of the flow (from right to left) at about 0.3 m/s which is close to the

estimated water velocity.

As the liquid lobes grow, they tend to coalesce at a critical volume forming a

liquid plug characteristic for the plug flow regime; the critical volume can be defined
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0.0 ms

0.3 ms

0.6 ms

0.7 ms

0.8 ms

0.9 ms

1.0 ms

Figure 4.4. Lobe formation and collapse in a square channel, θ ≤ 20◦ . The flow is
from right-to-left and the width of the images is 3.931 mm.
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0.0 ms 1.8 ms

0.1 ms 1.9 ms

0.2 ms 2.0 ms

0.3 ms 2.1 ms

Figure 4.5. Repetitive liquid lobe formation and collapse in a square channel, θ ≤
20◦. The lobe collapse (left) and coalescence (right) are visible . The
flow is from right-to-left and the width of the images is 3.931 mm.

as the maximum volume of liquid that can be accumulated in a lobe before turning

into a plug. However, under some circumstances, coalescence of the liquid lobes may

be prevented and the lobes will abruptly collapse back to the liquid film via capillary

forces. This flow behavior is referred to as unsteady annular flow.

The periodicity of lobe formation is shown in the sequence of images presented in

Figure 4.5, where we can see that the lobe formation and collapse occurs twice in a 2

ms time interval. The sudden collapse (left column) of the lobes may result from the

capillary pressure imbalance caused by the sharp wave peak. The lobes may coalesce

to form liquid plugs (right column) which are accelerated and destroyed by the gas

flow. For the wetting case (θ ≤ 20◦) in the round channel an unsteady annular

flow regime was also observed. Even though the morphology is quite similar with

that of the square channel flow, there are three noticeable differences we will discuss.

First, the lobe collapse behavior tends to be less abrupt in the round channel and

the leading edge of the lobe doesn’t become perpendicular to the walls as it usually

happens in the square channel. Second, the water film deposited on the walls appears

to be thicker in the round channel suggesting higher average film velocity compared
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Figure 4.6. Lobe formation and collapse in a round channel,θ ≤ 20◦ . Consecutive
frames 0.067 ms appart. The flow is from right-to-left and the width of
the images is 3.438 mm.

to the square channel. And third, the liquid plugs that form as a result of lobe

coalescence are more stable in the round channel and tend to accumulate larger

volumes of water, indicating a propensity for plug flow at the same flow rates as

compared to the square channel.

Lobe collapse in the round channel is shown in Figure 4.6. Notice how the leading

side of the lobe remains sloped back before collapse, a behavior different from the

square case where it becomes perpendicular to the walls (see Figure 4.4). The case

when the lobe coalesces and forms a liquid plug is shown in Figure 4.7. The plug

was stable over the 1.742 ms interval when in view, a long time considering that a

lobe’s collapse takes place in less than 0.1 ms.

The non-wetting case (θ = 105◦) of the circular channel presents a flow mor-

phology different than in the wetting case, somewhat simmilar to the square wetting
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0.000 ms

0.067 ms

0.469 ms

0.536 ms

0.603 ms

1.742 ms

Figure 4.7. Lobe evolution and coalescence in a round channel, θ ≤ 20◦ . The flow
is from right-to-left and the width of the images is 3.455 mm.

Figure 4.8. Top, separated flow in a square channel, θ = 105◦. The bottom picture
shows the channel with no flow. The flow is from right-to-left and the
width of the images is 4.198 mm.
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case. There is little occurence of plug flow and a tendency for serpentine type of flow

which normally occurs at smaller diameters in the round wetting channels. Specific

for this case is the repetitive formation of liquid lenses which are pushed through

the system until collapse, as shown in Figure 4.9.

The square non-wetting case (θ = 105◦) presents a flow morphology strikingly

different from its wetting counterpart. The liquid flows on one of the walls and its

adjacent corners or in the corners alone while the gas occupies the remaining volume

of the channel such that the flow is completely separated. The flow is extremely

stable, and the liquid may flow on any of the walls or corners respectively. In

Figure 4.8 the liquid flows quiescently on a lateral wall and corners, or in the corners

bounding the wall (top of image). A similar separated flow regime was previously

noted by Barajas and Panton [3], and Biswas and Geenfield [80] for the case of

non-wetting round and square sections, respectively.

The flow in the mixed-wetting square case (θ = 80◦) was extremely unstable, a

mixture of plug and slug flows. Moving contact lines and film rupture with corre-

spondingly high energy dissipation and pressure drop are characteristic to this flow

regime. A liquid plug moving through the channel is shown in Figure 4.10. There

is no liquid film connecting the plugs and moving contact lines are present at the

leading side. Long liquid slugs with a liquid film deposited on any of the walls and

a dry oposite wall are exemplified in Figure 4.11. Film rupture on one of the walls

is captured in Figure 4.12.

4.2.4 Conclusion

The effects of surface wettability (contact angle) on two phase flow morphology was

investigated by the means of high speed visualization, in square and round channels.
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0.0 ms

0.1 ms

0.2 ms

0.3 ms

0.4 ms

0.5 ms

0.6 ms

0.7 ms

Figure 4.9. Lens formation and collapse in a round channel, θ = 105◦ . The flow is
from right-to-left and the width of the images is 6.513 mm.
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0.0 ms

17. ms

Figure 4.10. Plug flow in a square channel, θ = 80◦. The flow is from right-to-left
and the width of the images is 2.866 mm.

0.000 s

0.498 s

Figure 4.11. Slug flow in a square channel, θ = 80◦. The flow is from right-to-left
and the width of the images is 2.866 mm.
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0.0 ms

1.0 ms

2.9 ms

Figure 4.12. Film rupture in a square channel, θ = 80◦ . The flow is from right-to-left
and the width of the images is 2.866 mm.

For the static case it is well known that the contact angle θ is the boundary condition

that sets the shape of the gas/liquid interface. It is then expected that the wetting

properties play an important role in setting the two-phase low Bond number flow

regimes by its influence on the gas/liquid interface shape. This fact is experimentally

confirmed in the five studied cases, round and square both wetting (θ ≤ 20◦) and

non-wetting((θ = 105◦), and a mixed-wetting case in a square channel (θ = 80◦).

The mixed-wetting case is a wetting case for the walls (θ = 80◦), but for the corners

according to the Concus-Finn criterion it is also de-wetting. This behavior needs to

be taken into account when studying two-phase flow in polygonal geometries.

For a fixed air-water flow rate pair four unique flow regimes are observed proving

that changes in contact angle and geometry result in distinct flow behavior. Both

contact angle and geometry of the cross section need to be included in a succesful

model of capillary scale two-phase flow systems.
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5. The Effect of Surface Wettability

on Viscous Film Deposition

5.1 Preamble

R

Ul

h

GAS

GAS-LIQUID INTERFACE

Figure 5.1. Film Deposition Schematic.

The film deposition process in a tube of radius R, described in the following

paper∗, presents three fundamentally different zones as shown in Figure 5.1:

1. The quasi-spherical static meniscus translating with velocity U , where capillary

forces are dominant.

2. Transition meniscus of length l, where both capillary and viscous forces are

important. This zone connects the static meniscus and the film.
∗ Reprinted by permission of ASME. The Copyright agreement is attached in Appendix B.

Herescu A, Allen JS (2009) The Effect of Surface Wettability on Viscous Film Deposition. Pohang,
Korea: American Society of Mechanical Engineers.
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3. The deposited film of thickness h, laid on the wall at the transition meniscus.

The following chapter is republished by permission.

The viscous deposition of a liquid film on the inside of a capillary has been ex-

perimentally investigated with a focus on the relationship between the film thickness

and surface wettability. With distilled water as a working fluid tests were run in a

622 microns diameter glass tube with contact angles of 30◦ and 105◦, respectively.

In the first set of experiments the tube was uncoated while in the second set a

fluoropolymer coating was applied to increase the contact angle. A film thickness

dependence with the contact angle θ (surface wettability) as well as the Capillary

number in the form hR ≈ Ca2/3/cosθ is inferred from scaling arguments. For partial

wetting it may explain the existence of a thicker film for non-zero contact angle. It

was further found that the non-wetting case of 105◦ contact angle deviates signifi-

cantly from the existing theories, the film thickness presenting a weak dependence

on the Capillary number. This deviation as well as the apparent non-uniqueness of

the solution is thought to be caused by the film instability (rupture) observed during

the tests.

The thickness of the deposited film as a function of the Capillary number was

estimated from the liquid mass exiting the capillary and the gas-liquid interface

(meniscus) velocity, and compared to Bretherton’s data and a correlation proposed

by Quere. The film thickness measurements as well as the meniscus velocity were

determined with the aid of a Photron high speed camera with 10000 frames per

second sampling capability coupled with a Nikon TE-2000 inverted microscope and

a Precisa electronic balance.
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5.2 Introduction

The age of miniaturization has brought with it an array of technical challenges

pertaining to two-phase flow in microchannels, heat exchangers, lab-on-chip devices

to mention a few. One of the barriers in the way of PEM fuel cell development

is the flooding that occurs in the bipolar plate channels. Coating industrial pro-

cesses require precise knowledge of the parameters controlling the film thickness,

also important in oil recovery.

Fairbrother and Stubbs[22] first noted that a bubble passing through a liquid-

filled tube would move at a velocity higher than the average liquid velocity. In 1942

Landau, Levich[23] and Derjaguin[24] proposed a model for evaluating the thickness

of a viscously deposited film as a function of Capillary number (Ca = µU/σ). Later

on Bretherton[25] proposed a similar law for a film deposited inside a capillary, valid

for thin films and Ca smaller than 0.005. He also found experimentally that aniline

(θaniline = 36◦) does not follow the predicted behavior and the deviation becomes

increasingly important as the Capillary number decreases. Teletzke[26] proposed a

theory which accounts for the conjoining/disjoining pressure potential to explain the

behavior of films thinner than one micron, which cannot alone explain the deviation

in Bretherton’s data.

Scaling arguments which could explain this discrepancy are given in the "Results

and Discussion" section. The vast majority of the viscous deposition studies had

assumed perfect wetting (zero contact angle) between the liquid and the solid. What

happens if the wetting is partial (non-zero contact angle)? In the following we will

present experimental data collected in a range of low Reynolds and Bond numbers,
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for Capillary numbers up to 0.008. The gravity and inertia are of negligible impor-

tance, the film is being deposited as a result of the competition between capillarity

and viscosity.

5.3 The Experiment

Inverted Microscope

High Speed Camera

Nitrogen

Test Section

Balance

(a) Schematic (b) Actual Setup

Figure 5.2. Film Measurements Setup

The experimental setup consisted of a glass capillary tube 60 centimeters long

having an internal diameter of 622 microns, a Nikon TE-2000 inverted microscope,

a Photron high-speed camera and a Precisa electronic balance (Figure 5.2). The

capillary exit is connected through a valve with rigid tubing which is immersed in the

distilled water-filled glass vessel used to weigh the expelled liquid. The nonwetting

fluoropolymer coating was obtained by passing a FC-721 (3M Corporation) liquid

slug through the capillary at constant velocity, with the aid of a syringe pump.

For deposition velocities of 1 to 55 m/s a uniform coating of 0.05 to 0.075 µm is

expected [88].
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The experiment begins with the glass tube being filled with distilled water. When

a valve at the test section outlet is opened the filtered compressed nitrogen pushes the

liquid out of the capillary while a thin film is left on the wall. The experiments are

run on 40-50 centimeter lengths by opening and closing the exit valve. The meniscus

velocity is measured using the recording from the high-speed camera coupled to

the microscope. The length of the run is recorded and the expelled liquid mass is

measured immediately after the exit valve is closed. The mass reading is obtained

from the electronic balance to within 0.5 mg. Evaporation precautions are taken and

it is not expected to contribute to the mass measurement error. The entire setup

is placed on a vibration isolation table and the glass vessel where the water exiting

the capillary is collected sits under a shield which encloses the testing space of the

balance. All tests were run at a temperature of 20◦C.

The film thickness is then calculated with the formula:

hR = 1− 1

R

√
m

ρπL
(5.1)

where hR is the non-dimensional film thickness, R is the capillary radius, m is the

expelled liquid mass, ρ is the mass density and L is the length of the run.

In the first set of experiments the capillary was uncoated while in the second

set there was a FC-721 coating applied. The contact angle for bare glass-water is

30◦ and for the fluoropolymer coating-water the contact angle is 105◦ (given by the

manufacturer and also measured in the lab).
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5.4 Results and Discussion

For all tests only one capillary was used, which was coated for the second round

to investigate the nonwettting film deposition. The Bond number based on the tube

radius was 0.013 and the gravity effect can be safely neglected. The Weber number

ranged from 4e-4 to 1.45 and the Reynolds number varied from 3 to 180, indicating

that the inertia of the liquid column needs to be carefully considered for the role

it might play in the physics of viscous deposition. Evidently, although water has a

low viscosity there would be no deposition in the absence of viscosity and the term

viscous deposition legitimately describes the physics of the phenomenon. Ca is the

parameter traditionally used to describe the film thickness variation with velocity

and ranges from 1.4e-4 to 0.008 in present experiments.

All tests were performed at 20◦C and the properties of water at this temperature

are σ = 72.73mN/m, µ = 0.001Pa− s and ρ = 998.2kg/m3.

The experimental results for water on bare glass compared with data of Brether-

ton [25] are presented in Figure 5.3. We mention herein that Bretherton’s theory

assumes a 0◦ contact angle (perfect wetting) while his data is obtained using fluids

which do not perfectly wet the wall of the tube. For thicker films Quere proposed a

correlation [8] which is shown as a broken line and follows closely Bretherton’s law

for the considered Ca range. For water with 30◦ contact angle (circles) the data fits

Bretherton’s law (solid line) to within 10% for Ca exceeding 0.001 and it appears to

confirm the deviation observed for aniline when the Capillary number is below 0.001.

Bretherton’s data for aniline (squares) and benzene (down triangles) illustrate the

discrepancies which occur for different surface wettabilities (contact angles of 36◦
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Figure 5.3. Non-dimensional film thickness vs. Ca, the wetting case.

and 11◦). A quantification to account for partial wetting cannot be made at this

time due to insufficient accuracy of the present method, instead scaling arguments

are proposed to support the film thickening experimental observations.

For low Ca and negligible inertia the gas-liquid interface in a low Bo system

is expected to keep a spherical shape up to the wall where it merges through a

transition region of length l with the deposited film. In the transition region the

viscous contribution has to be balanced by the pressure gradient due to varying

curvature (surface tension component) µU/h2 ≈ σk/l, where h is the film thickness

and k is the meniscus curvature. The meniscus curvature matches the curvature of

the transition zone where the two merge, h/l2 ≈ k and the meniscus curvature is
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Figure 5.4. Non-dimensional film thickness vs. Ca, the nonwetting case.

k = cosθ/R as long as the apparent contact angle retains a value θ. From these

arguments it can be inferred a non-dimensional film thickness of the form:

hR ≈
Ca2/3

1− θ2/2
(5.2)

which would account for wetting film deposition such in the case of aniline. The

arguments seem to hold for a moderate contact angle (< 36◦) and while the film

thickness is greater than one micron (while the disjoining/conjoining pressure terms

are negligible).

Film thickening for low viscosity fluids due to inertia has been investigated by
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Aussillous and Quere [8] who proposed a critical Capillary number Ca∗ above which

inertial effects become noticeable. In present experiments the maximum Ca is 0.008

while Ca∗ > 0.01 therefore inertial effects are not expected to increase the film

thickness. It is even less expected they would become important with decreasing Ca

(velocity).

The non-wetting film deposition data is shown in Figure 5.4. Water on FC-

721 coated glass presents a 105◦ contact angle and the deposited film has a non-

dimensional thickness of approximately 0.008 which appears to not vary considerably

with Ca within the range investigated. This behavior deviates significantly from the

predictions of the existing theories and signal that entirely different physics is in-

volved when deposition takes place on a non-wetting surface. The film is generally

much thinner than predicted for Ca exceeding 0.001 and appears to increase slightly

at lower Ca. The scatter in the data might suggest a non-unique solution for this de-

position problem, although the error associated with the experimental method needs

to be excluded to validate this hypothesis. Experimental observations regarding the

film stability suggest that a non-unique solution for the nonwetting film thickness

is possible. In Fig. 5.5 it is shown a typical nonwetting film behavior while it is

deposited by a liquid column flowing from left to right. In the first three images

from the top the meniscus travels with velocity U = 0.2246 m/s (Ca = 3.09e− 3)

and a film is deposited on the wall. In the fourth image the film begins to rupture

and the newly formed contact line which delimits the trailing film translates with

0.0229 m/s. The film rupture is complete in 36.1 ms and it takes place several times

during the experiment run.

If we compare the wetting and the non-wetting deposition the film stability rep-
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Figure 5.5. Viscous film deposition in a nonwetting capillary, θ = 105◦. Image width
of 4.427 mm. Consecutive images 8.032 ms appart.
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resents a noticeable difference which is likely to change the physics involved in the

process. Indeed, a Plateau-Rayleigh instability time scale [58] for our wetting test

section-working fluid is on the order of 58 s which is much longer then the time of

a test run and it is unlikely to play a role in the deposition. In the non-wetting

case however, the film rupture occurs in a much shorter time and it was observed

to occur repeatedly during a test run, possibly interfering with the mechanisms at

play in the wetting deposition.

5.5 Conclusion

The film deposition behavior observed by Bretherton departs from his theory

in an unexpected way, behavior experimentally confirmed in present investigation

for the case of water in a glass capillary (θ = 30◦). Scaling arguments derived

herein suggest a non-dimensional film thickness dependence with the contact angle

θ (surface wettability) as well as the Capillary number in the form hR ≈ Ca2/3/(1−

θ2/2). Based on the work of Aussillous and Quere[8] the liquid column inertia was

neglected for the Ca range investigated.

The effect of wettability was further investigated for a high contact angle (θ

= 105◦) which yielded a non-wetting film deposition behavior that departed sig-

nificantly from the existing theories, developed under the perfect wetting θ = 0◦

assumption. It was found that the non-dimensional film thickness presents a weak

dependence on the Capillary number and has an average value of hR = 0.008. Exper-

imental observations suggest that the film stability could cause the reported behavior

since film rupture occurred repeatedly in any given test run. On the other hand,
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film rupture or even destabilization was not observed during the wetting deposition

experiments: the time scale of a Plateau-Rayleigh instability is much longer than

the time required for any of the performed tests.

Further experiments with improved accuracy need to be perfected in order to

quantify the non-dimensional film thickness dependency on surface wettability. Im-

proved accuracy is also desirable to distinguish between error-caused versus non-

unique film thickness solution suggested by the scatter in the nonwetting data.
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6. Non-wetting Annular Films.

Flow Morphology and The Shock

Condition

The nature of film deposition in circular glass capillaries of 500 µm diameter is

investigated experimentally by considering two surface wettabilities: wetting with

static contact angle of 30◦ (water on glass) and non-wetting with static contact angle

of 105◦. A liquid film is deposited behind a moving meniscus, the finite length film

ends in a ridge that also moves in the direction of the flow. The ridge is bounded by

a moving contact line and it translates over the deposited film. There are notable

dissimilarities in the film deposition behavior when the surface wetting is changed,

the non-wetting film is significantly thicker than the wetting film. Taylor bubbles,

also differentiated by wettability, form due to the growth of the ridge. At a given

Capillary number, the contact line velocity is as much as twice as large for the

non-wetting case. The dynamics of the deposition process is studied experimentally

and a criterion is proposed to explain the occurrence of a shock (hydraulic jump) in

the non-wetting film connecting the ridge to the meniscus. A hydraulic jump forms

in the film when critical conditions are attained, as defined by a non-dimensional
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parameter similar to the Froude number. The film thickness is then calculated

directly from the experimental data and a correlation is obtained by matching the

measured and the theoretical shock velocities.

6.1 Introduction

Film deposition processes captured the interest of researchers due to both their

fundamental aspects, as well as for their numerous applications ranging from oil

extraction to microfluidic devices. The study of film deposition (the infinite bubble

case) is also a necessary step in understanding the interface behavior associated

with the Taylor bubble flow regime. Taylor bubble flow is defined as finite length

gas bubbles longer than the tube diameter alternating with liquid plugs.

Fairbrother and Stubbs[22] first noted that a bubble passing through a liquid-

filled tube would move at a velocity higher than the average liquid velocity. In 1942

Landau, Levich[23] and Deryagin[24] proposed a model for evaluating the thickness

of a viscously deposited film as a function of Capillary number (Ca = µU/σ). Later,

Bretherton[25] proposed a similar law for a film deposited inside a capillary, valid

for thin films and Ca smaller than 0.005. He also found experimentally that aniline

(θaniline = 36◦) does not follow the predicted behavior and the deviation becomes

increasingly important as the Capillary number decreases. Teletzke [26] proposed

a theory which accounts for the conjoining/disjoining pressure potential to explain

the behavior of films thinner than one micron. Aussillous and Quere [8] examined

the role of inertia and extended Bretherton’s law for higher Ca, matching Taylor’s

experimental data.
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Snoeijer et al. [27] showed that the thickness of a film coating a plate withdrawn

from a liquid reservoir depends on surface wettability. They proved that the film

thickness can have two solutions for the partial wetting case. Most notably Snoeijer

et al. [89] found that a ridge ending with a hydraulic jump occurs at the end of

a plate deposited film (under partial wetting, θ ≈ 50◦), which is to some extent

similar to the experimental findings presented herein. In present experiments a hy-

draulic jump was observed in the film during the inside-of-tube deposition under

non-wetting conditions (θ = 105◦).

Schwartz Schwartz et al. [28] examined the infinite and finite bubbles in low Ca

flow and found that the short bubble film obeys Bretherton’s law while the long

bubble film is almost twice as thick; for intermediate bubble length the film thick-

ness presented multiple solutions possibly due to instabilities. Herescu and Allen[29]

observed that the film thickness increases with a contact angle having low wetting

values(θ = 30◦), while for a non-wetting contact angle of 105◦ the film thickness

departed markedly from Bretherton’s law. Changes in film thickness can be brought

about by Marangoni stresses which occur at the gas-liquid interface due to the pres-

ence of contaminants. There is no general agreement as to what are the conditions

when the film thickness increases or decreases, it is certain though that surface

tension gradients can cause changes in the film thickness. Marangoni effects on

film deposition were studied by Ratulowski[30], Ramdane and Quere [31] as well as

Krechetnikov and Homsy [32]. In present experiments the film thickness increased

significantly for the non-wetting case (105◦ contact angle) which is believed to be

caused by the dynamics of the moving contact line rather than Marangoni stresses.
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(a)

Inverted Microscope

High Speed Camera
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(b)

Figure 6.1. Experiment Setup

6.2 Description of the Experiment

The experimental setup consisted of a glass capillary tube 12 centimeters long

having an internal diameter of 500 microns, a Nikon TE-2000 inverted microscope, a

Photron high-speed camera and a Precisa electronic balance (Figure 6.1). The cap-

illary exit is connected through a valve with rigid tubing which is immersed in the

distilled water-filled glass vessel used to contain the expelled liquid. The nonwetting

fluoropolymer coating was obtained by passing a Rain-XTM(3M Corporation) liquid

slug through the capillary at constant velocity, with the aid of a syringe pump. The

coating obtained yields a static contact angle of 105◦ for water. The experiment

begins with the glass tube being filled with distilled water, after which the desired

gas pressure is set while keeping the outlet valve closed. When the valve at the test

section outlet is opened the filtered compressed nitrogen pushes the liquid out of the

capillary while a thin film is left on the wall. The gas-liquid interface dynamics is

recorded through the 2X microscope objective at a location 7-8 centimeters down-
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stream of the initial meniscus position, with the aid of the high speed camera. The

experimental error for velocity and length measurements is within 5% for all data.

6.3 Experimental Observations

Figure 6.2. Hydraulic Jump in a Non-Wetting Film

Film deposition experiments were performed with distilled water in a 500 µm

glass round capillary, with and without a Rain-X coating. A water droplet sitting

on the Rain-X coated glass makes a static contact angle of 105◦ (non-wetting) and a

static contact angle of 30◦ on a glass surface (wetting, commonly denoted as partial

wetting, perfect wetting being the 0◦ contact angle) . During the wetting experiments

a Bretherton film of uniform thickness is deposited in the glass tube, with the non-

dimensional thickness given by Bretherton’s [25] law h/R ≡ hR = 1.34 Ca2/3 which

is valid for Ca ≤ 0.005.∗ A contrasting behavior has been observed for the film

deposited in the non-wetting capillary. The film is thicker than in the uncoated

glass capillary case (implicitly thicker than the Bretherton film if we assume the law

is valid in a wetting tube) and ends with a ridge, which subsequently grows to form

a plug and give rise to Taylor bubbles. If a certain velocity is attained, the film

∗ A similar correlation valid up to Ca = 0.01 is proposed by Aussillous and Quere [8] in the
form hR = 1.34 Ca2/3/(1 + 1.34 2.5Ca2/3).
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Figure 6.3. Hydraulic Jump Schematic. The thicker non-wetting film is separated by
the Bretherton film through a hydraulic jump.

thickness presents an abrupt jump through which the Bretherton film deposited at

the meniscus connects with the thicker film merging into the ridge (Figures 6.2, 6.3).

The gas bubble appears dark with a bright band along the centerline. The liquid

plug, the thin film surrounding the bubble as well as the ridge appear bright with

the gas-liquid interface delimiting the dark bubble region.

A hydraulic jump (shock) is observed in the film for a number of tests performed

in the non-wetting test section, while in the bare glass tube no hydraulic jump

was present in the tested Ca range † ( 0.00196≤ Ca ≤0.0098 for bare glass and

0.0026≤ Ca ≤0.0075 for the non-wetting section, where Ca is based on the meniscus

velocity). For both surfaces (wetting and non-wetting) the ridge grows to eventually

form a plug and Taylor bubbles. In the bare glass tube the bubbles are much longer

than in the non-wetting tube, approaching the infinite bubble case. There are also

noticeable differences in the morphology of the deposited film. The non-wetting case

presents a hydraulic jump if a critical velocity is exceeded. Below this velocity the

hydraulic jump does not occur and the deposited non-wetting film is thicker than

the wetting Bretherton film. Also the bubbles are much shorter in the non-wetting

† The Ca range is limited in the lower limit by the minimum deposition velocity, below which a
film cannot be deposited. The highest Ca tested is within the validity range of Bretherton’s law,
beyond this limit inertial effects would become noticeable.
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Figure 6.4. Wetting Taylor bubble , Ca = 0.0034. Images 4 ms apart. The width of
the images is 5.74 mm.
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Figure 6.5. Non-wetting Taylor bubble , Ca = 0.0037. The images are captured every
2 ms. The width of the images is 5.74 mm.
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Figure 6.6. Non-wetting Subcritical Taylor bubble (no hydraulic jump), Ca = 0.004.
(U − UCL)/c

∗=0.417. Images 2 ms apart. The width of the images is
5.74 mm.

tube. The sequence of images in Figure 6.4 shows the film deposition in the bare

glass tube, a very long bubble (approximating the infinite bubble) will eventually

form when the ridge grows into a plug. Note the uniform thin film that is laid by

the translating meniscus at a Capillary number of Ca = 0.0034. On the other hand,

if we examine the Taylor bubbles in the non-wetting tube at a similar Ca we observe

they are considerably shorter than the wetting counterparts (Figure 6.5). Also, the

non-wetting film appears to be thicker than the wetting film.

The shock theory proposed herein states that the critical shock velocity of a
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Figure 6.7. Non-wetting Supercritical Taylor bubble (with hydraulic jump), Ca =
0.00357. (U − UCL)/c

∗=0.95. Images 2 ms apart. The width of the
images is 5.74 mm.

100



www.manaraa.com

hydraulic jump in a cylindrical film is a function of the deposited film thickness.

It follows that with increasing Ca the hydraulic jump cannot form unless a critical

velocity c∗ is reached. This appears to be supported by the experiments. In Fig-

ures 6.6 and 6.7 the hydraulic jump does not occur unless the critical velocity is

reached, despite the fact that Ca has a larger value in Figure 6.6. In the non-wetting

case, the bubble length as well as the film morphology change when a critical ve-

locity is exceeded. To exemplify this behavior, we show in Figure 6.6 a sequence of

images taken at Ca = 0.004 with no hydraulic jump present. In the same experi-

mental run a hydraulic jump occurs at Ca = 0.00357 as seen in Figure 6.7, visible

in the formed bubble. Note the shorter bubble length as well as the thicker film

for the sub-critical case (no hydraulic jump). The film thickness presents a jump

when critical conditions are reached (hydraulic jump). An ad-hoc shock criterion

requires that (U − UCL)/c
∗ ' 1, where c∗ will be derived in the following. We

can readily see that at a larger Ca=0.004 the hydraulic jump does not occur since

(U − UCL)/c
∗=0.417 while at a smaller Ca = 0.00357 the hydraulic jump is present

when (U − UCL)/c
∗=0.95. The non-dimensional parameter (U − UCL)/c

∗ is similar

to the Froude number for characterizing the hydraulic jump, which in this flow is a

capillary pressure gradient.

6.4 Critical Speed Scaling

It is interesting to revisit the classical shallow water wave theory to possibly

gain some insight into the hydraulic jump under investigation. Froude predicted

that a hydraulic jump will be present whenever the velocity exceeds a critical value
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cFr =
√
gh (critical wave speed), the Froude number being defined as the ratio

V/
√
gh. The physics of shocks in planar films on the order of 1 mm is governed

by the Froude velocity and at the same time the characteristic scale is the capillary

length
√
σ/ρg. For a capillary tube the characteristic scale for the process is the

tube radius instead. We can then make an analogy with the Froude wave speed if

we replace the capillary length with the tube radius. The result is a critical wave

speed in the form (1/R)
√
σ/ρ
√
h which scales as

√
h and is similar to the expression

derived by a shock analysis in the next section (Eqn. 6.4). From a physical stand

point this implies that the shock mechanism for an annular micron-thick film is

capillary drainage, as opposed to gravity drainage for mm-thick planar films. It is

also important to note that this type of hydraulic jump is specific to the annular

geometry since the capillary drainage is performed through the azimuthal curvature

gradient in the film.

6.5 Hydraulic Jump Equations

The film presents an annular ridge at the trailing end, bound by a moving contact

line which initially defines the edge of the gas-liquid interface (meniscus). The film

presents an abrupt change in thickness once a critical state is attained as illustrated

in Figure 6.8(a). The transition in film thickness has the appearance of a hydraulic

jump which can be physically described by writing the conservation of mass and mo-

mentum across the shock. The liquid film from the ridge side has a velocity V2 and

flows over a stagnant film (Figure 6.8(b)), while the wave front travels at a velocity

c. In a reference frame translating with c, the film deposited by the meniscus (having
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thickness e) enters the shock with a velocity c which changes to c−V2 after the jump.

(a) Hydraulic Jump High-Speed Image (b) Hydraulic Jump Schematic

Figure 6.8. Hydraulic Jump in a Non-Wetting Film

The classical treatment of a hydraulic jump is to write the conservation laws

across it. The following hypotheses are made when the conservation of mass and

momentum are written across the shock:

1. Wall shear and shear at the gas-liquid interface are neglected.

2. The azimuthal curvature gradient is driving the shock.

We can now write the conservation of mass:

2πRec = 2πRh (c− V2) (6.1)

And the conservation of momentum:

ρ2πR
[
−c2e+ (c− V2)2 h

]
= 2πRhσ

[
1

R− h
− 1

R− e

]
(6.2)
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From the above Eqn. 6.1 and 6.2 it follows that the wave front velocity varies as:

c2 =
σ

ρ

h2

e(R− h)(R− e)
(6.3)

The critical wave front velocity is obtained when e = h:

c∗ =
1

R− h

√
σ

ρ

√
h (6.4)

When the ridge film velocity V2 > c∗ the thin annular film deposited by the meniscus

will connect to the ridge through a hydraulic jump. Note that the critical wave front

velocity predicted by Eqn. 6.4 varies as
√
h confirming the Froude analogy made in

the previous section.

Note the difference between the shock velocity and critical shock velocity: the

former is the velocity at which the wave front translates, while the latter is the min-

imum attainable wave front velocity, the existence limit of a hydraulic jump. The

wave front velocity US (the shock velocity), is plotted in Figure 6.9 as a function of

the deposited film thickness hR (Bretherton film thickness non-dimensionalized by

the tube radius) for the non-wetting test section. The Froude critical velocity [58]

as well as the shock prediction proposed for an interface curvature gradient driven

hydraulic jump are shown as a dotted line and as dash-dot line, respectively. The

measured shock velocity US data points are located above the critical shock veloc-

ity line as expected. Another validation comes from the calculated shock velocity

performed using the shock Equation 6.4 and the measured film thickness. It also
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Figure 6.9. Shock Velocity vs. Nondimensional Film Thickness. US , experimental
is the shock velocity measured in a number of separate runs in the non-
wetting test section. US , calculated is the shock velocity computed with
the shock theory relation Eqn. 6.3 using the measured film thickness. All
data points lie above the critical shock velocity c∗ which is computed
using Eqn. 6.4 . Bretherton’s film thickness hR dependency on Ca is
given as a correlation by Aussillous and Quere [8].
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serves as a validation for the film thickness measurement method. All calculated

shock velocity data follow the same trend as the measured US with the exception of

the two leftmost points which were computed with inputs from transitional tests in

which a hydraulic jump was not observed. Although these two points are still above

the critical shock velocity line a transition region should exist, with this instance

being representative. At the same time the error associated with the film thickness

measurements is within 20% and may cause some shift in the data. The critical

velocity data was taken in a number of tests spanning a month to check for repeata-

bility and possible coating degradation. A hydraulic jump (shock) in the film was

observed for a number of tests performed in the non-wetting test section, while in

the bare glass tube no hydraulic jump was present in the tested Ca range. For the

uncoated section 0.0018≤ Ca ≤0.009 and for the non-wetting the tests were in the

interval 0.0026≤ Ca ≤0.0075. The experimental US can be correlated with a
√
h

law although the 1.8 c∗ line appears to deviate to some extent from the data trend.

This would imply per the shock Equation 6.4, that the actual to Bretherton film

thickness ratio should be a function of Ca, which we will check a posteriori.

6.6 Shock Velocity and Film Thickness Correlations

The shock velocity is better described by a correlation in the form:

US = 3.8 h0.833R (6.5)

which is shown in Figure 6.10 as a solid line. Note that the multiplier "3.8" in

the above correlation has dimensions of velocity. hR = h/R is the non-dimensional
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Figure 6.10. Shock Velocity vs. Non-dimensional Bretherton Film Thickness

wetting Bretherton film thickness, which is given in the literature as a function of

Ca [8]. Expression 6.5 accounts for the actual to Bretherton film thickness ratio

dependence on Ca, and it can be obtained in a non-dimensional form if the shock

velocity US is scaled by the critical shock velocity c∗(Eqn.6.4). The correlation is

shown in Figure 6.11:
US

c∗
= 7 h

1/3
R (6.6)

Experimental observations indicate that the non-wetting film is much thicker

than the Bretherton film and the measurements confirm this. The question arising
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Figure 6.11. Non-dimensional Shock Velocity Correlation
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now is if we can find a meaningful law to describe the film thickness variation.

Eqn. 6.6 can be corroborated with the shock relations Eqns. 6.3 and 6.4 to find a

relationship for the non-dimensional non-wetting film thickness, hR,nonwet, as given

in Eqn.6.7. The non-wetting film is the thicker film observed during experiments,

the thin film is the wetting Bretherton film. Recall that in the hydraulic jump

images 6.2 two types of films are present, a thick film towards the ridge and a thin

film towards the meniscus.

hR,nonwet = 7 hR
4/3 (6.7)

This correlation as well as the measured film thickness data are plotted in Fig-

ure 6.12. The errors in the film thickness measurements are within 20% and the

corresponding error bars are shown. The two leftmost data points are cases in which

no hydraulic jump was observed and they fall below the shock theory film thickness

law. It is apparent that the measured non-wetting film is thicker than the wetting

since the data points lie above the Bretherton film thickness line. A matching curve

that connects the proposed correlation with Bretherton’s law may be appropriate

for the sub-critical region since present correlation was derived for the super-critical

region only, in which the shock velocity was measured.
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Figure 6.12. Non-wetting Film Thickness. The measured thickness follows the law
obtained from the shock theory, except for the two leftmost data points
which did not present a hydraulic jump. The wetting Bretherton film
is shown for reference.
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6.7 A Criterion for Shock Existence

The proposed shock theory defines a critical velocity c∗ that has to be exceeded

in order for the jump to occur. More specifically, the ridge film velocity V2 has to be

greater than the critical velocity. Let us examine the variation of the film velocity

V2 in comparison to c∗, as a function of Capillary number. V2 can be calculated

using Eqns 6.1 and 6.3, together with the film thickness correlation Eqn 6.6. As

apparent in Figure 6.13 the two velocity lines V2 and c∗ intersect at Ca = 0.0025.

It is important to note that although this is a critical Capillary number it will still

differ depending on the system, owing to the fact that the film velocity is related to

the contact line velocity. There are many factors that can change the contact line

velocity and subsequently the film velocity, i.e. the contact angle or the contact line

stability. Nevertheless, it happens that the film velocity is greater than the critical

velocity for Ca ≥ 0.0025 in present experiments. However the smallest Ca at which

a hydraulic jump is observed is 0.0031.

The contact line velocity relative to the meniscus, U − UCL, is also plotted in

Figure 6.13. Interestingly all the sub-critical data points lie below the c∗ line. So,

an ad hoc shock criterion could be devised as U − UCL ≥ c∗. According to the test

results a hydraulic jump is always present when this criterion is satisfied. On the

other hand this criterion does not state that for U − UCL < c∗ a hydraulic jump is

not possible, a few data points in this region do present a hydraulic jump. These

points are relatively close to c∗ and most likely belong to a transition band. More

importantly, the observed behavior indicates the connection between the film and

contact line velocities.
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Figure 6.13. Film Velocity vs Ca. If V2 ≥ c∗ a hydraulic jump will occur. The
relative contact line velocity data shows that a hydraulic jump always
exists if U − UCL > c∗.
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Figure 6.14. The Actual to Bretherton Film Thickness Ratio, and the Shock to Crit-
ical Velocity Ratio as a Function of Capillary Number. Note that the
two lines coincide.

The influence of the contact line dynamics can be accounted for if we consider

the contact line velocity relative to the meniscus rather than the film velocity in

the shock criterion. We can then define a non-dimensional parameter similar to the

Froude number, the non-dimensional velocity (U−UCL)/c
∗, which defines the border

between the subcritical and supercritical regimes at a value of one. When (U −

UCL)/c
∗ ≥ 1 a supercritical flow regime sets in and hydraulic jumps can be seen in the

deposited film, as apparent from data plotted in Fig. 6.13. We mentioned previously

at the end of Section Hydraulic Jump Equations, that the actual to Bretherton film

thickness, h/hBretherton, is expected to be a function of Ca. This dependence is shown
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in Figure 6.14, notably the ratio of shock and critical velocities US/c
∗ follows the

same law according to the shock relations 6.3,6.4‡.

6.8 Critical Ca, Hydraulic Jump Formation and Taylor

Bubbles

A transition Ca is now in question, if it exists it should have values between

0.00335 and 0.0045 for present non-wetting test section. However, within this range a

hydraulic jump does or does not exist depending on the magnitude of the contact line

velocity as can be seen in Figure 6.15. This fact suggests that even though a critical

Ca may exist, the occurrence of the critical regime (hydraulic jump formation) is

intimately connected to the contact line behavior. The bifurcation is clearly seen in

the plot of Fig.6.15, two solutions for the contact line velocity are possible in the

aforementioned Ca range: one yielding a hydraulic jump and the other not.

The bubble length as well as the film thickness present a behavior which is closely

related to the existence of the hydraulic jump. Short Taylor bubbles with a thicker

film are formed as long as there is no hydraulic jump, on the other hand if a hydraulic

jump occurs the bubbles are longer with a thin film at the meniscus and a thicker

film towards the ridge. The distance L between the contact line and the location

where the hydraulic jump is first observed, as shown in Figure 6.16 does not appear

to be dependent on the Capillary number and it might be regarded as a cutoff bubble

length above which a hydraulic jump is observed. L varies randomly between 2.0

‡ It can be checked independently that h/hBretherton varies as US/c
∗, if we consider the measured

film thickness as h in the first ratio. The second ratio should be computed using the measured
shock velocity US and the critical velocity c∗ proposed in the shock theory.
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Figure 6.15. Contact Line Velocity vs. Ca. Note that for an entire Ca range the
hydraulic jump may or may not exist depending on the contact line
velocity.
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Figure 6.16. Non-Wetting Film Deposition with Hydraulic Jump

and 2.4 mm for a Capillary range between 0.0026 and 0.0075.

A discussion about two possible mechanisms which may influence the film depo-

sition behavior feels necessary at this point. Perhaps the most notable mechanism

which could cause an increased film thickness apart from the assumed contact line

dynamics mechanism is contamination. Marangoni stresses can in principle cause

a film thickening but it is less clear why the hydraulic jump occurs as the velocity

increases, when surface tension gradients are expected to lessen in importance. The

Capillary number of 0.0031 at which a hydraulic jump is first observed is rather

high, the contamination effects are usually visible at much lower values. To clar-

ify the possible contamination issue, experiments were performed in Teflon tubing

(no coating applied this time) and the same behavior was observed with a hydraulic

jump occurring at critical conditions. At the same time there was no hydraulic jump

or film thickening in the glass tube even though the same "possibly contaminated"

water was used (the water is drawn into the test section from a beaker, where it is

also collected test after test) .

Another film thickening mechanism for low viscosity fluids due to inertia has been

investigated by Aussillous and Quere[8] who proposed a critical Capillary number

Ca* above which inertial effects become noticeable. In present non-wetting exper-
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iments the maximum Ca is 0.0075 while Ca* ≈ 0.01 therefore inertial effects are

not expected to significantly increase the film thickness or play a part in the shock

formation.

6.9 Conclusion

Film deposition experiments performed in wetting and non-wetting tubes demon-

strated that a thicker than Bretherton film is present in the latter case. A ridge

bound by a moving contact line is visible at the downstream end of the deposited

film. The non-wetting contact line velocity is much larger than the wetting coun-

terpart. It is believed that the differing contact line dynamics for the two surfaces,

wetting and non-wetting, cause a series of morphological changes in both the de-

posited film and the Taylor bubbles forming during the flow. The wetting bubbles

are much longer than the non-wetting ones, the latter presenting a thicker film.

Moreover, during the deposition of the non-wetting film a hydraulic jump is ob-

served when a critical velocity is attained. If a hydraulic jump is present shorter

bubbles are formed, the super-critical bubbles being longer. An analogy with the

Froude shallow water wave theory suggested that the critical velocity should vary as
√
h if the characteristic length is the tube radius rather than the capillary length.

From a physical stand point this fact would imply that the shock mechanism for an

annular non-wetting micron-thick film is capillary drainage, as opposed to gravity

drainage for mm-thick planar films.

A shock theory was developed assuming that the azimuthal curvature gradient is

driving the hydraulic jump. The derived critical speed follows a
√
h law as pre-
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dicted by the analogy to Froude’s shock relation, while the shock velocity depends

on the actual to Bretherton film thickness ratio. The non-dimensional shock velocity

and the non-wetting film thickness are found to vary as h1/3R and h4/3R , respectively

(hR being the non-dimensional Bretherton film thickness). Experimental evidence

shows that the film velocity depends on the contact line velocity, and a hydraulic

jump will always occur if the contact line velocity relative to the meniscus exceeds

the proposed critical speed.
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7. Conclusions

The critical volume of a liquid plug is computed using Surface Evolver. The mini-

mum water volume necessary to form a plug is calculated for a range of GDL and

channel wettabilities. The critical volume represents an intrinsic property of mixed

wetting channels such as the gas flow channels of PEMFC and an implicit measure of

the plug formation. A small critical volume plug is more likely to form under similar

flow conditions, when compared to a large volume. Critical volume data can be used

together with experimental data for PEMFC optimization. We also show that water

can be passively removed from the GDL surface by sole means of capillary action, if

the bipolar plate has a lower contact angle. This type of flow control can be used to

avoid the blockage of gas reactant flow through the porous electrodes. We have to

note that the existence limit was deliberately chosen over the stability limit, since

the latter would require a number of different initial scenarios for water distribution

making a comparison more difficult. It would be beneficial to analyze this limit as

well for specific water configurations observed experimentally, this procedure would

make possible further prototype-based optimization. Liquid stability and existence

in various morphology can be analyzed in a similar manner, considering for example

plugs spanning multiple channels or geometrically complex manifolds.

High speed microscopy was employed to study two-phase flow in micro-channels.
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It also proved a useful tool for the study of film deposition and shock phenomena

occurring in non-wetting films. An unsteady annular flow regime was observed in

square microchannels and the possible existence of shock waves in the gas phase was

brought into discussion. Interactions between liquid lobes and compression waves

were observed using high-speed short exposure time imaging. This technique could

be used with matched refraction index test sections to obtain direct film thickness

measurements with improved accuracy. Other phenomena such as film rupture and

dewetting, of interest for the operation of some micro-scale heat transfer devices,

can also be quantified in this manner.

The effect of wettability on establishing two-phase flow morphology was also

investigated by means of high speed microscopy. It is found that wetting properties

play a crucial role in setting the flow regime at capillary scale, in microchannels. This

fact is confirmed experimentally in the five studied cases, round and square sections

with wetting (θ ≤ 20◦) and non-wetting (θ = 105◦) surfaces, and a intermediate

wetting case (θ = 80◦) in a square channel. The mixed-wetting case is a wetting

case for the walls (θ = 80◦), but for the corners it may be de-wetting according to

Concus-Finn criterion. This behavior needs to be taken into account when studying

two-phase flow in polygonal geometries. For a fixed flow rate four unique flow regimes

are observed proving that changes in contact angle and geometry result in distinct

flow behavior. Both contact angle and geometry of the cross section need to be

included in a realistic model of capillary scale two-phase flow. Future research may

explore the interplay between film stability and corner flow in microchannels of varied

wettabilities, and establish appropriate scaling relevant to two-phase flow regimes

and transitions.
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Film deposition experiments indicate that a thicker film is deposited on a sur-

face that is not perfectly wetting. Scaling arguments suggest a non-dimensional film

thickness dependence with the contact angle θ (surface wettability) as well as the

Capillary number in the form hR ≈ Ca2/3/(1 − θ2/2), for relatively small contact

angles up to 36◦. The effect of wettability was also investigated for a high con-

tact angle (θ = 105◦) yielding a non-wetting film deposition behavior that departed

significantly from the existing theories, developed under the perfect wetting assump-

tion, θ = 0◦ . It was found that the non-dimensional film thickness presents a weak

dependence on the Capillary number having an average value of hR = 0.008. Experi-

mental observations suggest that the film stability could cause the reported behavior

since film rupture occurred repeatedly in any given test run. On the other hand,

film rupture or even destabilization are not observed during the wetting deposition

experiments: the time scale of a Plateau-Rayleigh instability is much longer than

the time required for any of the performed tests. A closer look at the film depo-

sition process in non-wetting capillary tubes and better accuracy for film thickness

measurements are desirable.

Subsequently, non-wetting experiments are carried out in order to quantify the

non-dimensional film thickness dependence on surface wettability. A ridge bound by

a moving contact line is observed at the downstream end of the deposited film. The

non-wetting contact line velocity is much larger than the wetting counterpart. It is

believed that the differing contact line dynamics for the two surfaces, wetting and

non-wetting, cause a series of morphological changes in both the deposited film and

the forming Taylor bubbles. The wetting bubbles are much longer than the non-

wetting ones, the latter presenting a thicker film. Moreover, during the deposition of
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the non-wetting film a shock (hydraulic jump) is observed when a critical velocity is

attained. If a shock is present shorter bubbles are formed, the super-critical bubbles

being longer. An analogy with the Froude shallow water wave theory suggested that

the critical velocity should vary as
√
h if the characteristic length is the tube radius

rather than the capillary length. From a physical stand point this fact would imply

that the shock mechanism for an annular non-wetting micron-thick film is capillary

drainage, as opposed to gravity drainage for mm-thick planar films. A shock theory

was developed assuming that the azimuthal curvature gradient is driving the shock.

The derived critical speed follows a
√
h law as predicted by the Froude analogy,

while the shock velocity depends on the actual to Bretherton film thickness ratio.

The non-dimensional shock velocity and the non-wetting film thickness are found

to vary as h1/3R and h
4/3
R , respectively (hR being the non-dimensional Bretherton

film thickness). Experimental evidence shows that the film velocity depends on

the contact line velocity, and a shock will always occur if the contact line velocity

relative to the meniscus exceeds the proposed critical speed. Improved accuracy for

film thickness measurements is desirable to better establish the derived correlations.

Future research is necessary to explore the contact line dynamics and its influence

on film deposition processes on surfaces of varied wettability.
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Appendix A

Contact Angle Formulation In Surface Evolver

Figure 0.1. Surface Evolver Droplet Model.

A Surface Evolver model of a droplet sitting on a plane surface is shown in

Figure 0.1. The initial liquid configuration is a cube described by the vertices 1

through 8, and the corresponding oriented edges and faces. The face number 6 on

the horizontal plane is given by 1->2->3->4. The energy density of the faces 1 - 5

is one and the energy on the face 6 should have a value different than one such that

the surface tension balance on the contact line 1->2->3->4 is satisfied. Therefore

the virtual tension of the facet on the plane is T = −cos((angle) ∗ pi/180), where

"angle" is the contact angle.

To avoid convergence issues, facet 6 is removed and the corresponding energy

is assigned to the bordering edges 1, 2, 3 and 4. This energy can be calculated in

SE through an energy line integral, as long as an appropriate energy formulation

is found. We are looking therefore for a vector field w such that
∫∫

face6
T k̂ · dS =
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Figure 0.2. Contact Angle As A Surface Energy Constraint.

∫
∂face6

w · dl, where ĵ and k̂ are the y and z axes unit vectors. According to Green’s

theorem we find w = −Tyî. We can now implement the contact angle as an energy

constraint in the plane z = 0, as shown in the code facsimile in Figure 0.2. This

constraint has to be satisfied at vertices 1 - 4 and the corresponding edges in the

horizontal plane. For more SE examples and a comprehensive tutorial the reader is

referred to Brakke [21].
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Copyright Agreements
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