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Abstract Excess of liquid water in gas channels of

polymer electrolyte fuel cells is responsible for malfunc-

tioning of these devices. Not only it decreases their ef-

ficiency via partial blockage of reactants and pressure

drop, but it can also lead to the irreversible damage

due to oxygen starvation in case of complete channel

flooding or full coverage of the gas diffusion layer with

a liquid film. Liquid water evacuation is carried out

via airflow in gas channels. Several experimental and

computational techniques have been applied to date

for the analysis of the coupled airflow-water behavior

in order to understand the impact of fuel cell design

and operation regimes upon the liquid water accumu-

lation. Considerable progress has been achieved with

the development of sophisticated computational fluid

dynamics (CFD) tools. Nevertheless, the complexity of
the problem under consideration leaves several issues

unresolved.

In this paper, analysis techniques applied to liq-

uid water-airflow transport in fuel cells gas channels

are reviewed and most important results are summa-

rized. Computationally efficient, yet strongly simpli-

fied analytical models are discussed. Afterwards, CFD

approaches including the conventional fixed grid (Eu-

lerian) and the novel embedded Eulerian-Lagrangian

models are described. Critical comparative assessment

of the existing methods is provided at the end of the

paper and the unresolved issues are highlighted.
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1 Introduction

Polymer electrolyte fuel cells (PEFCs) are one of the

leading candidates to replace internal combustion en-

gines for vehicles, as they are the only presently avail-

able technology that can offer equivalent power density,

range, and refueling times in a sustainable way. PEFCs

fueled with hydrogen are environmentally friendly and

their efficiency is up to 3 times higher than that of

high-temperature combustion devices [38, 93]. Hydro-

gen produced by water electrolysis using excess renew-
able energy could then lead to emission-free transporta-

tion section. The commitment of the industries to fuel

cell technology is reflected in the small-scale production

of fuel cell vehicles, such as Toyota Mirai and Hyundai

ix35 Fuel Cell. Nevertheless, engineering factors such as

high cost and limited durability still preclude the PEFC

from large-scale commercialization. Operating principle

of a PEFC is presented next and the critical factors re-

sponsible for its malfunctioning are specified.

Operating principle of PEFCs Both the fuel (hydrogen

- on the anode side) and the oxidant (oxygen or air

- on the cathode side) are fed to the fuel cell in the

gaseous state through the gas channels (see Fig. 1). The

gases on both the anode and the cathode side diffuse

through the gas diffusion layers (GDLs) towards the

reaction site. The reaction takes place when the fuel

and oxidant molecules reach the catalyst layers (CLs).

The CL is produced using a platinum-based ink which

is painted on either the membrane or the GDL. The
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ink contains carbon, Pt and electrolyte. The resulting

coating is a thin (between 1-20 µm) porous layer.

On the anode, once the hydrogen molecules reach

the CL, Pt catalyzes the first reaction, i.e., the hydrogen

oxidation reaction (HOR):

H2 → 2H+ + 2e− (1)

After the hydrogen atoms are split into ions and

electrons, the polymer electrolyte membrane ensures

the conductivity of hydrogen protons, but remains prac-

tically impermeable for the electrons in order to send

the current through the external circuit.

Electrons travel in the opposite direction through

the GDL and the current collector (that at the same

time act as the walls of the anode gas flow channel)

in order to meet the protons at the other side of the

membrane, thus generating the desired electric current.

On the cathode side, oxygen is fed through the gas

channels to diffuse through the GDL and react at the

catalyst layer with the protons created by the oxida-

tion reaction at the anode. Thus the oxygen reduction

reaction (ORR) takes place:

2H+ + 2e− +
1

2
O2 → H2O (2)
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Fig. 1 Schematic view of a polymer electrolyte fuel cell

The performance of a fuel cell is usually represented

by a polarization curve (see Fig. 2) showing the volt-

age losses against the current density in the cell. The

polarization curve is obtained by varying the external

load resistance from 0 to ∞ Ω [13].

In case of an open circuit there is no current. In this

case the voltage is a direct measure of the difference in

chemical activity of hydrogen at the anode and cathode.

As the external resistance decreases, an electron current

flows through the external circuit, balanced by an ion

current through the electrolytic membrane. The steep

initial decrease is attributed to the barrier for the elec-

tron transfer reactions occurring at the electrodes. This

is known as kinetic or activation losses region. With

further decrease in resistance, one observes an interval

where the voltage decreases almost linearly with the

current. This is referred to as the ohmic polarization

region. In this region the electrical current is limited

by the ionic resistance of the electrolyte material. As

the external resistance is decreased further, the current

reaches a limiting value where the mass transfer of re-

actants to the electrode/electrolyte interface limits the

reaction. This is known as the mass transfer polariza-

tion region (Fig. 2).

Summarizing, while kinetic and ohmic dominate at

low and medium current densities, at high currents the

losses due to mass transport become the key factor [117].

Reducing mass transport losses at high current density

would permit fuel cells to be operated at high voltage

and high current thereby enabling an increase of spe-

cific power density, reducing the size of fuel cells and,

thereby, their cost.

Fig. 2 Polarization curve of a PEFC

Mass transport losses take place when the capability

of reactants to reach the catalyst is diminished. Typ-

ically, the problem is associated with water accumu-

lation on the cathode side of the cell. The byproduct

water must partially humidify the membrane in order

to ensure the good ionic conductivity. The minimum

volume fraction of water to maintain ionic conductivity

is around 6%. Lower amount of water leads to mem-

brane drying. However, excessive water (volume frac-

tion larger than 80%) leads to flooding and must be

transported through the GDL via capillary-driven flow

and evacuated in the gas channels. Liquid water ac-
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cumulation in GDL decreases the effective diffusivity

of the layer and reduces the transport of the reactant

gases (oxygen, in case of cathode) to the CL. Excess of

water in channels leads to non-uniform gas distribution

and large pressure losses. Complete flooding in the gas

channel or coverage of the GDL leads to oxygen star-

vation, which can result in an irreversible cell damage

due to peroxide formation at the membrane. Thus, the

liquid water transport is not only responsible for reduc-

ing the cell’s efficiency at high current density, but is

often the limiting factor to their durability. Therefore,

efficient evacuation of liquid water in the gas channels

must be ensured. The process of detecting and control-

ling water distribution in the fuel cell is known as water

management.

Fig. 3 Schematic view of a droplet emerging from the GDL
into flow channel

Experimental observations In order to gain the knowl-

edge of water evacuation characteristics in the fuel cell,

one must consider the liquid phase emerging from pores

of GDL into gas channel and its subsequent behav-

ior due to the interaction with an airflow (see Fig. 3).

Experimental observations have revealed important in-

sights regarding these phenomena (see e.g. [9] for the

corresponding review). Apart from being of substantial

importance per se, these provide the basis for the vali-

dation of computational models.

One can distinguish two classes of experimental tech-

niques: in-situ and ex-situ. The in-situ experiments em-

ploy sophisticated technologies, such as neutron imag-

ing [50, 116], X-ray tomography [37, 85, 92], magnetic

resonance imaging (MRI) [127], and infrared (IR) ther-

mography [29, 47]. These approaches allow to analyze

real fuel cell during their operation. Among other in-

formation, they provide valuable data of water distri-

bution in diffusion media and channels, but they rely

upon expensive equipment and are difficult to perform.

Also, advanced techniques such as neutron or magnetic

resonance tomography require fuel cells designs and/or

materials different from those of the real fuel cells.

On the other hand, ex-situ experiments are direct

optical observations carried out using a transparent win-

dow [17, 28, 123, 124, 133, 135, 137]. Although ex-situ

studies cannot reproduce an actual fuel cell channel, an

immediate visualization access to the channel is granted,

enabling the caption of high resolution images. These

studies can provide important data for further under-

standing of wetting phenomena on porous substrates,

however it is nearly impossible to reproduce exactly the

same settings as the ones found in the real cells. In par-

ticular, materials used for transparent inspection win-

dows in ex-situ experiments differ from those of the ac-

tual fuel cells in terms of thermal, electrical and micro-

structural mechanics (wetting characteristics, surface

roughness).

Experiments revealed that generally, three types of

two-phase flow regimes in gas channels can be distin-

guished:

– Droplet flow

– Film flow

– Slug flow

These flow regimes are depicted schematically in

Fig. 4. Droplet flow is commonly observed at low cur-

rent densities, intermediate current densities typically

lead to film flows, and slugs are characteristic of high

current densities, defining the most dangerous opera-

tion mode from the perspective of the channel blockage.

Two key factors in determining the flow regime are the

air velocity and the liquid injection rates [55].

Even though experimental observations provide a

valuable basis for analysis of two-phase transport in fuel

cells, they may present limitations due to the reduced

time and length scales of some of these processes. More-

over, the cost of experimental studies precludes their

extensive use for testing possible new fuel cells designs

and/or different operating conditions.

As a consequence, the researchers have been mo-

tivated to develop computer modeling approaches in

order to be able to obtain quantitatively valuable infor-

mation in numerous true operation scenarios and actual

fuel cells properties and designs [113,138]. The available

experimental data, however, is an extremely valuable

material that provides the necessary means for the val-

idation of the computational models.

The majority of the existing computer models be-

long to one of the following two classes:

– simplified (analytic) models

– continuum two-phase models
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(a) Drop flow (b) Film flow

(c) Slug flow

Fig. 4 Flow regimes in PEM fuel cells gas channels

This paper starts by reviewing simplified models

(based on macroscopic force balance). Next, continuum

based approaches are reviewed. Commonly used vol-

ume of fluid (VOF) models are described and their re-

sults in application to fuel cell analysis are reviewed.

It is emphasized that in spite of the predominantly

used fixed-grid VOF method, there exist feasible al-

ternatives based upon using different kinematic frame-

works. The possibility of using moving grid approaches

is mentioned. Next, a novel embedded technique based

on combining fixed grid and moving grid models for gas

and liquid phases, respectively, is presented. Several ex-

amples comparing the results obtained using different
modeling approaches are shown. The paper concludes

with the description of open questions and possible fu-

ture research directions.

2 Simplified computational models

Analytic models (also termed “mechanical” or “force

balance” models) are based on a simple force balance

equation. They are typically restricted to droplet flow

regimes as they require an a priori knowledge of ap-

proximate liquid phase shape. Rather than explicitly

representing the continuum nature of the two phases,

analytic models strive to represent the “net” effects.

Such models have a low computational cost and are

relatively easy to implement.

Chen et al. [18] proposed an analytical model of

a water droplet in a PEFC cathode channel based on

a macroscopic force balance considering static equilib-

rium. Other works of liquid droplets dynamics in solid

surfaces were published beforehand, but the mentioned

study was the first one focusing on a water droplet on a

porous surface subjected to an airflow. This work used a

force balance equation considering equilibrium shape of

a droplet, thus being able to establish a relationship be-

tween the surface tension force and the external forces

acting on the droplet, i.e. pressure, shear and viscous

forces along the channel z-direction in a 2 mm height

channel:

(p0 − pL) 2Bl + l2τwxz + fµ,d = 0 (3)

where p0 and pL are the gas pressure upstream and

downstream of the droplet, respectively, 2B is the height

of the channel, l is the width of the channel in the cross-

channel direction, l2τwxz is the shear stress acting on the

droplet, and fµ,d is the viscous drag. Eq. (3) was de-

rived considering that the droplet had a spherical shape.

The force balance resulted in a single equation relating

the flow conditions, i.e. mean velocity and air viscosity,

and the droplet geometry, namely height, length and

contact angle hysteresis. These were expressed as:

y
√

1− y2 − (cotθS) y2 − 12µU

πγsin2θS

Ĥ
(

1 + Ĥ
)

(1− cosθS)
(

1− Ĥ
)3

4B
L Ĥ

[
1−

(
1− Ĥ

)3] = 0

(4)

where y = sin 1
2 (θA − θR), θS is the static contact an-

gle, µ is the dynamic viscosity of the gas, U is the av-

erage velocity along the channel direction, γ is the sur-

face tension coefficient, Ĥ is the dimensionless droplet

height, and L is the channel length. The equation was

solved for y, and then the contact angle hysteresis was

obtained as θA−θR = 2sin−1y, where θA and θR repre-

sent the advancing and receding contact angles, respec-

tively. A similar equation was derived considering that

the droplet was cylindrical instead of spherical. Note

that a steady-state flow regime was considered.

Chen et al. also performed experiments to validate

their model. For two different airflow velocities, they

measured the contact angle hysteresis at the onset of de-

tachment for different droplet heights. They compared

these values to the values predicted by Eq. (4), obtain-

ing a stability window depending on the droplet size.

The comparison between the experimental observations

and the predicted ones is depicted in Fig. 5.

The study of Chen et al. [18] concluded that in-

creasing the channel length while maintaining the other

parameters, such as GDL hydrophobicity or gas veloc-

ity, enlarged the instability window (the angle hystere-
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Fig. 5 Effect of airflow velocity on droplet stability. Repro-
duced from [18] with kind permission of the copyright owner

sis that promotes droplet detachment). The same ef-

fect could be achieved if the mean gas flow velocity

was increased, which meant that the pressure drop in

the channel was higher. By increasing the static con-

tact angle, or equivalently, making the GDL/gas chan-

nel interface more hydrophobic, water droplets could be

prevented from lodging in the channel. The main draw-

back of that model was that it did not take into account

the effect of pinning (i.e., the contact line between the

droplet and the GDL surface was considered to be al-

ways circular). One must keep in mind that droplet

detachment depends on contact line deformation (see

e.g. [62]). Additionally, area coverage of the water in

the GDL surface was not included, and the two-way

liquid-gas interaction was not taken into account.

Another analytical model for droplet dynamics in

PEFC channels was developed by Kumbur et al. [74].

Following an approach similar to that of [18], the droplet

geometry was expressed as a function of channel height,

GDL contact angle and airflow velocity.

24µB2Uh2

(B−h/2)3(1−cos(θA))2
+ 12µBUh2

(B−h/2)2(1−cos(θA))2
−

γcπ2

[
sin(∆−θA)−sin(θA)

∆−π + sin(∆−θA)−sin(θA)
∆+π

]
= 0

(5)

where h is the droplet height, c is the droplet’s chord

length, and ∆ = θA−θR is the contact angle hysteresis.

Several experiments were also performed in order to

observe the airflow conditions that lead to detachment

depending on droplet deformation. Fig. 6 displays the

experimental results, as well as the detachment pre-

dicted by Eq. (5). Similar to the experimental study

of Chen et al. [18], two stability zones were identified.

Good agreement was found between critical values pre-

dicted by their analytical model and the experimental

observations.

Fig. 6 Effect of airflow velocity on droplet stability. Repro-
duced from [74] with kind permission of the copyright owner

The experimental data was also used to find a rela-

tion between the content of Teflon in the GDL surface

and the surface tension. Thus, they improved Chen’s

work by relating the contact angle hysteresis with the

flow conditions, the Teflon content in the GDL and the

roughness of the surface, in addition to several geomet-

ric variables. Nevertheless, this model could still not ac-

count for geometry of the deformed droplet, drag coeffi-

cient, area coverage and roughness effects of the GDL.

An important conclusion was that at low air veloci-

ties, the droplet instability was insensitive to the hy-

drophobicity of the surface. That fact could be used to

minimize costs in the PEFC manufacture and avoid ef-

ficiency loss, since a highly hydrophobic GDL has more

electrical resistance and is more expensive [74]. The an-

alytical equations in this study were also based on the

equilibrium of forces, i.e. it was a steady-state analysis.

Esposito et al. [39] proposed a geometry model for a

deformed droplet, which was experimentally validated

in [96]. While the study of Kumbur et al. gave an an-

alytical expression for the hysteresis angle, it did not

characterize the main geometric variables of the static

and deformed droplet. This study was an improvement

compared with the two previous works since the ana-

lytical model was transient. Their governing equation

was Newton’s Second Law applied in one dimension:

mdxCM

dt = −γ ∂S
∂xCM

− 1
2ρU

2CDR
2
(
θS − sin(2θS)

2

)
(6)

where m is the droplet’s mass, xCM is the x-coordinate

of its center of mass, t is time, S is the surface of the

droplet in contact with air, ρ is the density of air, u is

the mean velocity of airflow, CD is the drag coefficient of
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the droplet, and R is the droplet radius. The first term

on the right-hand side of Eq. (6) represents the surface

tension force, whereas the second term represents the

drag force exerted by the airflow.

Several geometric properties, such as advancing an-

gle, droplet radius, height and perimeter, were expressed

as a function of the center of mass x-coordinate (xCM )

for a fixed droplet volume. Although the wetting area

over the GDL was approximated by a cylinder, results

provided valuable information regarding the studied phe-

nomena.

For instance, the evolution of both advancing and

receding contact angles over time could be modeled, as

displayed in Fig. 7. The difference between both contact

angles is the contact angle hysteresis and is a measure

of the droplet’s deformation. It can be observed that

the droplet deformed over time, reaching a maximum

contact angle hysteresis of 100 deg at the end of the

simulation.

5.1.1. Frequency analysis
The xCM motion law represented in Fig. 14 is analyzedwith the

Fast Fourier Transform (FFT) to evaluate the oscillation

amplitude and frequency variation during the droplet growth

(see Annex C for further details). The oscillation frequency

and amplitude are derived for several droplet heights, as

shown in Figs. 17 and 18; the frequency values are compared

with the experimental data published by the authors in

Ref. [15] (see Fig. 17). The measured oscillation frequency

curves refer to a set of experiments performed on the gas flow

channel of a non-reactive FC. On that set-up, three trans-

parent walls allowed applying high-speed fluorescence

photometry to capture videos of dynamically deforming

droplets.

As expected, when the droplet size increases the oscilla-

tion frequency decreases while the amplitude grows up. The

model predicts the oscillation frequency trend with fairly

good accuracy over the entire range of investigated droplet

size, except for heights lower than 0.5 mm. This is justified by

the fact that a droplet of this size or smaller does not match

the modeled geometry of Fig. 2. As it can be argued from

Fig. 19, droplets with a small height are rather comparable to a

spherical cap, thus the oscillation frequency is expected to be

different with respect to that of the simulated shape (Fig. 2).

Furthermore, for the shape of Fig. 19, the forces field is

different and this impacts on the oscillation frequency aswell.

However, the low accuracy of the model in predicting the

droplet oscillation does not affect the capability of the model

to predict its detachment size, as clarified in the following

section. Furthermore, the limitation of the model in simu-

lating the oscillation frequency for droplets with height

smaller than 0.5 mm does not really lie into the droplet size

but rather in the droplet shape. Thus, even droplets smaller

than 0.5 mm can be accurately modeled if the droplet has a

spherical shape. This means that model can be applied to

every type of fuel cell, even to those with a channel smaller

than 2 mm as far as the emerging droplets are spherical.

Fig. 14 e Center of mass motion law.

Fig. 15 e Contact angles time behavior.

Fig. 16 e Hysteresis (i.e. qA-qR) time behavior.

Fig. 17 e Droplet oscillation frequency vs. height:

comparison with experimental data [15,16].

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 8 9 3 4e8 9 5 3 8945

Fig. 7 Evolution of advancing and receding contact angles
over time. Reproduced from [96] with kind permission of the
copyright owner

In their simulations, Esposito et al. reported that

the drag force increased linearly with the increase of

xCM , whereas the force exerted by the surface tension

and the inertial force had a linear decay. On the other

hand, xCM was found to decrease over time due to the

deformation of the droplet. The transient model as a

function of the droplet height proved to be valid for

height over 0.5 mm, but the detachment height predic-

tions did not agree with the results of the experiments

carried out by the same group. One possible reason is

that the drag coefficient used was that from a free spher-

ical particle immersed in a fluid [39]. Therefore, an im-

provement on this coefficient would probably result in

a more accurate model. Furthermore, the models devel-

oped by Kumbur et al. and Esposito et al. do not take

into account the gravity force since they impose a force

balance exclusively in the x direction.

The analytical model developed by Cho et al. [22]

considered droplets that were initially spherical and

their deformed shape was close to a sphere, so the av-

erage curvature could be approximated by the initial

radius. This model was a modification of their former

model presented in [18]:

y
√

1− y2 − (cotθS) y2 −Re−1Wer
H

r

12

πsin2θS

Ĥ(1+Ĥ)
(1−cosθS)(1−Ĥ)

3
(4B/L)Ĥ

[
1−(1−Ĥ)

3
] = 0

(7)

where Re is the Reynolds number and Wer is the We-

ber number. The authors took the results of Chen et

al. [18] as a starting point but excluded the hypothe-

sis of the droplet constant shape. Their results showed

that at low gas velocities, the viscous force proved to be

dominant on small droplets whereas on large droplets

the normal force was dominant. On the other hand,

the droplet deformation increased significantly when

the droplet height was close to the channel height, as

shown in Fig. 8.

Fig. 8 Deformation of a droplet as a function to the droplet
height-to channel height ratio. Reproduced from [22] with
kind permission of the copyright owner

The detachment velocity was analyzed using a gen-

eralized equation for the drag coefficient CD obtained

with fitted data for the conditions of the study. As ex-

pected, the detachment velocity decayed with an in-

creasing droplet diameter, and the relationship between
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the Weber and the Reynolds numbers found in refer-

ence [18] was corrected. In their model, Cho et al. [22]

did not describe the geometry of the deformed droplet,

contact line deformation, or roughness effects of the

GDL on droplet dynamics.

Jarauta et al. [62] proposed an improved semi-analytic

model extending the approach of Esposito [39]. The

governing equation was again Newton’s Second Law ap-

plied to the x-coordinate of the droplet’s center of mass.

However, the adhesion force was obtained using the for-

mula proposed by Extrand et al. [40], which could be

used to obtain the adhesion force for any contact line

geometry:

Fadh = −γ
∫ l

0

cos (θ(l)) cos (ψ(l)) dl (8)

where θ is the contact angle at the azimuthal position

l of the contact line, and ψ is the projection of surface

tension force onto the xy plane. For the drag force, an

expression for the drag coefficient, CD, based on CFD

simulations considering several droplet geometries un-

der study was used (thus, the model was entitled semi-

analytical). The variables selected to include in the drag

coefficient equation were the Reynolds number Reh (us-

ing the droplet’s height as the characteristic length)

and the contact angle hysteresis, ∆, of the droplet (as

a measure of its deformation). Two different scenarios

were identified: for droplets with height less than 10%

of the channel height, the relationship between CD and

the variables Reh and ∆ was linear. For droplets with a

height greater than 10% of the channel height, the rela-

tionship became non-linear. A fitted equation for both

cases was provided.

The semi-analytical model was validated by com-

paring with experimental data available in literature.

In this case, results were compared to those from Milne

et al. [89], which measured the critical drag force needed

to detach a sessile droplet from a hydrophobic surface.

Fig. 9 shows the comparison between the experi-

mental results of [89], the predicted values with the pro-

posed model, and the values obtained with the spring

model in reference [39]. The values predicted with the

semi-analytical model were in good agreement with the

experimental data. The values obtained with a spring

model largely underpredict the critical drag force.

Summarizing, all the above-described models can

be used to predict the detachment on-set conditions

and/or detachment times for droplet flow regime. The

most common onset criterion is based on the critical

contact angle hysteresis. This value characterizes given

GDL material and is obtained from experiments. Thus,

the analytical (and semi-analytical) models allow to

identify the conditions leading to this value. However,
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Fig. 9 Validation results of the semi-analytical model, repro-
duced from [62]

these models are limited to single droplets with prede-

fined geometries and smooth GDL surfaces.

3 CFD models

Although models based on macroscopic force balance

provide solutions at low computational cost, they over-

simplify the analyzed phenomena either by assuming

known droplet geometry or neglecting airflow-liquid in-

teractions. Thus for the cases characterized by strong

deformation of the liquid domain, taking place in case

of gravity dominated flows leading to film or slug flow

patterns, analytical models cannot be applied. Even for

droplet flow, the difference between experimental and

analytical predictions can be as high as 30% for highly

deformed droplets.

Two-phase CFD approaches that are explicitly mod-

eling both phases involved in the problem under consid-

eration and are equipped with the means for liquid-gas

interface tracking define the class of approaches that

can provide valuable insights regarding the flow pat-

terns and liquid water evacuation for, theoretically, ar-

bitrary flow conditions. Even though there exist sev-

eral well-established numerical strategies for solving the

two-phase transport problems with moving interfaces,

the particularity of the liquid-airflow interaction in the

fuel cells gas channels defines a very challenging setting

for the general-purpose CFD approaches.

The flow conditions found in a fuel cell’s flow chan-

nel are rather different from those encountered in many

classical engineering applications that involve coupled

liquid-gas flow. In a fuel cell one deals with sub-millimeter

hydraulic diameter of the channel, presence of various

length and time scales and complex wetting character-

istics of the solid material (channel walls and GDL sur-
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face). The liquid flow is laminar (Reynolds number less

than 10) and is characterized by the dominant effect

of the surface tension force. Dimensionless numbers re-

lating surface tension to other forces are (a) capillary

number, Ca, which is the ratio between viscous and sur-

face tension forces, (b) bond number, Bo, which is the

ratio between gravitational and surface tension forces,

and (c) Weber number, We, which is the ratio between

inertial and surface tension forces. For droplets in mi-

crochannels, Ca∼10−5, Bo∼10−2, and We∼10−4 [59].

Although surface tension effects are dominant, the rest

of forces cannot be neglected making transient model-

ing obligatory. For problems with dominant surface ten-

sion effects many of the well-established computational

strategies for solution of the conservation equation of

the continuum result in excessive computational times

or even fail [88,111]. On the other hand, airflow is char-

acterized by Re between 1000 and 5000, and viscous and

convective effects are dominant in this domain.

CFD models are typically based on the incompress-

ible Navier-Stokes equations for two-phase flows. The

challenges to be faced in these models can be catego-

rized into two types. First are the general challenges of

multi-phase models. These include:

– Detecting the interface between the phases

– Accounting for the change in fluid properties across

the interface

– Modeling the flow variables discontinuity across the

interface

– Modeling the interaction between the phases (cou-

pling)

The second type are the challenges specific to the

problem of interest. These appear due to microscopic

nature of the flow and complex solid media. These are:

– Inclusion of surface tension effects in an efficient and

robust way

– Accounting for contact with solid phase character-

ized by complex wetting properties (GDL/channel

interface)

– Accounting for presence of different length and time

scales (injection from the tiny GDL pores, flow in

gas channels)

The way these challenges are tackled strongly de-

pends on the overall kinematic framework adopted for

the problem under consideration. Fixed-grid and mov-

ing grid approaches can be distinguished.

3.1 Fixed-grid models

The majority of existing numerical models used for anal-

ysis of two-phase flow in fuel cells are based on fixed-

grid (Eulerian) kinematic framework for the descrip-

tion of the two-phase problem [66, 101, 103, 118, 123,

135,141]. They rely on solving the Navier-Stokes equa-

tions for both phases on a unique fixed mesh using a

special technique for determining the interface between

the gas and the liquid1. This interface is usually cap-

tured by the VOF method2 originally proposed by Hirt

and Nichols [51]. In what follows, “Eulerian approaches

equipped with VOF interface capturing technique”, will

be simply referred to as “VOF models” following the

generally accepted abuse of the terminology. In con-

trast with the early continuum-based mixture or mist

models [87, 126], one deals here with a truly two-phase

model where the geometry of the deforming interface is

represented.

3.1.1 Rationale of VOF models

According to the VOF method, a volume fraction of the

fluid k, Ck is computed at each element of the compu-

tational domain as:

– Ck (x, t) = 0 outside fluid k

– Ck (x, t) = 1 inside fluid k

– 0 < Ck (x, t) < 1 at the interface

The sum of volume fractions in each element is equal

to 1. The evolution of the volume fraction is governed

by the advection equation:

∂

∂t
(Ckρk) +∇ · (Ckρkvk) = 0 (9)

where v is the velocity vector.

Considering both air and water as Newtonian in-

compressible fluids, the governing equations in the mi-

crochannel are given by the Navier-Stokes equations

equipped with the incompressibility condition:

ρ
Dv

Dt
− µ∇ · (∇v +∇T (v)) +∇p = fext (10)

∇ · v = 0 (11)

where Dv
Dt is the material time derivative of the velocity,

p is the pressure, and fext = fg + fst is the external

1 Continuum-based modeling in the PEFCs started with
the mixture models (so-called M2 models) [95,129,134]. Mix-
ture approaches model the liquid-gas system as a single phase
with a varying phase composition. Liquid water saturation is
treated as a liquid volume fraction. While mixture models can
provide valuable information regarding the amount of liquid
water and its effect upon the fuel cell performance (particu-
larly at low current densities), they are intrinsically incapable
of representing the separate phases and the interface between
them and cannot be used for a detailed analysis of liquid
water evacuation in gas channels.
2 An alternative to the VOF method is the level set (LS)

method [94, 105], however it has been seldom used in the
context of two-phase transport modeling in PEFC chan-
nels [24,25]
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force comprising of gravity and the surface tension. The

material properties ρ and µ are the volume-averaged

density and dynamic viscosity computed according to

the corresponding volume fractions as:

ρ = ρg + Cl(ρl − ρg) (12)

µ = µg + Cl(µl − µg) (13)

where subindices l and g stand for liquid and gas, re-

spectively.

Surface tension is computed according to Laplace-

Young equation:

fst = ∆pn = γκn (14)

where ∆p is the pressure jump across the interface, n is

the unit normal to the interface, and κ is the interface

curvature. It can be shown that this term leads to the

following expression:

fst = γρκ
∇Ck

0.5(ρl + ρg)
(15)

This is known as the continuum surface force (CSF)

model for surface tension [15]. It is the most used method

for surface tension calculation in fixed-grid models [41].

The term κ in Eq. (15) is the surface curvature, defined

as the divergence of the unit normal to the interface as

κ = ∇ · n

||n||
(16)

The normal is computed as the gradient of the volume

fraction k:

n = ∇Ck (17)

An alternative to CSF model is the continuum sur-

face stress (CSS) model, developed by Lafaurie et al.

[75]. According to CSS model the surface tension term

has the following expression:

fst = ∇ ·
(
γ

(
||∇Ck||I−

∇Ck ⊗∇Ck
||∇Ck||

))
(18)

CSS model has several advantages over CSF model:

it is conservative and it does not require the compu-

tation of the curvature κ. Moreover, it can be used to

solve problems with variable surface tension, whereas

CSF model cannot account for this effect.

At the contact with the solid phase, a contact angle

is representing the wetting characteristics of the solid.

In VOF contacts with substrates characterized by dif-

ferent hydrophobicity (measured by the contact angle)

are modeled according to [15]. Rather than imposing

the contact angle directly as a boundary condition, the

contact angle characterizing the given liquid-solid sys-

tem (and typically known from experiments) is used

to adjust the normal to the liquid surface in cells near

the solid wall. This so-called dynamic boundary condi-

tion results in the adjustment of the curvature of the

surface in the vicinity of the solid surface and is then

used when computing the surface tension term in the

cells next to the triple contact (liquid-gas-solid). Thus,

it can be viewed as an a-posteriori correction.

If θ is the contact angle at the wall (i.e. between the

wall and the tangent to the phase interface, as shown

in Fig. 10), then the surface normal at the cell next to

the wall is computed as

n = nwcosθ + twsinθ (19)

where nw is the unit normal vector of the wall’s surface,

and tw is the wall’s unit tangent vector (Fig. 10).

Fig. 10 Unit normal to the droplet’s surface and contact an-
gle with respect to the substrate

3.1.2 VOF modeling results

Some studies in literature have considered single-phase

flow in the channel, such as the work of Lobato et

al [81]. However, only models that consider two-phase

flow are described here. Generally, one can distinguish

between the models considering droplets with fixed vol-

ume in the flow channel/GDL interface and the models

that strive to reproduce droplet injection. All numerical

studies described in this section use the CSF model for

surface tension, unless mentioned otherwise.

Earlier studies of droplet dynamics in fuel cell chan-

nels include the works by Golpaygan and Ashgriz [43,

44], and Shirani and Masoomi [118]. The computational

domain in these studies was a fraction of a channel with

a water droplet in contact with the lower wall. Effects

of surface tension, fluid density and viscosity, and gas

velocity on droplet deformation and removal were stud-

ied. Surface tension was modeled using CSS approach.

Results showed that reducing the surface tension coef-

ficient was the most effective approach for promoting
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water removal. However, the contact line of the droplet

was fixed, and no validation was provided. Golpaygan

and Ashgriz extended their work to 3D analysis [45],

and the same conclusions were extracted. Shirani and

Masoomi [118] reported a time step of 10−5 s for simu-

lations of 20 ms.

Straight channels with fixed liquid volumes have

been studied in references [16,22,23,41,91,104,123,136].

Cai et al. [16] concentrated on the impact of wetting

properties of the channel walls and the GDL upon the

liquid evacuation. It was concluded that hydrophilic

channel side-wall with a hydrophobic GDL surface could

avoid water accumulation on the membrane electrode

assembly (MEA) surface. Post-detachment behavior of

droplets was also investigated. Such setting leads to

joining the individual droplets into liquid films accu-

mulated at the channel walls [16], which can be eas-

ily drained. A similar study was performed by Zhan et

al. [136], and it was also observed that hydrophilic chan-

nel walls attracted more water, therefore helping oxy-

gen diffusion into the GDL. In this work both straight

and serpentine channels were considered.

The first study that included experimental valida-

tion was developed by Theodorakakos et al. [123]. In

their work, they focused on the detachment of liquid

droplets from GDLs under the influence of cross-flowing

air. Simulation results were compared with those ob-

tained experimentally with a transparent channel, and

good agreement was obtained. Parametric studies in-

vestigating the effects of various parameters showed

that a) a droplet was easier to remove by a uniform

air velocity pattern rather than a developing flow, b)

decreasing surface tension values resulted in reduced

adhesion force and faster removal (in agreement with

Golpaygan [43]), c) gravity effects were negligible, and

d) droplets were removed at lower velocities when in

contact with the channel walls.

Cho et al. performed a comparison among the exper-

imental data and the simulations using analytical [22]

and VOF models [23]. Results predicted with analytical

model were in good agreement with experimental data,

and the study concluded that larger droplets needed

less airflow velocity for detachment.

Water transport in U-shaped channels in order to

investigate the particularity of serpentine channels has

been analyzed in [17,53,63,73,103]. Following the same

approach than studies considering straight channels,

liquid water was placed in different configurations

(droplets, films, etc) in arbitrary locations. Quan et

al. [103] focused their study in the bend area. It was

shown that the secondary flow appeared due to droplet-

airflow interaction which affected the liquid behavior in

the vicinity of the bend, driving the water to the chan-

nel walls. When performing simulations with large liq-

uid volumes, it was shown that the GDL surface (after

the bend) may become covered impoverishing the reac-

tants supply. A recent study by Hou et al. [53] analyzed

the effects of the bend area shape on the droplet motion

along the channel.

Jiao et al. extended the work of Quan et al. [103] by

including the inlet and outlet manifolds in two different

channel configurations: straight parallel channels [65]

and serpentine parallel channels [67]. Several airflow

problems characteristic for this type of channels were

identified and suggestions for improving the water re-

moval were given based on the obtained flow patterns in

channels and manifolds. It was concluded that U-bends

facilitated water removal as they led to separation of liq-

uid films into small droplets. A recent study by Ashrafi

et al. [11] studied droplet deformation and detachment

in parallel tapered channels.

All the above-mentioned simulations were performed

considering a fixed liquid volume and a uniform GDL.

However, experimental observations show that water

enters through the pores of the GDL surface and that

the emergence, growth and detachment play an impor-

tant role in the resulting flow regime. Therefore, many

numerical studies in literature have analyzed liquid wa-

ter injection in straight channels [12, 19–21, 30, 33, 34,

49,72,97,139–143].

Zhu et al. analyzed water injection from a GDL pore

into a straight channel using two-dimensional numerical

simulations [140,143]. Fig. 11 shows the evolution of the

liquid domain emerging from pores of 50µm and 25µm

width.

(a) Pore width of 50µm

(b) Pore width of 25µm

Fig. 11 Evolution of liquid injected from a GDL pore. Air-
flow velocity u=10 m/s, water injection velocity w=1 m/s.
Reproduced from [140] with kind permission of the copyright
owner.
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Effects of the static contact angle, pore size and

air and water inlet velocities on the water droplet dy-

namics were analyzed. As observed in previous studies,

a more hydrophobic GDL surface promoted water re-

moval. A hydrophilic surface lead to film pattern forma-

tion, thus blocking air diffusion into the GDL. Smaller

pore sizes showed a slower rate of both droplet defor-

mation and break-up processes. Results also showed

that for both low and high airflow velocities, water

droplet formed a film flow. High water injection ve-

locities lead to channel blockage. However, the con-

tact angle on the GDL surface was considered con-

stant, neglecting roughness effects, and contact angle

hysteresis was not accounted for. The same authors ex-

tended their work into a three-dimensional study in ref-

erences [139, 141], reporting similar results. Effects of

cross-section on water transport were analyzed [139],

obtaining an optimal height-to-width ratio of 0.5 for

water removal. Effects of pore location on water trans-

port were studied in [142]. When water emerged from

the center of the channel, its transport was only a func-

tion of GDL contact angle. Channel walls’ contact angle

was the driving parameter for droplets emerging close

to the channel’s corners. Zhu et al. [141] reported a time

step of 10−7 s for their simulations, with a total simu-

lated time of 5 ms. The reduction in time step is due

to the simulation of water injection through the pore,

which previous works did not consider.

Bazylak et al. [12] performed numerical simulations

of water emerging through 2 interconnected pores. Their

simulations were compared to experiments using flu-

orescence microscopy. Results showed that the water

emergence occurs via preferential locations correspond-

ing to the path of least resistance changing in time.

A 3D+1D model was developed by Ding et al. [33].

Single-phase and two-phase simulations were performed

to identify effects of liquid flow patterns on fuel cell

performance. The efficiency of the fuel cell was reduced

when slugs were present in the channel. On the other

hand, a more hydrophobic GDL surface and higher air

velocities improved the performance of the cell. Ding et

al. reported a computational time of 2 weeks for their

calculations. The previous study was extended by the

same authors [34] in order to observe maldistribution

of reactant gases in two parallel channels. An uneven

distribution of gases led to slug formation, reducing the

fuel cell performance. None of the studies presented by

Ding et al. [33, 34] considered water transport in the

MEA, which is a critical factor for fuel cell performance.

Droplet-droplet interaction was studied by Kim et

al. [72] considering a straight channel with two parallel

pores. Several variables were considered, such as pore-

to-pore distance, pore-to-wall distance, wettability of

the GDL and airflow velocity. Similar to previous ob-

servations, hydrophobic channel walls led to slug forma-

tion, and droplet coalescence improve water removal.

Only a few recent works analyzed more complex

configurations, considering multiple droplets rather than

single isolated drop. Coalescence of droplets and move-

ment of slugs was simulated by Carton et al. [17] con-

sidering double serpentine channels. It was concluded

that the droplet coalescence may lead to creation of

slugs and thus hinder water evacuation. Moreover, after

one of the channels was blocked, airflow redistributed to

the other channel. Inter-droplet interactions have also

been studied in [72]. There, droplets injected from two

GDL pores have been analyzed. The authors studied

the effect of the distance between the pores as well as

the influence of the channel width and operating con-

ditions upon the water removal. It was concluded that

a large drop resulting from coalesced drops can be re-

moved with greater facility than two separate droplets.

Flooding was likely to occur in case of using hydropho-

bic channel walls and low air velocity. Alternative stud-

ies using more complex geometries are those from Quan

and Lai [101, 102], Jiao and Zhou [64], Le et al. [79],

Kang et al. [70], Wang and Zhou [128], and Jo and

Kim [68]. Novel channel designs and their effects on wa-

ter transport have been analyzed by Fontana et al. [42],

Mancusi et al. [84], and Qin et al. [98–100]. Models

considering the full cell have been presented by Le and

Zhou [76–78,80].

Studies of two-phase flow in channels provided im-

portant insights of the influence of liquid injection rates,

hydrophobicity, crossflow velocity, geometry of the chan-

nels upon the liquid water evacuation. However, for de-

sign purposes it is important to accurately model the

injection from the GDL which occurs at multiple loca-

tions with different rates. Previously mentioned stud-

ies considered hypothetical initial configurations of the

droplets in the channels. Moreover, roughness effects of

the GDL also strongly impact the detachment behav-

ior of droplets. Thus, coupling of microscopic transport

through the GDL and the macroscopic transport in the

channel appears to be obligatory for obtaining deeper

insights of the overall two-phase transport behavior.

Moreover, only this way new generation of accurate and

detailed overall fuel cell models can be derived.

Some authors idealized the microstructure by us-

ing patterned pores with simplified geometries. He et

al. [49] considered triangular and rectangular shapes

to represent the GDL substrate. Ding et al. [31, 32],

and Hossain et al. [52] reproduced the microstructure

of a GDL by means of a circular pore mesh. Recently,

Ashrafi and Shams [10] studied effects of GDL rough-

ness in a two-dimensional study, where roughness size
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and distribution was randomly generated for several

cases. Chen et al. considered a regular set of cubic in-

dentations on the GDL surface, representing Cassie ap-

proximation of surface roughness [19–21]. The authors

concluded that GDL surface roughness reduces the re-

tentive forces and increases the detaching forces. Nev-

ertheless, validity of representing the non-homogeneous

porous surface by a regular imperfection sets remains

under question. Moreover, there exist no straight-forward

way of estimating the parameters of a regular geome-

try necessary for representing the “average” properties

of a heterogeneous surface. Once again, resolving the

pore-scale geometrically is computationally unfeasible,

but must be performed obligatorily for validating the

simplified models. Time steps reported in these stud-

ies were 10−7 [19–21] and 2 × 10−7 s [49], with total

simulation times of the order of 10−2 s.

Few studies that considered GDL structure explic-

itly appeared in the past several years. 2D simulations

based on reconstruction of fiber-arrangement of actual

GDLs have been carried out in [7, 8, 120]. In [7] lat-

ter work the effect of polytetrafluoroethylene (PTFE)

loading in the GDL was also studied by varying the

corresponding contact angle boundary conditions. The

results of the corresponding simulation are shown in

Fig. 12. The GDL is represented as a 2D domain con-

sisting of 8 µm-diameter circles separated by a distance

of 18 m measured from the centers of the circles. Sim-

ilarly, in [120] GDL is idealized as a perfectly regular

structure with the fibers of unique thickness. Thus, once

again a hypothetical configuration is considered. Never-

theless, experimental studies show that GDL is a highly

heterogeneous structure and the experiments as well

as pore-network simulations reveal that the location of

preferential sites of liquid emergence strongly depends

on this heterogeneity [12,46].

Possibly, the dominant application of VOF model

to analysis of two-phase flow in fuel cell can be ex-

plained by the availability of this model in the com-

mercial CFD software packages. Except for the works

of Golpaygan and Ashgriz [43–45], Shirani and Ma-

soomi [118], and Theodorakakos et al. [123], the rest of

the above-mentioned references use ANSYS Fluent [2]

for their numerical analysis [41]. In all these studies,

the explicit CSF model has been used for surface ten-

sion. Therefore, the time step used has been limited

due to the time scale associated with the propagation

of capillary waves [15].

The time step restriction makes the use of the mod-

els based on explicit integration of surface tension com-

putationally tedious. Their application to transient two-

phase simulations in several components (diffusion me-

dia and gas channel), which is necessary for obtaining

Fig. 12 Contour plot of water droplet forming on top of GDL
surface with 15% PTFE loading and deforming due to air
flowing in the channel. Reproduced from [7] with kind per-
mission of the copyright owner

quantitative predictions for water management, can be

therefore rather limited. Moreover, due to the absence

of interface meshes, these approaches model surface ten-

sion as a continuous body force spreading across a tran-

sition region of finite thickness, which may lead to non-

physical velocities in the vicinity of the interface [57].

The mentioned approaches are often relying on pre-

scribing static contact angles and are incapable to rep-

resent the contact dynamics and pinning effects, es-

sential taking into account rough GDL surfaces. Fixed

grid approaches also exhibit deficiencies in dealing with

topological changes such as droplet breakup and coa-

lescence [131]. If two droplet boundaries appear in the

same mesh element, they automatically merge leading

to spurious numerical coalescence.

Summarizing, one can identify the following features

missing in the majority of VOF-based studies applied

to analyze two-phase transport in fuel cells to date:

– Implicit formulation of surface tension term. Ex-

plicit integration results in severe restrictions for the

stable time step size.

– Representation of surface tension as a surface force.

Its modeling as a volume force may manifest in spu-

rious movements of the interface.

– Efficient coupling of the transport through different

components of the cell.

– Accurate representation of wetting dynamics on the

GDL surface. Due to the absence of the interface

meshes, contact angle cannot be measure and/or

prescribed in a straight-forward way.
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Some of the above-described issues may be efficiently

resolved by applying kinematic frameworks that are re-

lying on mesh-based description of the moving interface

between the phases to the problem at hand.

3.2 Moving grid models

Fully moving grid models An alternative to fixed-grid

(Eulerian) models are the moving-grid ones, such as La-

grangian or Arbitrary Lagrangian/Eulerian (ALE). Up-

to-date these models have not been applied to the simu-

lation of droplet-airflow interaction in fuel cell channels.

This may be attributed to the fact that moving-grid

models are practically absent in almost all the most

used commercial (ANSYS Fluent [2], ANSYS CFX [1],

COMSOL Multiphysics [3]) and open source (Open-

FOAM [5], OpenFVM [6], Elmer [4]) CFD software.

Nevertheless, moving grid models have been success-

fully applied to general multi-phase and droplet dynam-

ics problems.

The idea of the moving grid methods for liquid droplet-

air interaction problems is to discretize the entire het-

erogeneous domain by a unique grid, where the sub-

domains corresponding to the liquid and the gas share

the mesh at the interface. The evolution of the inter-

face location is directly defined by the motion of the

corresponding grid. Thus, no additional techniques for

detecting the interface are necessary. A schematic of a

moving-grid model is shown in Fig. 13. The momentum

equation of a fluid written with respect to the moving

grid reads [36]:

ρ∂v∂t + ρ (c · ∇) v− µ∇ · (∇v +∇T (v)) +∇p = fext (20)

The convection term now contains the velocity c =

v− vm, where vm is the mesh velocity. In case of zero

mesh velocity one recovers the standard fixed grid (Eu-

lerian) equations, while in case of mesh and convection

velocities being equal (material ”attached” to the mesh)

one obtains a fully Lagrangian case.

ALE models for two-phase flow analysis can be found

in [82, 83, 125]. In [82] an efficient reconnection algo-

rithm is proposed for the interface. ALE models reach

their limit when the mesh deformations become large

and the element degradation or even inversion takes

place. In such cases re-meshing must be performed.

As a particular class of ALE methods, purely La-

grangian two-phase approaches have been proposed in [57,

69, 88]. In these methods re-meshing is included as an

obligatory ingredient of the overall strategy. Theoret-

ically, such approaches allow treating arbitrary mesh

deformations. However, impossibility of mesh quality

control in fully Lagrangian methods as well as neces-

sity of re-meshing the entire computational domain (air

and liquid) practically lead to large computational cost,

particularly in 3D.

Moreover, ALE and Lagrangian approaches rely on

boundary-conforming meshes, meaning that the inter-

face nodes are shared by the air and liquid sub-domains.

This introduces a severe difficulty for representing the

discontinuity of the flow variables across the interface

between the phases. In case of strong discontinuity in

pressure due to non-negligible surface tension, one must

duplicate the degrees of freedom at the interface [69,88].

In literature several studies analyzed droplets ex-

cluding the air domain by Lagrangian models, such as

the one proposed by Saksono and Perić [114]. Saksono

and Perić [114] proposed an implicit variational formu-

lation for the surface tension term. This formulation

could be used to describe quasistatic and dynamic prob-

lems [115]. However, the model relied upon an axisym-

metric formulation, not being able to solve complex ge-

ometries.

Pure moving grid methods have not been employed

to the problem at hand to-date. Nevetheless, it is im-

portant to point out that their potential is obvious.

Particularly, employing an ALE methodology using a

single mesh for the two phases, where the droplet and

the nodes in the vicinity to the air-liquid interface are

treated in a nearly Lagrangian fashion, while the ex-

ternal boundaries (channel walls and GDL surface) are

treated in an Eulerian framework defines a promising

strategy.

Models combining fixed and moving grids Embedded

models rely on combining an Eulerian and a Lagrangian

description for gas and liquid, respectively. The overall

problem becomes split and is solved in a partitioned

manner, which offers a considerable improvement in

computational efficiency in comparison with the mono-

lithic VOF methods, where liquid and gas are solved

in a single system. This approach has been recently in-

troduced in the community of CFD developers and has

shown numerous advantages when applied to modeling

of two-phase transport in the fuel cells. In the next sec-

tion, the model is described in detail and its results are

summarized.

4 Embedded model for two-phase flows

A novel numerical approach relying on combining fixed-

grid and moving-grid models for the gas and the liquid,

respectively, was proposed by Ryzhakov et al in [111].

In the original paper the method was developed for

a general liquid-gas system and proved to be partic-

ularly advantageous for problems with strong disconti-

nuities across the phase interface, such as those caused
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(a) Initial domain configuration (b) Deformed domain configuration

Fig. 13 A schematic of a moving grid approach for a droplet-air system

by surface tension effects. The idea consisted in em-

bedding a Lagrangian model describing the liquid into

an Eulerian model for the surrounding gas (airflow).

The Lagrangian domain (liquid) moved on top of the

fixed Eulerian mesh forcing the surrounding fluid to

move accordingly. The location of the material inter-

face was accurately defined by the intersection of the

boundary mesh of the Lagrangian domain with the Eu-

lerian grid. Gas and liquid solvers were coupled using

a Dirichlet-Neumann algorithm. Representation of the

pressure and/or pressure gradient discontinuity across

the interface did not require any additional techniques

being an intrinsic feature of the method. Below the gov-

erning equations of the embedded model as well as the

solution algorithm are presented.

4.1 Governing equations

The embedded setting for a liquid-gas system consists of

two overlapping domains: the one with the fixed bound-

aries (gas) and the one with the moving boundaries (liq-

uid). Let us describe this setting at the continuum level

first. Let us consider Lagrangian domain ΩL (represent-

ing liquid) embedded into the Eulerian domain ΩE with

an external boundary ΓE (see Fig. 14). Note that ΩE
is the entire rectangular domain, including the subdo-

main overlapping with Lagrangian domain and the sub-

domain lying outside and representing the actual gas.

In the embedded setting the interface ΓI between the

two fluids is defined by the position of the boundary

of the Lagrangian domain ΓL. The interface ΓI splits

the Eulerian domain into two parts: the real one ΩrE
(representing the gas and shown in white in the figure)

Fig. 14 Gas and liquid domains at continuum level

and the fictitious one ΩfE that does not have physical

meaning. At continuous level the fictitious Eulerian do-

main exactly coincides with the Lagrangian domain and

ΓI = ΓL. Γs defines the boundary of the liquid phase

that in contact with the solid.

The governing system in either domain is the Navier-

Stokes equations equipped with the incompressibility

condition (Eqs. (10), (11)).

The physical properties are defined as ρ = ρl in ΩL
and ρ = ρg otherwise (indices “l” and “g” stand for

liquid and gas, respectively).
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4.1.1 Boundary and interface conditions

In order to ensure the well-posedness of the Navier-

Stokes problem defined by Eqs. (10), (11)) suitable bound-

ary conditions must be specified. On the external bound-

ary ΓE = ΓD∪ΓN , such that ΓD∩ΓN = ∅, the following

conditions are prescribed:

v = vpr at ΓD (21)

σ · n = σprn at ΓN (22)

where vpr is the prescribed velocity, σ is the Cauchy

stress tensor, and σprn is the prescribed traction vector.

For an incompressible Newtonian fluid, σ reads:

σ = −pI + µ
(
∇v +∇Tv

)
(23)

where I is the unit tensor. On the internal interface ΓI
the coupling conditions are:

[[v]] = 0 at ΓI (24)

[[σ]] · n = γκn at ΓI (25)

where n now is the unit normal to the interface ΓI ,

γ and κ are the surface tension coefficient and the inter-

face curvature, respectively. The [[x]] symbol represents

the jump in the quantity x across the interface.

Eq. (24) expresses the continuity of all velocity com-

ponents ([[v]] = vE −vL, where indices E and L distin-

guish the quantities corresponding to the Eulerian fluid

(gas) and the Lagrangian fluid (liquid), respectively).

The equality of the normal components of velocity en-

sures no mass flow across the interface. The tangential

components’ equality is similar to a no-slip condition

and is necessary when fluids with non-zero viscosity

are considered. Eq. (25) expresses that the difference

in the normal stress across the interface is balanced by

the surface tension force.

Projecting Eq. (25) onto the normal and tangential

directions leads to the following scalar interface condi-

tions:

n · [[σ]] · n = γκ at ΓI (26)

t · [[σ]] · n = 0 at ΓI (27)

Noting that the jump in the stress across the interface

is equal to the difference between the stresses of the two

fluids [[σ]] = σE−σL and splitting the stress tensor into

volumetric and deviatoric part using Eq. (23) results in:

(pE − pL) + µEn ·
[
∇v +∇Tv

]
E
· n−

µL · n ·
[
∇v +∇Tv

]
L
· n = −γκ (28)

µEt ·
[
∇v +∇Tv

]
E
· n−

µL · t ·
[
∇v +∇Tv

]
L
· n = 0 (29)

4.2 Discretization

According to the embedded setting for two-phase flows,

liquid is discretized by a moving (Lagrangian) grid,

while equations for the gas are solved on a fixed Eu-

lerian mesh. Eulerian grid, however, covers the entire

computational domain. This setting and resulting par-

titioning is indicated in Fig. 15.

As shown in Fig. 15 Eulerian mesh is split into two

parts by the surface mesh of the liquid domain. The

first one, ΩE , corresponds represents actual gas. The

second one, ΩfE , is considered fictitious on the Eulerian

mesh as the actual liquid occupying this sub-domain is

modeled on the Lagrangian mesh. In order to find the

partitioning of the Eulerian domain, the intersections of

the Lagrangian surface mesh ΓL with the Eulerian mesh

is identified. The polyline/polygon defined by these in-

tersections provides ΓI , i.e., the representation of the

Lagrangian surface within the Eulerian mesh.

The interaction of the two domains is represented

by interchanging boundary conditions at the interface.

Moving liquid provides the Dirichlet condition for the

gas (velocity of the surface of the liquid), while stresses

in the gas phase provide the Neumann condition for

the liquid. In what follows, discrete version of govern-

ing equations for both domains are presented and the

coupling strategy is specified.

4.2.1 Eulerian model (gas)

The “real” elements of the Eulerian mesh are governed

by the Navier-Stokes equations. The discrete version of

these equations (obtained using linear velocity-pressure

Finite Elements in space and Backward Euler scheme
in time) in the residual form reads (see [111] for the

derivation):

r̄mE = 0 (30)

r̄cE = 0 (31)

where r̄m and r̄c are the residua of the momentum

and continuity equations, respectively. Note that the

subindex E stands for Eulerian. The residua are de-

fined as:

r̄mE =Fn+1 − ρM
v̄n+1 − v̄n

∆t
− K̄ (v̄n+1) v̄n+1+

µLv̄n+1 −Gp̄n+1 (32)

r̄cE =Dv̄n+1 + Sp̄n+1 (33)

where M, L, G and D are mass, Laplacian, gradient

and divergence matrices, respectively. v̄ and p̄ are the
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Fig. 15 Embedded partitioning: Lagrangian domain (liquid) immersed into the Eulerian domain

nodal velocity and the nodal pressure vectors, respec-

tively and F̄ is the body force vector.

The matrices and vectors are assembled from the

elemental contributions defined as

M =
∑
elem

∫
Ωe

NNT dΩ (34)

L =
∑
elem

∫
Ωe

∇N∇NT dΩ (35)

G =−
∑
elem

∫
Ωe

∇NNpdΩ (36)

F̄ =
∑
elem

ρ

∫
Ωe

NgdΩ (37)

S =
∑
elem

∫
Ωe

τ∇Np∇NT
p dΩ (38)

D =−GT (39)

K =
∑
elem

(
ρ

∫
Ωe

N (v̄ · ∇N) dΩ+

∫
Ωe

(v̄ · ∇N) τ
( ρ

∆t
N + ρv̄ · ∇N

)
dΩ

)
(40)

where N and Np stand for linear FE shape func-

tions for the velocity and the pressure variables, re-

spectively. The second term in the definition of K cor-

responds to the convection stabilization according to

SUPG (Streamline Upwind Petrov-Galerkin)

method [122]. Matrix S is the pressure stabilization

term necessary due to using equal order interpolations

for the velocity and the pressure [54]. Algorithmic sta-

bilization parameter is computed as τ = ( h
2||v||+

h2

4ν )−1,

where h is the element size, and ν is the kinematic vis-

cosity of the fluid.

Discretized governing system defined Eqs. (30), (31)

is non-linear due to the dependence of the convection

operator on the unknown velocity. Therefore, discretized

equations are linearized using the Newton-Raphson

method. The linearized system solved at every step of

the iterative procedure can be written as:

HE

(
δv̄

δp̄

)
=

(
r̄fem
r̄fec

)
(41)

where the tangent matrix HE is defined as:

HE =

(
M
∆t + ρK̄ + SK + µL G

D τL

)
(42)

The above equations must be equipped with a bound-

ary condition representing the velocity of the Lagrangian

domain (liquid) in the Eulerian mesh, i.e., vE −vL = 0

at ΓI . The approximation of this condition is specified

in Section 4.3.

Once δv̄ and δp̄ are found, the primary variables are

updated as v̄i+1
n+1 = v̄in+1 + δv̄ and p̄i+1

n+1 = p̄in+1 + δp̄

(where i is the non-linear iteration index) until con-

vergence is achieved. Instead of solving the governing

system monolithically, fractional step method [26] de-

coupling velocity and pressure can be used in order to

reduce the computational cost. Implementation of the

fractional step method in the present context is shown

in [61, 111] or [106, 109] (with improved mass conser-

vation characteristics). For using it in the contexts of

a different class of time integration schemes fractional

step method can be consulted in [110].
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4.2.2 Lagrangian model (liquid)

A boundary conforming Lagrangian formulation is used

for modeling the liquid phase according to the embed-

ded method for two-phase flows. The discrete version

of the residual form of Navier-Stokes in the updated

Lagrangian framework reads:

r̄mL = F̄ + F̄int −
(

M
v̄n+1 − v̄n

∆t
+ µLv̄n+1 + Gp̄n+1

)
(43)

r̄cL = Dv̄n+1 + SDp̄n+1 (44)

According to the updated Lagrangain framework the

discrete operators (defined by Eqs. (34)-(40)), are now

calculated using the deformed configuration Xn+1.

The force F̄int in Eq. (43) is the interface Neumann

term representing the normal and shear stress compo-

nents exerted by the gas upon the liquid and the surface

tension. It corresponds the interface condition defined

by Eqs. (26) and (27). F̄int is computed as

F̄int = F̄N + F̄st + F̄sh on ΓL (45)

where

F̄N =−
∫
ΓL

NpE · n dΓL+

µE

∫
ΓL

(
∇ (Nv̄) +∇ (Nv̄)

T
)
E
· n dΓL (46)

F̄st =−
∫
∂Γ

γm ·N d (∂Γ )−
∫
ΓL

Nγκ · n dΓL

(47)

F̄sh =µE

∫
ΓL

(
∇ (Nv̄) +∇ (Nv̄)

T
)
E
·m dΓL (48)

where m is the vector tangent to Γ , i.e., perpendicular

to n.

The integrands in the terms FN and Fsh are com-

puted in the interface elements of the Eulerian mesh

and then are projected onto ΓL, where the integrals

are computed. The surface tension force is computed

directly on the Lagrangian surface mesh.

The surface tension term along the contact line (in

3D) or triple points (2D) requires special treatment,

since straight-forward calculation of the curvature in

this location would result in a zero value. Thus, the

curvature at these nodes is computed using the normal

vector at the contact line (n1 in Fig. 16(c)) and the

normal vector at its nearest neighbor node from ΓL
(node 2 in Fig. 16(c)) as:

κ =

∥∥∥∥dn

ds

∥∥∥∥ =
‖n1 − n2‖

ds
(49)

(a) Current configuration (b) Equilibrium configu-
ration

(c) Normal vector at con-
tact line node and its
nearest neighbor

Fig. 16 (a)-(b) Normal vector and contact angle at current
and equilibrium configurations and (c) Normal vector at con-
tact line node and its nearest neighbor to obtain the curvature
at contact line

where ds is the distance between nodes 1 and 2.

When a droplet lays on a rough surface, such as

those used in PEFC gas channels, the concept of static

contact angle cannot be used. In rough surfaces, the

contact line pins and the contact angle changes from

one equilibrium configuration to another. According to

[61] two threshold values must be used: θmin and θmax,

as contact angle conditions. The contact line is fixed

only within the range θ ∈ [θmin, θmax]. These maxi-

mum and minimum values represent the experimentally

measured contact angles for incipient motion when the

droplet is placed on a tilted plane of a given material.

When the dynamic contact angle condition is not

fulfilled (i.e., θ < θmin or θ > θmax), the contact line is

allowed to move. Instead of the no-slip boundary condi-

tion, a slip boundary condition is applied at those nodes

representing the contact line:

v · n = 0 (50)

Even though incompressible Navier-Stokes equations

are often solved by pressure segregation (fractional step)

methods, it has been shown by Ryzhakov et al in [111]

that for the problems where surface tension is not negli-

gible, typical version of such techniques lead to spurious

oscillations of the boundary. Thus, unlike the governing

system for the gas phase, the the governing equations

for the liquid must be solved in a coupled (monolithic)

fashion. A speed-up for a monolithic solution strategy

can be consulted in [107].
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Eqs. (43), (44) are non-linear since in the updated

Lagrangian setting the discrete operators (Eqs. (34)-

(40)) correspond to the unknown current configuration

(Xn+1) according to the updated Lagrangian frame-

work. Therefore, the governing equations’ system must

be solved iteratively, updating the operators at every

iteration i.

The linearized system can be written as

HL

(
δv̄

δp̄

)
=

(
r̄mL
r̄cL

)
(51)

where the tangent matrix HL is defined as:

HL =

(
M
∆t + µL + Hst G

D τL

)
(52)

The term Hst in Eq. (52) has the following expres-

sion:

HST =− γ∆t

[∫
∂Γ

(Nδv̄) N d (∂Γ )+

∫
Γ

∇s (Nδv̄)∇sN dΓ

]
(53)

where ∇s is the tangential gradient operator. For a

scalar function f , this operator is defined as follows:

∇sf (x) = ∇f (x)− n⊗ n · ∇f (x) (54)

The term Hst is the result of linearization of surface

tension term Fst defined in Eq. (47). Considering Hst =

0, an explicit version of integration of surface tension

is obtained. For the problem at hand, implicit surface

tension treatment is of essential importance as it allows

to circumvent the sever time step size restrictions faced

by explicit formulations. For the derivation of Hst and

the 3D version of the corresponding term the reader is

referred to Chapter 3 of [59] or [60].

Once the system (Eq. (51)) is solved, the velocity

and the pressure are updated as v̄i+1
n+1 = v̄in+1 + δv̄ and

p̄i+1
n+1 = p̄in+1 + δp̄. The position of the nodes in ΩL is

updated as Xi+1
n+1 = Xn +∆t · v̄i+1

n+1.

The integration domains necessary for the compu-

tation of the discrete operators (Eqs. (34)-(40)) are be

updated according to this new configuration Xi+1
n+1.

4.3 Coupling and overall solution algorithm

Lets us consider the Eulerian and the Lagrangian do-

mains discretized with a finite element mesh. Fig. 17(a)

shows the overlapping meshes. One can distinguish the

boundary of the Lagrangian domain ΓL and its repre-

sentation on the Eulerian mesh ΓI . Note that as the el-

ement size h→ 0 in both domains, the two boundaries

tend to coincide: ΓI → ΓL. The embedded interface

ΓI (see black polyline in Fig. 17(b)) splits the Eulerian

domain into real and fictitious parts ΩrE and ΩfE , as

already mentioned. We shall denominate the nodes and

the elements contained in ΩrE and ΩfE “real” and “fic-

titious”, respectively (see Fig. 17(b)). We also distin-

guish the “interface elements”, i.e., the elements cut by

ΓI and thus containing both the real and the fictitious

nodes. This is shown in Fig. 17(c), where the interface

elements are shown in gray, fictitious and real nodes are

indicated by black and gray dots, respectively.

The interface ΓI intersects the Eulerian mesh at

arbitrary positions, not necessarily at the nodes (see

Fig. 17). Without introducing the element splitting, the

interface Dirichlet boundary condition can be applied

in a “weak” sense, i.e. minimizing the difference be-

tween the velocity of the liquid and the gas along the

interface ΓI . The interface Dirichlet boundary condi-

tion can thus be applied at the existing fictitious nodes

of the interface elements3 (see black dots in the inter-

face elements in Fig. 17(c)). This way, only the existing

degrees of freedom are used and thus the global matrix

structure corresponding the Eulerian domain remains

unaltered [27,86].

Given the velocity vL of the liquid at its boundary,

the difference to be minimized is given by (see e.g. [27]

or [108] for details)∫
ΓI

ω(vE − vL)dΓI = 0 (55)

where vE and vL are the velocities of the Eulerian and

Lagrangian domains at the interface, respectively, and

ω = NT q is the velocity test function.

After velocity discretization (v = Nv̄) Eq. (55) leads

to:

MΓI
v̄n+1 = fΓI

(56)

where v̄n+1 is the velocity of the nodes of the interface

elements, MΓI
=
∫
ΓI

NTNdΓI and fΓI
=
∫
ΓI

NT
f vLdΓI ,

where Nf are the shape functions corresponding to the

fictitious nodes.

Eq. (56) provides a constraint to the governing sys-

tem for the gas phase (Eq. (41)) representing the effect

of the velocity of the embedded Lagrangian domain in

the Eulerian mesh.

Solving Eq. (56) the velocity at the fictitious nodes

is obtained, that is consequently applied as the inter-

face Dirichlet boundary condition at the next time step,

representing the action of the Lagrangian fluid onto the

3 This can be understood as follows: apply a velocity at
fictitious nodes of the Eulerian interface elements that mini-
mizes the difference between the velocity of the Eulerian fluid
(gas) and the liquid along the interface in the least square
sense.
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(a) Superimposed discretized domains (b) Interface on the Eulerian mesh (c) Interface elements

Fig. 17 Embedded setting: real, fictitious and interface parts of the Eulerian domain

Eulerian one. Neumann part of the coupling, represent-

ing the stresses exerted by the gas onto the liquid phase,

has been previously described (Eq. (46), (48)).

Considering that at the time step tn the solution

(velocity v̄n and pressure p̄n) is known in both the do-

mains ΩE and ΩL, one obtains the velocity and pres-

sure fields at tn+1 according to the strategy presented

in Table 1.

Table 1 Implementation procedure of an embedded approach
applied to the solution of liquid-gas interaction

1. Solve the liquid problem on the Lagrangian mesh
(Eq. (51)) and update the Lagrangian mesh posi-
tion.
Output: new position of the Lagrangian mesh, v̄n+1

p̄n+1 in ΩL

2. Identify the position of Lagrangian domain within
the Eulerian one. Identify the interface elements,
the “real” and the “fictitious” elements and nodes.
Output: ΓI

3. “Switch off” the fictitious Eulerian elements (Ωf
E).

4. Solve the gas problem on the Eulerian mesh (Eq.
(41)) equipped with the interface Dirichlet bound-
ary representing velocity of the boundary of the liq-
uid phase
Output: velocity and pressure v̄n+1 and p̄n+1 in
ΩE .

5. Project the air stresses onto the liquid boundary ΓL

surface and compute the corresponding force term
F̄int(Eq. (45)) for the momentum equation of the
liquid (43).

6. Go to next time step

4.4 Numerical simulations results and discussion

Numerical validation of the embedded model in appli-

cation to a general gas-liquid problem can be found

in [111]. The static droplet benchmark was solved using

the embedded method and the fully Lagrangian formu-

lation from reference [57]. The former proved to obtain

stable solution in the vicinity of the material interface,

while pressure instability and spurious velocities were

observed in the latter. Two dynamic problems were also

studied and the embedded formulation could a) capture

the frequency of oscillation of a free droplet and b) ob-

tain good agreement with numerical results in literature

of the predicted air pressure profile under a levitating

droplet.

The model was experimentally validated for sessile

droplets in [61]. Several droplets with varying volumes

were injected on a rough surface and numerical results

had excellent agreement with experimental observations.

The deformation of a sessile droplet on an inclined plane

was also predicted with good agreement. An additional

example was included to compare droplet oscillation

with experimental data from literature and study ef-

fects of substrate nature on droplet deformation and

detachment.

The proposed technique for representing the wetting

characteristics of the solid via contact angle condition

was tested for different substrates in [112], giving re-

sults for equilibrium contact angle with less than 1%

error from the prescribed value. The contact angle was

not prescribed, but it was rather included in the sur-

face tension force term computed in the contact line. A

technique for modeling liquid injection through a pore

based on “Lagrangian nodal inlet” technique was in-

troduced, and the model was used to predict droplet
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growth and deformation. Results were compared to ex-

perimental data from literature and results were in rea-

sonable agreement, specially at early stages of injection,

i.e., prior to the onset of the separation (detachment)

of the liquid phase from the substrate.

Rigorous derivation of the associated implicit sur-

face tension model and corresponding validation was

presented in [60]. In this paper it was shown that the

proposed surface tension model alleviates the severe

time step restrictions encountered in explicit surface

tension models, such as the ones used practically in all

the VOF simulations described in Section 3.1. It was

shown that stable solution could be obtained for time

step sizes of up to 2 orders of magnitude higher, that

those of the explicit models applied to the same problem

and same spatial discretization. It was also concluded

that in case of using the implicit treatment of surface

tension, the time step ensuring convergence becomes

governed by the non-linearity of the problem and not

by the time-scale of the capillary waves.

Next, the details of several numerical studies us-

ing the embedded model are presented emphasizing the

new insights obtained. Properties of the fluids used in

these examples are displayed in Table 2. These values

correspond to a constant temperature of 298 K and a

pressure of 1 atm.

4.4.1 Effect of droplet volume on frequency of

oscillations

Recent studies on droplet dynamics in PEFC show that

oscillations are responsible for droplet detachment [39,

62, 89]. The frequency of oscillation of a sessile droplet

subjected to an airflow is studied in this example. Nu-

merical results are then compared to experimental data

reported by Milne [89].

The numerical setup is a rectangular channel with

a sessile droplet on a Teflon surface placed in the cen-

ter. Oscillations for different droplet volumes, i.e., 13,

30, 58 and 100 µl, are measured with an airflow in-

creasing velocity. For each case, the droplet is consid-

ered to have a constant volume. A Dirichlet boundary

condition for airflow velocity is applied at the channel

entry. An open-boundary (no shear stress) boundary

condition is applied to the channel outlet, and no-slip

boundary conditions are applied to the rest of chan-

nel walls. Channel size as well as flow parameters are

detailed in Table 3. Simulations have been performed

with a time step δt = 10−3 s, and the simulation time

is 1 s. Further details on the computational domain, as

well as mesh sizes, can be found in reference [61].

Pressure and velocity distributions at steady-state

for a 13 µl-volume droplet are depicted in Figs. 18(a)

and 18(b), respectively. Pressure exhibits a nearly hy-

drostatic profile within the droplet, with mild oscil-

lations due to the drag exerted by air. A recircula-

tion pattern for velocity distribution can be observed

in Fig. 18(b). This phenomenon has been observed ex-

perimentally in reference [90].

Airflow velocity distribution at the wake of the droplet

shows vortex formation. At steady state, pressure is

higher on the upstream side of the droplet, and low

pressure and velocity values are observed on the wake

side. A recirculation pattern for velocity is observed in

this region, as depicted in Fig. 18(c). Viscous stress

and pressure difference across the droplet deform the

droplet in the downstream direction. Surface tension

force act as a restoring force, acting on the opposite

direction of external forces. Consequently, the droplet

oscillates due to this unbalancing and balancing pro-

cess.

Fig. 18(d) shows the frequency of oscillation in x

and y directions observed at the droplet’s center of mass

for several droplet volumes. Numerical results (square

and triangle markers) are compared to experimental

data (represented by solid and dashed lines) from refer-

ence [89]. No significant differences in frequency values

obtained with the two and the three-dimensional em-

bedded formulation are observed. Numerical and exper-

imental results show good agreement, with a maximum

difference of 7%.

Larger droplets have lower values of oscillation fre-

quency, as already reported in [39] and [89]. Results also

show that in the limit case, a zero value of frequency

is achieved by an infinitely large drop [89]. Fig. 18(d)

also shows numerical results obtained with the semi-

analytical model presented in [62]. The semi-analytical

model estimates frequencies that are in reasonable agree-

ment with computational and experimental observa-

tions thereby further validating the model compared to

the results of Esposito et al. [39] which reported much

higher frequencies. Even though the predictions are in

relatively good agreement, the semi-analytical model is

not able to provide the degree of accuracy obtained by

the numerical model, especially as the volume of the

droplet increases. The semi-analytical model assumes

a predefined shape and does not consider gravitational

effects. The former might be responsible for the discrep-

ancies for small droplet volumes while the latter may

be the cause of the differences for larger droplets.

It is important to note that frequency of oscillation

does not depend on air velocity. This was stated and [89]

and was confirmed in [61].
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Table 2 Water and air properties used in the simulations, considering T = 298 K and p = 1 atm

Variable Symbol Value Units

Surface tension coefficient γ 0.072 N m−1

Water density ρw 1000 kg m−3

Water viscosity µw 10 −3 kg m−1 s−1

Air density ρair 1.205 kg m−3

Air viscosity µair 1.98 × 10 −5 kg m−1 s−1

(a) Pressure profile at steady-state (b) Velocity field at steady-state

(c) Velocity profile and streamlines on the
wake side of the droplet

10
20
30
40
50
60
70
80
90

100

3000 5000 7000 9000

Fr
eq

ue
nc
y 
[H
z]

Volume ‐0.5 [m‐1.5]

x mod
y mod
x exp
y exp
x SA
y SA

(d) Oscillation frequency vs. inverse of square root
of droplet volume

Fig. 18 (a)-(b) Pressure profile and velocity field at steady-state, (c) Streamlines showing vortex formation at the wake side
of the droplet and (d) Oscillation frequency versus the inverse of the square root of droplet volume, according to experiments
(exp), numerical model (mod) and semi-analytical model (SA). Reproduced from [61] with kind permission of the copyright
owner

Table 3 Parameters used in the sessile droplet in a free space
example

Variable Symbol Value Units

Static contact angle θS 135 deg
Initial air velocity v0

air 1 m s−1

Steady-state air velocity vst
air 6 m s−1

Channel height H 50 mm
Channel width W 50 mm
Channel length L 500 mm

4.4.2 Sessile droplet in a channel

At higher current densities, fuel cell channels are partic-

ularly prone to insufficient water evacuation. Droplets

with heights greater than 25% of the channel height, or

even slugs, may form and eventually block the channel.

Thus, droplet-to-channel height ratio plays an impor-

tant role on droplet oscillation and posterior detach-

ment. Another major factor is airflow velocity. Present

example studies the effects of these variables on droplet

detachment by comparing the results obtained using

four different approaches, i.e., experiments, two sim-

plified (analytical) models and the embedded formula-

tion). Results on droplet detachment are obtained with

the semi-analytical model from reference [62] and the

embedded model, and compared to results from Cho et

al. [23]. In their work, Cho et al. performed an ex-situ

experimental study of droplet dynamics in a rectan-

gular gas channel and compared experimental observa-
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Table 4 Parameters used in the sessile droplet in a channel
example

Variable Symbol Value Units

Static contact angle θS 128 deg
Channel height H 1 mm
Channel width W 1.6 mm
Channel length L 40 mm

tions with a simplified model developed by the same

authors [22].

For droplet diameters ranging from 0.6 to 1 mm,

simulations have been performed at varying air veloc-

ities and the critical value for detachment has been

obtained. The computational domain is a rectangular

channel with constant cross-section. Boundary condi-

tions coincide with the example presented in Section 4.4.1.

Channel size as well as static contact angle of the sub-

strate are detailed in Table 4. For a sessile droplet in

a GDL treated with Teflon, Cho et al. [23] observed

that detachment occurs when contact angle hysteresis

is greater than 40 deg [23]. Therefore, this value is taken

as a threshold condition for droplet detachment. Simu-

lations with both semi-analytical and embedded models

have been performed with a time step δt = 10−4 s.

Fig. 19(a) shows the comparison between results

obtained with the aforementioned four methods. Re-

sults are consistent for the different techniques: higher

values of critical air velocity are obtained for smaller

droplet sizes. This result is consistent with previous

works [62], [123], [140], [43]. However, results obtained

with models exhibit more stability than those obtained
experimentally. Results of the embedded model show

good agreement both with numerical and experimen-

tal data from Cho et al. [23]. Cho’s analytical model

however overpredicts critical air velocities for droplet

detachment. Results obtained with the semi-analytical

model of [62] show reasonable agreement with experi-

mental data, although values for critical air velocity are

underpredicted for smaller droplet diameters.

A comparison between predicted detachment times

for a sessile droplet in a PEFC channel using the afore-

mentioned methods has also been performed. Cho et

al. [23] did not report detachment times in their ex-

perimental study. Let us consider the results shown in

Fig. 19(a). Considering a PEFC operating at 1 A cm−2

of current density, the water injection rate in the chan-

nel is Q̇ = 0.1 µl s−1. Using this water injection rate

and the critical droplet size for detachment, detachment

time can be estimated. A comparison between the an-

alytical model presented in [23] and the embedded and

semi-analytical models is included in Table 5.

For the embedded model, values of time and area

coverage have been obtained using detachment velocity

results from Fig. 19(a). In order to obtain these values

for the analytical and semi-analytical models, the crit-

ical diameters for detachment used in Fig. 19(a) have

been taken first. Then, for each droplet size, the cor-

responding value of critical velocity has been extracted

from the plot in Fig. 19(a). For this velocity, the critical

droplet size for each method can be directly read from

the mentioned plot.

Detachment times are in agreement between the

models, specially for droplets with diameters below 0.8

mm. The semi-analytical model predicts sooner detach-

ment values due to underpredicted detachment veloci-

ties (Fig. 19(a)). On the other hand, for droplets sizes

above 1 mm, Cho et al. predict channel blockage for

velocities below 4.5 m s−1.

Droplet deformation state and velocity profile prior

to detachment obtained with the embedded model for

droplet sizes of 0.6 and 1 mm are displayed in Figs. 20(a)

and 20(b), respectively. It can be observed that velocity

for the bigger droplet is lower than that for the smaller

droplet, as already shown in Fig. 19(a). The main dif-

ference between the 0.6 mm-diameter and the 1 mm

one is the vertical deformation. Whereas the former is

mainly deformed in the horizontal direction, vertical de-

formation is also important in the latter due to channel

effects [61]. This state of vertical deformation may lead

to film formation in the gas channel.

The evolution of advancing and receding angles for

the 0.7 mm-diameter droplet in the simulation is shown

in Fig. 19(b). The rate of change of contact angles is

not constant. Three regions can be distinguished in

Fig. 19(b) during the deformation process: I) both ad-

vancing and receding angles increase at the same rate,

II) receding angle is constant, and III) advancing con-

tact angle is constant, whereas receding contact angle

decreases. In zone I, as air starts flowing around the

droplet, pressure and viscous forces deform the droplet

in the vertical direction. Increasing airflow velocity leads

to higher pressure drop across the droplet, leading to a

constant receding angle first (zone II ) and eventually

diminishing, i.e., zone III. Same trends in contact an-

gle evolution were observed experimentally by Wu and

Djilali [132].

Although analytical and semi-analytical offer an ac-

curate solution to the problem at hand, they have sev-

eral limitations. For instance, critical variables to un-

derstand detachment phenomena, such as airflow or

droplet pressure profiles, cannot be obtained. If a de-

tachment study is performed using two or more droplets,

the two-way interactions between air and water are too

complex to be described analytically. Moreover, if the
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time REC ADV time_cor REC_cor ADV_cor time_z1 zone1 time_z2 zone2
0 128 128 0 128 128 0,08 100 0,15 100

0,001 125,8667 130,61655 0,04 130 131 0,08 105 0,15 105
0,002 127,6701 130,68582 0,08 131,8033 133,3024 0,08 110 0,15 110
0,003 128,3574 131,82893 0,12 132,4907 134,4455 0,08 115 0,15 115
0,004 127,9927 132,78407 0,16 132,1259 135,4006 0,08 120 0,15 120
0,005 127,1523 133,70502 0,2 131,2856 136,3216 0,08 125 0,15 125
0,006 126,796 134,67313 0,24 130,9293 137,2897 0,08 130 0,15 130
0,007 125,4768 134,81311 0,28 129,6101 137,4297 0,08 135 0,15 135
0,008 124,6295 135,41022 0,32 128,7628 138,0268 0,08 140 0,15 140
0,009 123,7698 135,44763 0,36 127,903 138,0642 0,08 145 0,15 145
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0,015 119,6639 143,5061 0,6 123,7972 146,1227 0,08 175 0,15 175
0,016 118,182 145,16658 0,64 122,3153 147,7831 0,08 180 0,15 180
0,017 115,5917 146,88701 0,68 119,725 149,5036 0,08 185 0,15 185
0,018 111,7875 148,40146 0,72 115,9208 151,018 0,08 190 0,15 190
0,019 107,8377 150,0545 0,76 111,9709 152,6711 0,08 195 0,15 195
0,02 109,9407 152,22662 0,8 114,0739 154,8432 0,08 200 0,15 200

0,021 100,2766 143,35052 0,84 104,4098 145,9671 0,08 205 0,15 205
0,022 102,4587 147,23172 0,88 106,5919 149,8483 0,08 210 0,15 210
0,023 101,8121 146,95129 0,92 105,9453 149,5678 0,08 215 0,15 215
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(b) Contact angle evolution

Fig. 19 (a) Critical air velocity for detachment as a function of droplet diameter obtained with analytical model from [22] (red
line), experimental data from [23] (blue circle markers), the embedded model (green diamond markers) and the semi-analytical
model (black triangle markers) and (b) Advancing (blue dashed line) and receding (red solid line) angle evolution for the 0.7
mm-diameter droplet

Table 5 Detachment time (tdet) and area covered (Acov) for different droplet heights (h) according to current model and
semi-analytical model presented in [62]

d [mm]
Embedded Semi-analytical Cho et al.

tdet [s] Acov [mm2] tdet [s] Acov [mm2] tdet [s] Acov [mm2]

0.6 1.02 0.107 1.24 0.122 0.88 0.097
0.7 1.62 0.146 1.92 0.163 1.24 0.122
0.8 2.42 0.190 2.71 0.205 1.56 0.142
0.9 3.45 0.241 4.69 0.296 2.0 0.168
1.0 4.73 0.298 6.3 0.360 2.42 0.190

droplet deforms into a film, the geometry of the domain

can be hardly described by an analytical model.

For instance, using the embedded formulation, ve-

locity and pressure profiles of the 1 mm-diameter droplet

can be directly obtained. Fig. 21 shows these variables

for two time instances: at the beginning of the simula-

tion and before droplet detachment. Vortex formation

at the wake of the droplet can be observed, as already

shown in Fig. 18(c). However, there is a difference be-

tween velocity distributions in these cases: due to chan-

nel effects, air re-attaches the channel surface in a rel-

atively small distance compared to the case shown in

Fig. 18(c). Therefore, droplet oscillation and deforma-

tion behaviors will be significantly different, confirming

that droplet-to-channel height ratio is a critical variable

in droplet dynamics in fuel cell channels.

4.4.3 Droplet injection in a channel

Water in fuel cell channels emerges from the GDL pores

and either evaporates or is transported through the gas

channel depending on the operating conditions of the

device. It is therefore vital to characterize and study the

process of emergence of liquid water into a gas channel.
Droplet growth, deformation and detachment in fuel

cell channels has been studied numerically [141] and ex-

perimentally [12, 132] in literature. Several simulations

of droplet injection in a channel have been perform in

order to compare results obtained with the embedded

formulation with results available in literature.

A rectangular channel with constant cross-section

is considered, with a circular pore placed in the center

of it, where water is injected. The same boundary con-

ditions than those presented in Section 4.4.1 are con-

sidered with an additional Dirichlet boundary condi-

tion for water velocity at the pore. Channel size, static

contact angle, inlet velocity of water and initial size

of the droplet domain are detailed in Table 6. Simula-

tions with the embedded model have been performed

with a time step δt = 10−6 s. A comparison between

numerical results and experimental data from Wu and

Djilali [132] is presented first. Although dimensions of

the channel were somewhat different from the ones typ-
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Fig. 20 Drop (blue solid line) and air velocity (red dashed
line) profiles at detachment in a PEFC channel

Table 6 Parameters used in the droplet injection in a channel
example

Variable Symbol Value Units

Channel height H 250 µm
Channel width W 250 µm
Channel length L 3 mm
Pore diameter D 50 µm
Droplet initial chord c 100 µm
Water inlet velocity v0

w 0.04 m s−1

Air velocity v0
air 10 m s−1

Static contact angle θS 110 deg

ically encountered in PEFCs, results provided valuable

information on droplet deformation and detachment.

A special algorithm was implemented within the

embedded formulation to simulate the process of wa-

ter injection from the GDL pore into the channel. This

algorithm is referred as Lagrangian inlet process. For

airflow in fixed Eulerian grids this condition is simply

given by a prescribed velocity, i.e., Dirichlet boundary

Fig. 21 Velocity (top) and pressure (bottom) distributions
at the beginning of the simulation and prior to detachment
for a 1 mm-diameter droplet

condition, at the inlet nodes. In a moving Lagrangian

mesh however new nodes must be injected in the vicin-

ity of the boundary in order to represent an inlet bound-

ary condition. More details on the Lagrangian inlet pro-

cess can be found in reference [112].

Fig. 22 shows a comparison between the experimen-

tal observations according to Wu and Djilali [132] and
the numerical results of the embedded model for con-

tact angle evolution. The same three regions observed in

Fig. 19(b) have been obtained. Numerical results agree

with experimental data in zones I and II, but there is

a discrepancy in the predicted receding contact angle

in zone III. According to the embedded formulation,

the droplet is less deformed, which can affect detach-

ment predictions. The difference between numerical and

experimental observed angles is probably due to defor-

mation in the z direction. A 3D simulation with this

model is therefore needed and will be studied in the

near future.

A similar setup was used for the computational do-

main in the numerical study presented by Zhu et al. [140],

the only difference being that the injection pore was

placed at 250 µm from the channel inlet. Instead of

0.04 m s−1, water was injected at a constant velocity of

0.1 m s−1. The time step used in the simulations with

the embedded model is δt = 10−6 s, whereas in [140]

this parameter was set to δt = 10−7 s.



Two-phase transport modeling in PEFCs 25time REC ADV time_cor REC_cor ADV_cor time_z1 zone1 time_z2 zone2 t_exp Wu exp, θR Wu exp, θA time_sim Embedded, θR Embedded, θA Embedded, θR
0 128 128 0 128 128 0,01 0 0,0165 0 0 70 65 0,005 70 70 70

0,001 125,8667 130,61655 0,0044 130 131 0,01 5 0,0165 105 0,005 70 70 0,006 67,122 73,959 67,122
0,002 127,6701 130,68582 0,0088 131,8033 133,3024 0,01 10 0,0165 110 0,01 78 87 0,007 74,135 85,302 69,483
0,003 128,3574 131,82893 0,0132 132,4907 134,4455 0,01 115 0,0165 115 0,015 79 92 0,008 76,198 96,285 74,135
0,004 127,9927 132,78407 0,0176 132,1259 135,4006 0,01 120 0,0165 120 0,02 72 90 0,009 69,483 101,99 76,198
0,005 127,1523 133,70502 0,022 131,2856 136,3216 0,01 125 0,0165 125 0,025 70 98 0,01 74,519 77,152 74,519
0,006 126,796 134,67313 0,0264 130,9293 137,2897 0,01 130 0,0165 130 0,03 67 100 0,011 81,811 85,959 81,811
0,007 125,4768 134,81311 0,0308 129,6101 137,4297 0,01 135 0,0165 135 0,035 63 101 0,012 84,637 93,624 84,637
0,008 124,6295 135,41022 0,0352 128,7628 138,0268 0,01 140 0,0165 140 0,04 54 105 0,013 81,543 81,63 81,543
0,009 123,7698 135,44763 0,0396 127,903 138,0642 0,01 145 0,0165 145 0,045 50 106 0,014 81,924 88,016 81,924
0,01 124,4912 136,80414 0,044 128,1244 139,4207 0,01 150 0,0165 150 0,05 44 108 0,015 83,096 97,8 83,096

0,011 123,1257 137,78174 0,0484 127,2589 140,3983 0,01 155 0,0165 155 0,055 39 108 0,016 88,686 109,47 81,686
0,012 121,8731 138,65921 0,0528 126,0064 141,2758 0,01 160 0,0165 160 0,06 31 102 0,017 90,826 111,09 80,826
0,013 122,9151 140,71764 0,0572 126,0483 143,3342 0,01 165 0,0165 165 0,065 10 109 0,018 87,082 111,22 79,082
0,014 123,3131 142,27228 0,0616 125,4463 144,8888 0,01 170 0,0165 170 0,07 11 114 0,019 87,577 113,22 77,577
0,015 119,6639 143,5061 0,066 123,7972 146,1227 0,01 175 0,0165 175 0,075 12 120 0,02 89,838 114,36 79,838
0,016 118,182 145,16658 0,0704 122,3153 147,7831 0,01 180 0,0165 180 0,021 88,224 95,285 78,224
0,017 115,5917 146,88701 0,0748 119,725 149,5036 0,01 185 0,0165 185 0,022
0,018 111,7875 148,40146 0,0792 115,9208 151,018 0,01 190 0,0165 190 0,023
0,019 107,8377 150,0545 0,0836 111,9709 152,6711 0,01 195 0,0165 195 0,024
0,02 109,9407 152,22662 0,088 114,0739 154,8432 0,01 200 0,0165 200 0,025

0,021 100,2766 143,35052 0,0924 104,4098 145,9671 0,01 205 0,0165 205 0,026
0,022 102,4587 147,23172 0,0968 106,5919 149,8483 0,01 210 0,0165 210 0,027
0,023 101,8121 146,95129 0,1012 105,9453 149,5678 0,01 215 0,0165 215 0,028
0,024 99,66108 141,53015 0,1056 103,7943 144,1467 0,01 220 0,0165 220 0,029
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Fig. 22 Advancing (blue diamond markers) and receding
(red cross markers) contact angles observed in [132], and
predicted advancing (orange triangle markers) and receding
(green square markers) contact angles with the embedded for-
mulation. Reproduced from [112] with kind permission of the
copyright owner

Comparison between result obtain with VOF and

embedded models is displayed in Fig. 23. According

to the embedded formulation, the droplet quickly de-

forms and elongates along-the-channel direction, form-

ing a film. However, results obtained by Zhu et al. show

a less deformed droplet, with areas of the droplet where

no surface curvature is observed (t = 2 µs). These re-

sults seem to be non-physical since the droplet is in-

jected near the channel inlet, and both airflow and wa-

ter injection velocities are high. Therefore, film forma-

tion under these conditions is more realistic rather than

a vertically-elongated droplet. No experimental valida-

tion of this example was provided by Zhu et al [140].

4.4.4 Computational efficiency

For the example presented in Section 4.4.1, the embed-

ded and semi-analytical models have been used to study

the effects of the droplet volume in its oscillations. In

both cases, the time step used has been δt = 10−3 s for a

simulation of 1 s. Results have been obtained relatively

quick with the embedded formulation (less than 30 min

on a desktop Intel i5 quad-core PC), the semi-analytical

model however is capable of performing the simulations

in less than 2 min. Although the embedded model gives

better predictions of droplet oscillation, this example

manifests the advantage of the semi-analytical model

for a simple case.

Both embedded and semi-analytical models were

used again in Section 4.4.2 to predict the critical ve-

locity to detach a sessile droplet in a channel. In this

case, the time step has been reduced on order of magni-

tude, i.e., δt = 10−4 s. The computational times were 5

min for the semi-analytical model and less than 1 hour

for the embedded method. Although simulations are

more computationally intensive with the latter method,

predictions for detachment have better agreement with

experimental data from [23]. The analytical model de-

veloped by Cho et al. was steady-state, and no compu-

tational times were reported in their study [23].

The example in Section 4.4.3 is more computation-

ally demanding and therefore the time step used is fur-

ther reduced. A time step of δt = 10−6 s is used in the

embedded formulation, whereas Zhu et al. [140] report

a value of δt = 10−7 s. The computational time for

the embedded formulation was 4 hours, approximately.

No details on computational cost were given by Zhu et

al. [140].

Overall, the semi-analytical model has proven to be

a fast model for the analysis of sessile droplets in chan-

nels, performing approximate predictions in less than 5

minutes. However, in some cases (e.g. when gravity ef-

fects are not negligible) the model fails to give accurate

results.On the other hand, the embedded formulation

is capable of predicting droplet oscillation and detach-

ment behavior efficiently, with time steps (at least) one

order of magnitude higher than other studies in litera-

ture.

4.4.5 Conclusions drawn from applying the embedded

model to the problem at hand

Results have shown that for analysis of liquid transport

in gas channels viscous effects of the airflow upon the

droplets are essential. Therefore, it is essential to cou-

ple the entire stress (i.e., pressure and deviatoric part)

between the liquid and gas sub-domains. Results of the

embedded models were consistent with previous works,

and good agreement was obtained with experimental

data available [23, 89, 132]. Effects of droplet size on

detachment velocity and time have been also studied.

Smaller droplets exhibit higher values of air velocity

needed for detachment. Reasonable agreement between

results and experimental data found in literature was

obtained [23].

Water injection in a gas channel has been studied

and results have been compared to previous numeri-

cal [140] and experimental results [132]. Excellent agree-

ment between experimental observation and numerical

results has been obtained for early stages of droplet de-

formation. Advancing contact angle increases approxi-

mately at a constant rate. On the other hand, receding

angle increases during a short period of time, followed

by a transition zone where receding angle remains con-

stant. As the droplet volume increases, pressure and

viscous effects deform the droplet in longitudinal di-

rection of the channel, and receding constant angle de-

creases until detachment was observed. Numerical re-

sults predict a lower rate of diminishing than experi-
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Fig. 23 Numerical results according to VOF model from [140] (red dashed line) and embedded model (blue solid line) of the
deformation process of an emerging droplet into a gas channel.

mental results. This discrepancy may be due to effects

in cross-channel direction.

The embedded formulation has certain advantages

compared to fixed-grid methods. For sessile drop studies

where only gravity effects on deformation are analyzed

with air in quiescent conditions (e.g. Example 1 in [61])

effects of ambient air on droplet deformation are neg-

ligible. Thus, these studies can be performed only by

solving the liquid domain, increasing the efficiency of

the method. Unlike the embedded model, the option of

“turning off” the solution of the surrounding gas do-

main is not possible in fixed-grid meshes. This feature

of the embedded formulation may be also advantageous

for the simulation of the liquid transport through the

GDL, as it would allows to include only the ”wet” part

of the GDL in the computation.

It was recently shown by Jarauta et al. [60] that the

convergence of the non-linear procedure for the embed-

ded formulation is linear. The same order of conver-

gence was obtained for a gravity-driven problem and

for a surface tension-dominated problem. Therefore, the

order of convergence is intrinsic of the method and does

not depend on the problem solved.

5 Summary and conclusions

This paper presented an overview of techniques used

for studying two-phase flow in fuel cell gas channels.

Among the computational models two types were pre-

sented in detail:

– Analytical (“force balance”) models: approaches ca-

pable of predicting droplet detachment condition in

gas channels for droplet flow regime at a reduced

computational cost.

– Two-phase CFD models: approaches representing

the interaction of the liquid and the gas phases using

continuum mechanics hypothesis. These are charac-

terized by higher accuracy and elevated computa-

tional cost.

The analytical models are based on a net force bal-
ance applied to an a priori known (or assumed) droplet

geometry. These models can be used to predict the de-

tachment times (in case of dynamic models) or detach-

ment conditions (in case of steady-state simulations).

Usually, the detachment conditions are determined as

the ones resulting in a critical value contact angle hys-

teresis, which characterizes a given GDL material and

is known from experiments.

In the most recent work [62] the force balance on

the droplet has been modeled using an analytic ex-

pression, but integrated numerically at every time step

on an approximate droplet geometry. It was discovered

that computing the drag coefficient numerically, rather

than directly using the analytic expression for the given

shape leads to a considerable improvement in the accu-

racy. Moreover, it was concluded that when the droplet

height increases, the classical analytic expression for

the drag force (linearly dependence on the drag coef-

ficient and quadratic dependence on the air velocity)

does not provide acceptable results as the hypothesis
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of the droplet under a free air stream is violated. A

critical droplet height to channel height ratio was iden-

tified as approximately 10%. Above this value the drag

force shows a nonlinear relationship with the Reynolds

number and the contact angle hysteresis.

The differences between the models based on the

force balance and the experimental results become more

evident for higher droplet volumes. Even the most re-

cent semi-analytical model tends to under-predict de-

tachment velocities in such cases. On the other hand,

for small droplets, where gravity effects are negligible,

the semi-analytical model can be considered a valuable

and efficient tool for preliminary estimation of droplets

detachment. Nevertheless, all the “force balance” (an-

alytical and semi-analytical) models are not able to deal

with strongly deforming droplets, growing droplets, per-

form multiple droplets analysis or predict post-detachment

behavior. They exclude the possibility of including the

feedback of the liquid phase onto the airflow, an ef-

fect that may not be negligible particularly for large

droplets. Moreover, liquid phase injection from the GDL,

surface roughness effects cannot be accounted for. None

of the flow regimes, other than the droplet one cannot

be analyzed.

In order to overcome these drawbacks, numerical

models based on coupled solution of the liquid and

gas phases under assumptions of continuum mechan-

ics have been applied. Among the existing two-phase

models one may distinguish the volume of fluid ap-

proaches that solve the two-phase problem on a single

fixed (Eulerian) mesh and the more recent embedded

Eulerian-Lagrangian models. The practical advantage

of volume of fluid model consists in the fact that they

are available in general-purpose commercial (such as

Ansys FLUENT) and open source (e.g. OpenFOAM)

software. VOF simulations provided valuable data for

multiple flow channel configurations and flow condi-

tions. Nevertheless, VOF simulations of the problem

at hand carried out to date were generally character-

ized by large computational costs due to a) explicit

integration of surface tension force, b) necessity of us-

ing very fine meshes to capture the liquid-gas interface,

and c) monolithic solution of two phases. These fac-

tors result in a very small value of critical time step

necessary for obtaining stable solutions. Overall, one

can conclude that VOF models must be adapted to the

problem at hand in order to obtain more efficient im-

plementations. In particular, improved surface tension

models must be sought in order to ensure unconditional

stability and thus of increase critical time steps. Im-

plicit surface tension models for fixed grid approaches

such as [56, 119, 121] must be considered by the PEFC

modeling community.

On the other hand, the recently developed embed-

ded Eulerian-Lagrangian model was found particularly

advantageous for the problem at hand. It efficiently par-

titions the problem into gas and liquid sub-problems,

which allows using best-suitable models for the indi-

vidual phases coupled in a straight-forward way using a

simple Dirichlet-Neumann coupling. An important ad-

vantage of the proposed embedded approach is that the

liquid-gas interface position is accurately defined by

the Lagrangian mesh. Thus, no additional techniques

(typically used in fully Eulerian formulations) for inter-

face tracking were necessary. The strong discontinuity

of pressure across the air-water interface due to surface

tension effects is accounted for naturally in the embed-

ded models. The model allowed for using larger time

steps in comparison with the formerly used approaches

due to an implicit surface tension model proposed, lead-

ing to a considerable improvement in computational ef-

ficiency. A dynamic contact angle condition proposed

in the embedded model allowed to accurately reproduce

wetting dynamics on GDL. A good agreement between

the numerical results and the experiments approve that

the embedded model defines a viable alternative to the

VOF models.

5.1 Future developments

All the models mentioned in this work were applied to

analysis of a single droplet or a few ones emerging from

idealized GDL pores at hypothetic locations considered

known a priori. In reality water emerges through multi-

ple “preferential locations” pores that may vary in the

transient case [12]. Ideally, these pores must be deter-

mined by a liquid transport simulation applied to the

GDL.

Recent advances in the image-based reconstruction

allowed for obtaining the actual structures of the diffu-

sive media (X-rays, SEM/TEM microscopy) [58], [71].

These images open new frontiers as they can provide

the geometrical basis for “direct numerical simulations4

on micro-scale meshes [113]. However, such pore scale

simulations are extremely tedious computationally and

thus cannot be used for industrial purposes. Thus, one

interesting possibility for the future research is to de-

velop a multi-scale model to simulate the entirety of the

GDL using the equations for the flow through porous

media [130]. The different factors influencing the water

flow, such as material composition, saturation of pores

or pre-existing water can be introduced into the model

by modifying the effective permeability of the media

4 The term “direct numerical simulation” is used here in
the sense of explicitly resolving the micro-scale
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dynamically at each point in space. The non-linearities

inherent in the small-scale problem will be therefore

represented by the local value chosen for the perme-

ability.

To ensure that such a model provides an accurate

representation of the flow over the porous layer, one can

use deep learning techniques (neural networks-based)

[14], [48] to obtain a relationship between the condi-

tions of the flow, the geometry and material properties

of the diffusion media and the effective permeability of

the material. To do this, a series of small-scale simula-

tions must be carried out using actual structure of the

diffusion media extracted from the high resolution im-

ages. Fig. 24 shows the conceptual scheme of such multi-

scale model. The multi-scale model must be also capa-

ble of “translating” the effective properties into bound-

ary conditions for the macro-scale simulation (see [35]

for such coupling in a different context) in gas channel

(location and size of injection sites).

Ultimately, the boundary conditions such as liquid

injection rate and airflow velocity are typically con-

sidered constant input parameters in PEFC two-phase

simulations. Nevertheless, the non-uniform reaction at

catalyst layer results in a non-uniform rate of liquid

water generation. Partial water accumulation, in turn,

affects the diffusion of reactants and thus the reac-

tion rates. Thus, it is of essential importance to cou-

ple the mechanical and electrochemical computational

modules in order to represent realistic operation condi-

tions. Open source codes coupling defines, most proba-

bly, the only possibility of bringing together the know-

how developed in fields necessary for representing the

overall fuel cell behavior.

Nomenclature

F̄ body force vector, [N m−3]

G gradient matrix, [-]

L Laplacian matrix, [-]

p̄ nodal pressure, [N m−2]

I unit tensor, [-]

D divergence matrix, [-]

H tangent matrix, [-]

K convection stabilization matrix, [-]

M mass matrix, [-]

m unit tangent vector to the contact line, [-]

N velocity shape function, [-]

n unit normal vector, [-]

Np pressure shape function, [-]

S pressure stabilization matrix, [-]

t unit tangent vector, [-]

v̄ nodal velocity, [m s−1]

v velocity, [m s−1]

B Channel’s half height, [m]

Ck volume fraction of fluid k, [-]

p pressure, [N m−2]

t time, [s]

U Mean airflow velocity, [m s−1]

Abbreviations

ALE arbitrary Lagrangian/Eulerian

CFD computational fluid dynamics

CL catalyst layer

CSF continuum surface force

CSS continuum surface stress

GDL gas diffusion layer

HOR hydrogen oxidation reaction

MEA membrane electrode assembly

ORR oxygen reduction reaction

PEFC polymer electrolyte fuel cells

PTFE polytetrafluoroethylene

SUPG streamline upwind Petrov-Galerkin

VOF volume of fluid

Greek letters

σ Cauchy stress tensor, [N m−2]

∆ contact angle hysteresis, [rad]

γ surface tension coefficient, [N m−1]

κ surface curvature, [m−1]

µ dynamic viscosity, [kg m−1 s−1]

ν kinematic viscosity, [m2 s−1]

ρ density, [kg m−3]

τ algorithmic stabilization parameter, [-]

θ contact angle, [rad]

θA advancing contact angle, [rad]

θR receding contact angle, [rad]

θS static contact angle, [rad]

Mathematical operators

∇s tangential gradient operator
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