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Water management in a polymer electrolyte fuel isel critical issue in ensuring high
cell performance. The water production, due tohbekectro-osmotic drag and the
chemical reaction, in the cathode side of the @&l leads to liquid water formation in
the gas diffusion layer and the reactant flow clehnnlf this water is allowed to
accumulate in the fuel cell, the transport of raatst to the membrane assembly will be
inhibited and cell performance will suffer. In erdto maximize the potential
performance of a fuel cell, understanding of tloggilil water dynamics is required, and a
two-phase flow numerical model has been for thigppse. If an accurate numerical
model can be created the development cycle for flew channel designs can be
accelerated.

The methodology adopted for the numerical simutatibdynamic two-phase flow is the
volume of fluid (VOF) method. The major drawbadkcorrent VOF models is in the
implementation of the three phase contact line.rré@i models use a constant static
contact angle, which does not take into accounit dgaamics. This results in non-

physical phenomena such as spherical and suspeddmglets, instead of the



v
experimentally observed attached semi-sphericgblet® with the trailing edge of the

droplet forming a tail.

To remedy this shortcoming, the implementation afyaamic contact angle relation is
required. The relations used in the current wotlofvs the Hoffman formulation where
the dynamic contact angle is obtainedas A function of the capillary number, based
on the contact line velocity, and of the equililbniicontact angle. The function was
implemented within the commercial CFD framework Fiuent using user defined
functions.

The dynamic contact angle models were able to ettedict the droplet dynamics,
providing elongated droplet profiles. The dynamonitact angle model was also able to
provide more realistic pressure profiles down thammel length. Parametric studies
show the dramatic effects that air speed and statitact angle have upon the droplet
dynamics. It was also observed that water injectelocity had a relatively small effect
on the model. The dynamic contact angle model feasid to be consistent with
experimental work conducted in our laboratory inchhthe spinning motion of the fluid
within the water droplet was observed [7].

The improved physical representation achieved Wl new model results in more
reliable simulations and provides a good foundatmnthe numerical modeling of fuel

cell flow channels.
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Nomenclature

Ca

CFD

GDL

Hydrophobic
Hydrophilic
PTFE

RANS

Three phase contact line

Vi

(Vel) ¢

Capillary numberCa =

Computational fluid dynamics

Gas diffusion layer (provides the interface vitn the
flow channel and the membrane/electrode assembly)
A surface that displays a contacteofgreater than 90°
A surface that displays a contactlargf less than 90°
Polytetrafluoroethylene (produced by DuRmnTeflon)
Reynolds averaged Navier Stokes

The line where solidjdigand gas come into contact

The air velocity
The water injection velocity

Volume of fluid

Static contact angle

Advancing contact angle

Receding contact angle

Dynamic contact angle

Phase content variable (of phase q)

Surface tension variable
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1 Introduction and Past Works
Water management in a polymer electrolyte fuel isel critical issue in ensuring high

cell performance, and is coupled to a number ofsppart processes taking place during
cell operation and reviewed in detail Djilali andi $L]:
« ionic and water transport, including electro-osmatiag (EOD), in the polymer
electrolyte membrane;
« heat, mass and charged species transfer coupledeaittion kinetics;
« multicomponent, two-phase flow with phase chandeoith porous electrodes and
gas distribution microchannels.
Water transport and production, due to the comlinaif electro-osmotic drag, diffusion
and the electro-chemical reaction, often leadgoitl water formation in the gas diffusion
layer in the cathode side of the fuel cell. Thipasticularly the case at higher currents
and/or relative humidity, when condensation and résulting liquid water propagate
from the GDL to the gas microchannels of the fgl [d], where discrete lumps of water
can form as illustrated in figure 1. The resultmg-phase flow in the microchannels can
result in transient pressure surges, non-unifoilow fand current distributions, and an
overall drop in performance.. This build up of ess water is referred to as flooding.
The opposing design constraint comes from the pedace characteristics of the
membrane. The membrane electrode assembly isndelstg operate within an optimal
water saturation region. If the membrane has tless the optimal water saturation, its
ionic conductivity decreases causing a loss ingoerédnce. To balance these competing

requirements a system must be designed to remavehe excess liquid water, leaving

enough water to hydrate the membrane assembly.
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Figure 1: Water droplet in flow channel subjected to air flow [2]

Excess water presents itself in the flow channethenporous gas diffusion layer. The
volume of excess water flows through pores in the diffusion layer to form small
droplets on the fibers of the gas diffusion layethe preferential pore endpoints [3]. If
these droplets are removed before they are abyeow and coalesce with neighboring
droplets, then the flow channel runs a much lowsd of flooding.

Many strategies have been created to promote theva of liquid water from the flow
channels. The contact angle is the angle thapllase boundary makes in relation to the
solid surface, and it plays a vital role in watgmamics. The use of hydrophobic
coatings consisting of PTFE provides a higher adntngle on the water droplet,
decreasing the area of the droplet at the diffusiedia surface. This reduction in contact
area on the gas diffusion layer leads to loweram#ftension, which is the force that
resists the droplet removal. The drawback of idicig PTFE coatings is the decrease in
pore size in the gas diffusion layer, which inrgbreactant flow in the GDL, and an
increase in the electrical contact resistance betwthe bipolar plates and the gas

diffusion layer. Another strategy for increasimg removal of the water droplets comes



from adjusting the flow channel dimensions to oenthe droplet removal. The most
commonly used methods for determining the optiroaltgon are based on increasing the
flow velocity or reducing the channel height. Téewethods typically produce larger
drag forces on the droplet and higher pressuresdiophe channel. These methods of
modifying water management performance are basestlynon experimental testing.
Models for estimating the droplet dynamics usingnpatational fluid dynamics are
limited by their ability to resolve the physics sei@ experimental set-ups. The main
stumbling point in the CFD framework is in the apgtion of the boundary conditions.
The three-phase contact line presents an integestimerical problem of a singularity
arising from the no-slip boundary condition impossdthe moving contact line. The
boundary condition results in an infinite tangeinsiiess imposed by the fluid onto the
solid surface due to the moving fluid and the etary boundary condition. Another
issue posed at the contact line is the trackinghefdynamic contact angle, which is
dependant on the flow conditions around the dragdewell as the contact line motion.
One method of dealing with the singularity is tgwse a slip condition at the boundary.
For a review of the models used and their shortngmefer to Shikhmurzaev 1993 [4].

A brief overview is given in table 1.

Table 1: Slip models examined by Shikhmurzaev

Name of the Year Model Basis Drawbacks

Author(s) published

Huh & Mason 1997 Physical model of the liquid-gaBoes not display the rolling
interface motion motion described by

Dussan(1979). Leads {o
integrable singularity at th
solid boundary.

1%

Durbin 1988 Slip due to limitation of the maximuniair but not exact agreement
shear stress density with experiements
Baiocchi & | 1990 Relative-velocity profile to minimizeFair but not exact agreement

Pukhhanchev the entropy production with experiements




In recent works modeling has followed two differemtenues. The first avenue of
research has been performed using commercial GiRDIaiions. One such work is that
of Zhu et al [5,6]. In both papers they modeleiel cell flow channel in which water
was introduced through discrete pores, and usednateady laminar volume of fluid
(VOF) method with a continuum surface force to modke droplet dynamics. The
contact angles were assumed to be 140 degrees®ulistrate and 45 degrees on the
surrounding three walls. The model used an 1xOm2Staw area with an air velocity
and water velocity of U=10m/s and V=1 m/s respe&tyiv A film flow was observed,;
however, the large water injection rate is not espntative of typical operating
conditions in a fuel cell. It was found in the netidg that water emerging from a pore
behaves very differently from water that impacsudgace, due to pinning of the droplet
at the pore. They note that the carbon fibersbaie 10 microns in diameter and would
have a significant effect on pore geometry [5]w#s also observed that coalescence of
the droplets speeds up film formation [5]. Theyed@ined that a hydrophobic surface
results in a saddle shaped flow, where the bulkhefflow is down the channel walls.
Neutral hydrophobicity (a contact angle of 90 degjaesulted in necking and then water
droplet detachment. For hydrophobic cases withdhent, the droplet as it was being
removed became spherical and occasionally liftechfthe surface [6], this behavior is
non-physical and requires accounting of the corliaetmotion to avoid these effects (as
will be discussed later). They determined thaydrdphobicity greater than 140 degrees
holds no functional benefit, and more hydropholhiarmels result in higher flow losses
due to pores being minimized in the coating proceds was predicted that water

coverage, detachment diameter and friction faat@i@ver for higher air velocities.



Minor et al performed an experimental study usiagtiple image velocimetry to shed
light on the motion of the fluid particles withihe droplet [7]. A channel of dimensions
3mm wide by 1mm high and approximately 13mm long wanstructed on a glass slide.
The 3mm wide surface was comprised of a PDMS lageered at the channel surface
by carbon cloth. A droplet was seeded at the GDifase. The experimental data
clearly showed a vortical motion within the droplehen it was subjected to airflow.
This rotating flow effect will likely be affectedytthe enforcement in CFD simulations of
the no-slip boundary condition at the contact line.

An interesting modeling study was performed by Zaid Zhou [8] to observe the effects
of gas diffusion layer (GDL) geometry. They useglare and trapezoidal elements to
imitate the pore structure of a GDL, producing éhrdifferent scenarios. It was
determined that the trapezoids with their minimueadacing the flow channel produced
the best water removal [8]. They also determired GDL shape and porosity have a
profound effect on the water removal charactesstica flow channel [8].

Another work of interest is that of Theodorakakdsake[9]. They used a Reynolds
Averaged Navier Stokes (RANS) flow solver in comgtion with a custom CFD VOF
method to determine the static and dynamic cordagles of various materials. The
code used an unstructured grid with local refinemaound the interface. A second
order Crank-Nicholson method was used based owlalgCourant number below 0.3.
Convective and normal diffusion terms were modalsthg a bounded second order
upwind scheme; with cross-diffusion and second rod¥ivatives discretized using a
central difference scheme. The equations weresdalging a conjugate gradient method

solver. The contact angles they found are listeBable 2 [9]:



Table 2: Contact anglesfor various materials[9]

Contact Angle (Degrees)
Numerical Experimental
Material Static Advancing Receding Static
Carbon Paper 1 125 140 50 120
Carbon Paper 2 130 140 70 140
Carbon Cloth 145 150 90 140
Graphite plate 90 110 70

It was determined through the model that gravity Hre feed water rates had little effect

on the observed contact angles. It was also detedhhat temperature had a significant

effect on the separation velocity of the dropldt [9

The second avenue of research has been in semitiggthpormulations to predict the
droplet shedding characteristics. One such wotkas of Kumbur and Mench [2], who

proposes a droplet model based on a force balanites @lroplet. A similar model was

proposed almost concurrently by Chen et al [10].
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Figure 2: Kumbur model, top diagram showsthe droplet with all the applicable for ces acting on the
domain and model parametersused in the calculation of the model. The bottom diagram showsthe

simplified version of the model domain and parametersused in the model [2]

The velocity in the drop section is assumed todpe [

a(y) =3“7(1-(%U ®

This flow field is not very accurate as it is a tdimnensional representation that neglects
the width of the channel as well as the adversaspre gradient that results in an
inflection point and eventual backflow (separati@m) the rear portion of the droplet.

The pressure drop is also calculated assumingtanga@ar channel area.

The force associated with the surface tensionvisrgas [2]:



sin(A-68,)-sin(@ sinA-6,)- siné
F, =y|VcE [ ( A) ( A)]_'_[ r( A) "( A)] )
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The force associated with the pressure changesativesdroplet [2]:
244BUN
= 3)
(B—Zj (1-cos, )’
The force associated with the shear stress is [2]:
124BUR
s = - (@)

(B —2)2 (1-cos4, )’

The drag force is assumed to be equal and oppodite surface tension force. The final
equation is given as:

Foi * Foer ~Fsr =0 (5)
Chen et al's model [10] uses both a cylindricalpdied and a spherical droplet shape. The
difference between the advancing and receding cbatagle, known as the contact angle
hysteresis, was analyzed. The data is only ablgrédict the experimental data for a
surface simulating a GDL up to about 7 degreesootact angle hysteresis; beyond this
threshold value the experiments and model predistidiverge. An improved force
balance model was developed in the early stagessefirch and can be seen in Appendix
C.

Some methods have merged the two avenues by usimgesnpirical relations in
conjunction with CFD models to better approximdte tiow dynamics of a droplet in a
channel. One such work is that of Fang et al [Tljey point out the inability for current

commercial software to account for the contact Im&tory. As the contact angle is



dependant upon the direction and the speed ofdhtact line motion. They suggest the

following models to predict the contact angle:

0, COSE; = Oper (6)
cosd., — co¥

adv drop _ tanh( 4.9@&0'702) (7)
cosd,,, +1

Where Ca is the capillary number (based on theacbhihe velocity), to determine the

advancing angle and

6. -6

e~ Oyop- = C,Ca (8)
Where Ct is a constant, to determine the recednylea They used a VOF method in
conjunction with the Marker and Cell finite differee methods to formulate the solution
[11]. They used an algebraic multi-grid solver aptcewise linear interface
construction to determine the droplet shape. Aldrageries expansion was used in
conjunction with Heaviside functions to ensure ¢batact angle is bounded between the
advancing and receding angles. This method altbe/sontact line to remain stationary

as the angle changes from the receding to the athguangle, but moves when either

angle is exceeded. The following contact anglermftion, in Table 3, was found:

Table 3: Contact anglesfor various GDL configurations [11]

Angle (deg) Coated silicon +/- GDL 0% teflon +/- GDL 5% teflon +/- GDL 10% teflon +/-

Advancing 105 11 1246 0.9 144 1.1 1496 0.8
Receding 65 1.2 36.8 0.9 91 1.3 116.2 1.5

Before addition of the contact angle hysteresisehtte droplet would display
separation to the point of suspended droplets #sawguasi-spherical droplets [11].
These phenomena are non-physical and were remedoedthe hysteresis model was

instituted, resulting in elongated droplets thatenattached to the surface.
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A paper by Chen [12] uses both analytical modedind 3D flow dynamics software to
estimate droplet detachment. By balancing the tiragg against the surface tension it
was found that:

_ 1 213 H_ - channel height
[HT" Ay sin’ 6, S'rE(Ha -6) 6, - static contact angle
Ve {p,u} 15d (6, - siné, co¥),) g, - advancing contact anc
6. - receding contact angle

(9)

Various static contact angles and hysteresis valiggs chosen for a variety of materials
to provide agreement with the simulation data.

Sikalo et al. [13] provide a good overview of therent models used to account for the
dynamic contact angle using semi-empirical meaviest of the models assume Young’s
equation is valid throughout the dynamic processtae solid-liquid and the solid-vapor

surface tensions vary with the flow field dynamicsYoung’s equation relates the

interfacial tensions and the contact angle by periiog a force balance at the three phase

contact line.
Jcosgequilibrium = asolid—liquid - Jsolid—vapour (10)

The paper presents the Cox formulation [13]:

Ca= [In (e%)- f 8;0) + f((gge)J_ [9(6,)-9(6.)] +o[ﬁ} (11)

Whereeg is a dimensionless parameter based on the stattaa angle mechanics. 1 Q
and Q are parameters based on the outer flow field hedslip conditions on the wall
respectively. The functions f and g are depenasnthe dynamic and equilibrium
contact angles. Another popular contact angle @danis the Hoffman-Voinov-Tanner

law [13]:
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6,°-4°=CCawithC, =72 (12)
This formula again assumes that the capillary nunibérased upon the contact line

velocity and using the standard formulation [13]:

(Vel) ¢

Ca=

(13)

A more recent formulation with potentially broadegplicability is based on the Hoffman

functions [13]:

HD = fHoff I:Ca+ fH_:ff (He)] (14)

0.706
fre (x):arccos{ T 2tanE 5. Wj }} (15)

This provides one of the best fits to experiment@ia and will be adapted for use in
Fluent in the current work.

The major weakness in most of the models is instihess singularity modeling. This
issue can be resolved by using the Shikhmurzaevemtmd model the contact line
dynamics. By using non-equilibrium thermodynamnhesproposed the following model

for the dynamic contact angle [14]:

5 $ s
COSHS - COSHD = i\/(pzz+ plzujl)z plse* = pl: (16)
(1_101e)|:(p2e +V ) +V:| po

In the formula V is the dimensionless contact me¢ocity, and the non-dimensionalized
local densities are defined for each phase in eefar to their equilibrium values where
index 1 refers to the free surface and index 2rsefe the liquid-solid interface. The

dimensionless contact line velocity is given by][14
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v=u | B (17)

Py (1+ 4ap)
The parameterqs defined in the following way [14]:

_sing, -6, cos,
° sing, co¥, -6,

(18)
The other variables found in the equation are phemmwlogical co-efficients given as:

a = Effect of suface tension gradient on the velociggribution (a O Dj
U

[ = Effect of shear stress on the velocity distribmutﬁcﬁ O %)

2
7 = Suface tension relaxation tinEer —_ 9% hu J

o, (1-p3)

This series of equations describe the dynamic cbatagle behavior based on theoretical
formulations and are comprised of material and flehd properties.

Each model has it own strengths and weaknessesie 8wdels are easily implemented
but suffer from lower accuracy, while other modal® complex to implement and

potentially unstable from a numerical viewpoint,t lawe based on fundamental fluid

dynamic considerations. In the current work ththauhas chosen to use the Hoffman
functions to describe the dynamic contact angle daethe relatively simple

implementation combined with a high level of agreaetwith experimental data.
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2 Scope and Objectives

As noted in [1], two-phase flow regimes in PEMF©WI channels differ from more

classical two-phase flow problems in that they odoumicrochannels at low Reynolds
numbers, and are characterized by large void &masti(low saturation) and important
surface tension effects. The objective of this ihes to examine the water droplet
dynamics in a flow channel of relevance to a fugl. cThis will be accomplished by two

different methods. The first method uses simplifenalytical relations to determine
droplet stability, and the second method utilizesaified computational fluid dynamics
module to provide a tool for fuel cell flow chanmebdeling.

The analytical model will expand on the previougkvof Kumbar and Mench to provide
better agreement with the experimental data obdaife more physically realistic model
is proposed to improve the predictive capabilibéthe simplified analytical models.

The computation fluid dynamics module will implenhea dynamic contact angle
function into the commercially available Fluenttsadre. This addition will allow the

numerical models to better predict the charactesistf the water droplet as it evolves

within the flow channel.



14

3 Problem Set-up

After selecting the Hoffman functions to describe tlynamic contact angle the model
was implemented within the Fluent's user definaaction framework. Fluent was
chosen due to its widespread industry adoptiontl@avell tested volume of fluid (VOF)
multiphase models. These models are able to tramlor more phases, providing a

complete resolution of the flow field and interfaygmamics.

3.1 Volume of Fluid Methods
The volume of fluid model tracks the content ofrepbase in each cell by using the

volume fraction [15].

a,=0 The cellis empty of phase q
a,=1 The cellis full of phase q (29)
0<a, <1 The cell has an interface contaghphase «

The addition of all the phase content variable=gsal to one in order to ensure mass

conservation [15].

> a,=1 (for n phase: (20)

g=1
The addition of a phase volume fraction variabtpunees the solution of a saturation

transport equation in addition to the set of fldicdhamics equations [15]:
oa.
a_tq +V [a, =0 (21)

The equation is discretized using an explicit Esldreme. The volume fraction at the
current time step is calculated using the data fiteeprevious time step, making the

method non-iterative [15].
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I =0 (22)

n = previous time step
n+1= current time step
a, =face value of volume fraction (by seceodier upwind schem

V = volume of the cell
U, =volume flux through face f

To determine the fluid properties of each cell, pheperties are averaged for the various
phase components. This average is achieved wittighted average using the phase

composition variable [15].

B=) a,B, (23)

g=1
Where B is a fluid property such as density oressty. This provides the entire set of
fluid properties in any given cell, based on thag#s that are present in that cell. These

averaged properties are used in a single momenquiation in order to solve the flow

velocity field [15].

o . a op o [(ou ou
—ou. +—ouu. = ——+— | —+—L |+ +F 24
ot 7 T AN T ok Tax (axj ax] P (24

In the case of the micro-channel, the body forcesaasumed to be negligibly small.

This is due to the relatively small mass beingdocte by the body forces when compared
to the relatively strong surface tension forceer dflow channel, with droplet
dimensions in the order of less than 0.5mm andtarwalocity less than 0.04m/s, the

Webber number[16] is:
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’ :
We:,oU L Inertia .
1% Surface Tension (25)
998)( 0.04)( 0.000
We=( )( )( )5::0.01]
0.0728

Therefore, even at the extreme operating conditib@surface tension forces are
approximately 100 times the strength of the inddraes. As the water injection velocity
is minimized and the droplets form small dropléis tatio just increases.

The interface is reconstructed based upon the velfuaction of the phases in
surrounding cells. The method of reconstructioa jBecewise linear interpolation of the
phase boundaries. This is accomplished by creatipignar face (or a line in two-
dimensional simulations) within each cell, allowiiog easy calculation of the flow
through the interface.

Surface tension is modeled using the continuunasarforce model, which is based on a

pressure jump across the interface boundary [15].

AP_, = a(i +—1j (26)
R R

With R; and R the curvature of the interface along the orthogishee planes with the
intersection of the two planes along the normdhefinterface. Fluent uses the curvature
formulation using the phase composition gradiefise surface normal is calculated

from the secondary phase composition gradient [15].

n=0a, (27)

The curvature of the interface is given by the dyeace of the interface unit normal [15].

K:szlz[ﬂﬂﬂJ—i(Dﬁh):l (28)

) I
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This curvature is used to integrate the surfacgeidenforce into the numerical
framework. The surface tension force term is adddtie secondary phase momentum
equation only, in the following form [15]:

Fo = 20ka,0a, (29)

In order to accommodate a wall contact angle boynctandition, the normal of the
interface at the cells in contact with the wall adgusted to the prescribed contact angle
[15].

A=A, cosd,, +i, sing,, (30)
A, = unit vector normal to the wall
f, = unit vector tangential to the w

6., =contact angle

con
This normal is then used in conjunction with themal calculated in the usual fashion

for the surrounding cells to provide the curvatairéhe interface.

3.2 Implementation of the Dynamic Contact Angle
The Hoffman formulation for the dynamic contact lengas implemented into Fluent

through a set of new User Defined Functions (UDHit&n in two parts. The first part of
the code determines the unit normal for the phas@dary. The second part of the code
determines the local capillary number and evaluttesioffman function to provide the
main program with a local contact angle. The Ub8ewritten in C is given in

appendix A, and a flowchart is given in appendix B.

3.2.1 Determining the unit normal
To maximize the computational performance of th@ecthe gradients and other phase

information evaluated during the calculation of gise composition is released from

memory as soon as the equation is solved. In dodeecess the VOF equations, and
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associated data, within the user defined funcagohantom source term user defined
function (DEFINE_SOURCE) must be created. In otdaallocate the required memory
locations an additional function (DEFINE_ADJUST)égjuired to set the system
variables.

The solver calls this phantom source term codeyetmie the VOF equations are solved.
When the code is called it collects the phase gradi(C_VOF_G) for the boundary and
stores them in a user-defined function (C_UDMIheTcode then returns a source term
of zero to the equations. This side steps theimdition of the VOF gradient data making

it accessible to the main contact angle code whermoundary conditions are imposed.

3.2.2 Evaluating the dynamic angle
To set the dynamic contact angle a boundary camditser defined function

(DEFINE_PROFILE) is required. The main purposé¢hef code is to determine the
Hoffman function. The Hoffman function requires xdion of the inverse Hoffman
function based on the static contact angle.

B = e [ Cat fuy (6,) ] (14)
The code first evaluates the inverse function bamseof a simple zero finding function.
This provides the inverse Hoffman function for firescribed static contact angle.

The code then accesses the phase gradients framsehelefined location saved in the
first stage of the code. These phase gradientsratgght into the code, and then
normalized. This provides a unit vector in theediron of the interface normal to be used
for determining the contact line velocity.

The contact line velocity is found by determinihg flow field velocity (C_U, C_V,

C_W) for the mixture then taking the dot producirg) the unit normal vector
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(NV_DOT). This gives a velocity normal to the pbasterface to be used in the

capillary number calculation.
Ca=YH (13)

The capillary number is calculated and then thefidafn function is evaluated. The
dynamic contact angle is returned to the main @nogat each location and the next

iteration begins.
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3.3 The Computational Model
A three-dimensional, laminar flow, isothermal moelised to simulate the physical

processes of interest. It uses the two-phase V@dehas described above with an
unsteady flow formulation. The model includes vealhesion and a surface tension
coefficient of 0.0728 N/m, as this is the surfamesion of water and air at 20 degrees
Celsius [16]. The pressure term is evaluated ugibgdy-force weighted scheme and the
momentum equation is solved using a second ordeindpscheme. The interface is
reconstructed using the geo-reconstruction metsatkacribed above. This provides the

basic case set-up for the model.

3.4 The Model Domain and Boundary conditions
The model domain selected for evaluation was an2isfometers square channel

extending for 1.5 millimeters as shown in figure/Bpore of size 50 micrometers square
was located 350 micrometers from the entranceddlthv channel to eliminate entrance
effects. The pore was modeled with a height ofriérometers to eliminate the

possibility for entrance effects on the water eraaog from the pore. The size and shape
of the channel was chosen based on an averagislz=ll flow channel. A square pore
shape was chosen as it is representative of tlwenage of the pores forming due to the
superposition and intersection of the fibers tbhatfthe gas diffusion layer. The
dimensions, as well as the flow conditions, coroespto the concurrent experiments
conducted in the ESTP lab at the University of di@. The air flow velocities span the
range of velocities seen in current fuel cell desigThe water injection velocities

correlate to the water production and transponegien within a fuel cell when
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operating under both normal and high load conds#tiohhe simulations are performed

with the following boundary conditions:

Inlet: Prescribed air velocity of U (varied).

Outlet: Convective outflow condition.

Bottom wall: No slip condition with dynamic contamngletp (obtained by modifying
the static contact angle using the UDF).

Side walls:  No slip condition with constant statantact angl®s (varied).

Top wall: No slip condition with constant statientact anglés (varied).

Water inlet:  Prescribed water injection velocitywaried)
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Water inlet(V)

Figure 3: Model domain with air flowing from right to left and water being injected from below
through a square pore

The mesh is a quadrilateral mesh with approximaialform mesh sizing resulting in

approximately one hundred thousand cells.
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4 Results

The user-defined function was tested in a numbeasés with various boundary
conditions. Cases were also examined to deterrhmeftects of changing the system
input variables. The parametric study includedateim of the air speed U, the water
injection velocity V, and the static contact an@le However, the first step was a mesh

independence study and a validation of the dynaart¢act angle code.
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4.1 Mesh Independence study
The first step in the model validation is a megteendence study to verify that the

solution is not influenced by the mesh size. Tofy¢he mesh independence the mesh
size was reduced from the size used in the re$ieohvestigation from 10 micrometers
to 7.5 micrometers. The case chosen for compaliasran air speed of 10 m/s and a

water injection velocity of 2 cm/s. The static tamt angle is assumed to be 110 degrees.

The two plots are compared in figures 4 and 5.

L

Figure 4: Phase Boundary Plot, 10 micron mesh size 2ms, water droplet emerging from a pore
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Hﬂ

Figure5: Phase Boundary Plot, 7.5 micron mesh size 2ms, water droplet emerging from a pore

Similar profiles can be seen in both plots. Atnadtistep of two milliseconds, the droplet
is growing out of the pore and beginning to takapseh This continues as time

progresses. A later time step can be seen indg@rand 7.
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Figure 6: Phase Boundary Plot, 10 micron mesh size 7 ms, water droplet emerging from a pore

Note how the droplet is growing downstream with titading edge still connected to the
pore. This profile is prevalent throughout thedstwhen the dynamic contact angle

formulation is used.
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Figure 7: Phase Boundary Plot, 7.5 micron mesh size 7ms, water droplet emerging from a pore

It can be seen in figures 6 and 7 that the draplgtowing in the same manner from the
pore. Next the pressure profiles will be compdoedhe two cases. The pressure plots

can be seen in figures 8 and 9, in terms of thedimensional pressure coefficient:

C, =+ (P=Pd) (31)

2
E pAirUAir inlet velocity

The reference pressure is taken at x=0.150mm.tWadines correspond to the

maximum and minimum pressure in the sectional slice
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Pressure Coefficient (Cp)

0 0.2 04 0.6 0.8 1
Non-dimensionalized Channel Length

Figure 8: Non-dimensionalized Pressure Curve, 10 micron mesh size, 12 ms, the pressure spike
representsadroplet in the channel. Thetwo curvesrepresent the max and min values.
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Pressure Coefficient (Cp)
L

.
O P U I [ S S (T R N PR PO ER S G P

o

0.2 0.4 0.6 0.8 1
Non-dimensionalized Channel Length

Figure9: Pressure Curve, 7.5 micron mesh size, 12ms, the pressure spikerepresentsa droplet in the
channel. Thetwo curvesrepresent the max and min values.

By comparing figures 8 and 9 the similarities ie #olution are apparent. They both
have the same slight pressure disturbance at tleevgtere the new pore is emerging,
and have a large pressure spike located at théetlrophe pressure spike is slightly
narrower in figure 9 as a result of the increasswlution; however the trends remain the
same. It can be concluded that the mesh sizeah#sh scales present in the study have
a minimal effect on the solution and thereforertiesh size of 10 microns will be used in

the remainder of the study.
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4.2 Validation of the Dynamic Contact Angle Model and Base
Case Simulations
Prior to performing the simulations, the dynamiate@t angle code is validated against a

well documented two-phase problem. The case selésta water droplet impacting a
horizontal surface. After validating the use alymamic contact angle model,
simulations corresponding to three “Base case”a&tes relevant to fuel cells will be
presented. Three different boundary condition €agsre examined in order to verify the
validity of using the dynamic contact angle code@®pared to the standard static
contact angle formulation currently being usedhmy¢ommercially available codes. The
static contact angle in each of the cases wasduoelstant at 110 degrees. The air speed

and the water injection velocity were altered thiace a variety of test conditions.

4.2.1 Droplet Impacting a Horizontal Surface
The validation case of a water droplet impactifgazontal surface was chosen because

it is a well documented two-phase case. The wb&ilalo and Ganic [17] documents
droplets impacting horizontal and inclined surfacébe case of interest for validating
the droplet impact dynamics is the impact of a wdteplet onto a horizontal wax
surface. The simulation was run using the stangttit contact angle code as well as
the dynamic contact angle code. These simulaBomsompared against the high speed
camera images of Sikalo and Ganic. The imagesfos@bmparison are shown in figure

10.
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t=57ms
am——
t=7.8 ms

(&) t=11.0ms

Figure 10: Water droplet impacting a wax surface experimental (camera) and simulation (red) [17]

The numerical simulation was first run using thensliard static contact angle model.
Then the case was run using the user defined fumptioviding a dynamic contact angle.
First the static and dynamic contact angle modelscampared, and then the dynamic
contact angle model is compared with the camerg@sahown in figure 10. It should
be noted that the photographs do not provide anratxview of the droplet cross-
section. The blurred regions, most prevalentriretsteps 1.95, 5.7 and 7.8ms, are
introduced due to the depth of the image field.ly@me sharp edges should be
considered in evaluating the droplet profile, asithegular nature of the droplets leading
edge and the various depths in the cameras fieltsmn.

The droplet model used for comparison uses the samgitions as those present in the
camera images. The droplet size is 2.7mm and thlebél number is 90, which results
in a droplet velocity of approximately 1.57m/s. tiigs 11 and 12 show the dynamic and

the static contact angle models respectively.
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4.2.1.1 Dynamic and Static Contact angle comparison
The numerical model was two dimensional with arsa&yimmetric boundary condition
along the x axis. The droplet is initialized a& foint of the droplet impacting the
surface. The velocity of the droplet was choseactieve a Webber number of 90, with

a droplet diameter of 2.7mm. The plots are shawfigures 11 through 22.
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Figure 11: Droplet impact, dynamic contact angle, 0.15ms (length in m)
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Figure 12: Droplet impact, static contact angle, 0.15ms (length in m)
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Figures 11 and 12 show little difference at thidyeame step between the static and
dynamic contact angle simulations. The blue regdully saturated with the water
phase and the white region is air only. The dropdes just hit the surface and is
spreading along the surface as the droplet impddts. high velocity of the droplet at the
time of impact results in the spreading of the tebpThe static case shows a taller
droplet edge emerging at the bottom of the droplée would expect that bulge to be

smaller as the surface is a wetting surface.
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Figure 13: Droplet impact, dynamic contact angle, 0.6ms (length in m)
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Figure 14: Droplet impact, static contact angle, 0.6ms (length in m)

Figures 13 and 14 show the droplet as it has eddivéhe later time step of 0.6ms.
Again the droplet shows faster spreading with tymadhic contact angle, as compared to
the static contact angle model. The droplet iskjyispreading out with a smaller
leading edge droplet profile. This is to be expddas the dynamic contact angle

produces a higher contact angle when the threeept@m#act line is in forward motion.
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Figure 15: Droplet impact, dynamic contact angle, 1.95ms (length in m)
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Figure 16: Droplet impact, static contact angle, 1.95ms (length in m)

Figures 15 and 16 show the droplet as it stantedoh its largest size at a time of 1.95ms.
The dynamic contact angle results in a thinneritepddge with a more distinct leading
ridge. The static contact angle formulation resiritan irregularly shaped profile with a

square looking leading edge. This is not seeeahexperiments.
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Figure 17: Droplet impact, dynamic contact angle, 5.7ms (length in m)
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Figure 18: Droplet impact, static contact angle, 5.7ms (length in m)

Figures 17 and 18 show the simulations at thegelstrradius, just before the droplet
contact line begins receding. Both static and dynaimulations exhibit similar trends,
with the droplet spreading out into multiple ridgekhe dynamic contact angle model has
a large leading edge ridge and smaller inner dtojages. The static contact angle

model is similar, but with larger inner ridges.

Figure 19: Droplet impact, dynamic contact angle, 7.8ms (length in m)
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Figure 20: Droplet impact, static contact angle, 7.8ms (length in m)

At a time of 7.8ms, the droplets are now retreaiirig a shape closer to the equilibrium
shape. The dynamic contact angle shows the dropdeing back towards the center

with the droplet sloped towards the center axise Static contact angle model shows an

almost flat outer face.

The final time step, at 11 milliseconds, is showrigures 21 and 22.
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Figure 21: Droplet impact, dynamic contact angle, 11ms (length in m)
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Figure 22: Droplet impact, static contact angle, 11ms (length in m)

Comparing the two plots at the final time step we a similar trend; however, the static
contact angle model results in a cone shaped draphereas the dynamic contact angle
model produces a more irregular shape. The dyneomtact angle model results in a

lower rebound height and droplet separation. Tmachic contact angle model does

appear to model the dynamics of the water motioreraccurately.

4.2.1.2 Comparison with Experimental | mages
The dynamic contact angle model is compared wighettperimental images in figures

23 through 28.
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Figure 23: Droplet comparison of experiments (left) and numerical droplet shape at t=0.15ms

Figure 23 shows the droplet just after impact. étkpents show the edge of the droplet
contact line has a small bulb shape. This is eiyced in the numerical and experimental
images, with a near spherical droplet shape irfbthie of the droplet and a small leading

edge lip at the contact point.

Figure 24: Droplet comparison of experiments (left) and numerical droplet shape at t=0.6ms

Figure 24 shows the droplet as it is approximately impacted with the surface. The
top portion of the droplet retains its near sptarshape, with the contact line edge
spreading out in a radial direction. Again theexpental and numerical droplet profiles

are very similar.

e &

Figure 25: Droplet comparison of experiments (left) and numerical droplet shape at t=1.95ms.
Blurred regionsindicate out of plane droplet profiles obscuring the centerline plane profile.
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Figure 25 shows the droplet spreading across ttiacgu The body of the droplet is
humped, with a leading edge droplet ridge. Thditepedge ridge in both images is very

prominent, showing a similar profile.

Figure 26: Droplet comparison of experiments (left) and numerical droplet shape at t=5.7ms.
Blurred regionsindicate out of plane droplet profiles obscuring the centerline plane profile.

Figure 26 shows the droplet at its most extende@esh The profile in the image seems
to show the droplet edge has already reachedrgsdaradius. The contact line is
beginning to change contact angle from its advanmreceding angle. The two images

are very similar as they both show an uneven edgédegy with multiple ridges.

Figure 27: Droplet comparison of experiments (left) and numerical droplet shape at t=7.8ms.
Blurred regionsindicate out of plane droplet profiles obscuring the centerline plane profile.

Figure 27 shows the droplet as it is returning tboger representation of the equilibrium
profile. The simulation shows a higher reboundifgdhan the experimental image
shows. The simulation clearly shows the advanamgjreceding contact angles. Itis
worth noting that the outer contact line anglesvery similar. The experimental image
also seems to show a profile supporting a dropigtas compared to a disk shape. This
is to be expected as the material is hydrophohit, avcontact angle larger than ninety

degrees.
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Figure 28: Droplet comparison of experiments (left) and numerical droplet shape at t=11ms

Figure 28 shows the droplet at its rebound shaje images both show a rather random
droplet profile, with the tip tending towards segg@n. The assumption of an axis-
symmetric profile is not correct which leads to th&crepancies between the images.
The series of figures show that the dynamic corgagte model is able to predict the
droplet profiles with a relatively high degree ataracy. Therefore, the dynamic contact
angle model will be used in the simulations ofdneplets in a flow channel. A number
of validation cases will be presented represerdingriety of different flow conditions in

a fuel cell flow channel.

4.2.2 Flow Channel Base Case One
The first base case to be examined uses an atityetd U=10m/sec, and a water

injection rate U=0.04m/sec. These values are itjfieelt air and water injection
velocities that will be examined in this study. igtiscussion is made in light of some
preliminary unpublished experimental data obtaimelkouse [18].

The static contact angle formulation provides ieséing droplet growth characteristics.

The droplet profile at two milliseconds is showrfigure 29.
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Figure 29: Phase boundary static contact angle, 4cm/swater injection, 10m/sair speed at a time of
2ms, water droplet emerging from a pore

It can be seen from figure three that the dropletvg in a near spherical shape out of the
pore. This is an artifact of the static contaalarboundary condition, which forces the

droplet into an unphysical shape. Figure 30 shaw®t of the pressure through the

channel for the same time step.
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Figure 30: Pressuredlice (in Pa) static contact angle, 4cm/swater injection, 10m/sair speed at atime
of 2ms, water droplet emerging from a pore

Figure 30 illustrates the pressure distributioama around the water droplet. There is a
high-pressure region at the trailing edge of thaphiit, and a high-pressure wave ahead of
the droplet where the air contacts the large spakdroplet.

Comparing these plots to those produced by therdimeontact angle at the same time

step demonstrates the improved physics resultorg the dynamic contact angle
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implementation. Figure 31 shows the phase bourfdathe dynamic contact angle

model.

s

o

Figure 31: Phase boundary dynamic contact angle, 4cm/swater injection, 10m/sair speed at a time of
2ms, water droplet emerging from a pore

Note how the droplet forms an elongated shape ditgrirom the pore. This elongated
droplet profile is consistent with preliminary exjpeental data and highlights the
necessity of accounting for the dynamic contacteamgthe numerical solution. The

pressure plot at this same time step is showrgirdi 32.
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Figure 32: Pressuredice (in Pa) dynamic contact angle, 4cm/swater injection, 10m/s air speed at a
time of 2ms, water droplet emerging from a pore

The pressure plot for the dynamic contact angleaha®re realistic profile. The pressure
within the droplet is higher than outside, but remaelatively uniform. There is no
upstream pressure front as seen in the static case.

Next the same case is evaluated at a later tinpe $tigure 33 shows the phase boundary

at three milliseconds.
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Figure 33: Phase boundary static contact angle, 4cm/swater injection, 10m/sair speed at a time of
3ms, water droplet emerging from a pore

The spherical shape of the droplet is very prevatefigure 33. As time evolves the tail
grows thinner and the droplet forms a nearly pérdpberical shape. The droplet
continues downstream with the same spherical sasypiee new droplet begins to form a

spherical shaped head. The pressure plot atame sime-step is shown in figure 34.
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Figure 34: Pressuredlice (in Pa) static contact angle, 4cm/swater injection, 10m/sair speed at atime
of 3ms, water droplet emerging from a pore

The pressure plot in figure 34 shows the unbalapcesisure field around the detaching
droplet. These pressure variations are not exgectd are therefore non-physical
defects of the static contact angle simulation.thsdroplet detaches, the same pressure
front remains at about a two thirds of the heighthe droplet.

Figure 35 shows the phase boundary for the dynaaritact angle at the same time-step.
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Figure 35: Phase boundary dynamic contact angle, 4cm/swater injection, 10m/sair speed at a time of
3 ms, water droplet emerging from a pore

The droplet has attached to the nearest side wature 35. The different contact

angles can still be seen between the leading ailohty edge. The droplet continues

downstream moving with the erratic nature seehéneixperiments. Figure 36 shows the

pressure slice for the same conditions.
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Figure 36: Pressuredlice (in Pa) dynamic contact angle, 4cm/swater injection, 10m/s air speed a time
of 3ms, water droplet emerging from a pore

The nearly constant pressure field within the deo clearly visible in figure 36. The
pressure wave seen in the static case is not pinestre plot.

The next step in comparing the static and dynammtact angle is through pressure
plotted along the centerline axis. The plane dsedomparison runs down the channel

length parallel with the sides of the flow chann&he plane is equidistant from both
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sides of the channel and therefore runs down thecef the pore as well. The pressure

plot for the static case is shown in figure 37.
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Figure 37: Pressure plot static contact angle, 4cm/swater injection, 10m/sair speed at a time of 3ms.
The curvesrepresent the max and min values.

The pressure plot is taken at three millisecondigchvcorresponds to the droplet just
being shed. The two lines in the pressure plgilaysthe maximum and minimum value
of the pressure in that slice. Note the s-bengealrathe pressure plot. This profile is

not expected, as the pressure should jump sulatgrscross the boundary of the
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droplet. Figure 38 shows the pressure curve ®dinamic contact angle at the same

boundary conditions.
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Figure 38: Pressure plot dynamic contact angle, 4cm/swater injection, 10m/s air speed at a time of
3ms. The two curvesrepresent the max and min values.

The figure clearly shows the two pressure spikgeeted. At three milliseconds the first
droplet is moving downstream and the second drdyalstemerged from the pore. This
trend of large pressure variations at the dropgetsore like the theory would suggest

than the static contact angle plots. The dynamintact angle model predicts a slightly
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lower pressure drop of 330 Pa compared to the 358sBmated by the static contact
angle model. This lower pressure drop can bebated to the more streamlined droplet
shapes for the dynamic contact angle case.

The various plots show the advantages of the dynmaomtact angle model as compared
to the static contact angle for the first validatzase.

4.2.3 Flow Channel Base Case Two

The second base case is similar to the first amehs a slower water injection rate of
V=0.02m/sec. The results are generally similgdhtse seen in the faster water injection
rate. The static contact angle results in sphledicglet formation and shedding. The

spherical growth can be seen in figure 39.
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Figure 39: Phase boundary static contact angle, 2cm/swater injection, 10m/sair speed at a time of
2ms, water droplet emerging from a pore
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It can be seen in figure 39 that the droplet graprereating a near spherical shape
despite the shear forces acting on the free sudattee droplet. The spherical shape is
an artifact of the static contact angle as disaligséhe previous section. The pressure

plot for this same case is shown in figure 40.
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Figure 40: Pressuredlice (in Pa) static contact angle, 2cm/swater injection, 10m/sair speed at atime
of 2ms, water droplet emerging from a pore

The pressure irregularities within the droplet barseen downstream of the pore. There

is also a slight pressure wave upstream from tie @® the air contacts the growing
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water droplet. Note also how the contact anglihefdroplet is the same for the leading
and trailing edge of the droplet.

The dynamic contact angle formulation results mae realistic water droplet evolution.

The phase boundary can be seen in figure 41.

Figure 41: Phase boundary dynamic contact angle, 2cm/swater injection, 10m/sair speed at a time of
2ms, water droplet emerging from a pore

Comparing figures 39 and 41, the dynamic contagteamodel produces a more
elongated droplet that is evolving in the downstrefirection. The leading edge sees a
higher (advancing) contact angle as the contaetd@locity increases, creating the more

realistic droplet movement. The pressure plotlicg same case is shown in figure 42.
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Figure 42: Pressureplot (in Pa) dynamic contact angle, 2cm/swater injection, 10m/s air speed atime
of 2ms, water droplet emerging from a pore

Comparing figures 40 and 42 it can be observedthigapressure rise upstream of the
droplet is smaller and the pressure distributiothivithe droplet is more uniform. The
droplet shape is therefore closer to its equilitridue to the more uniform pressure,

consistent with a better droplet shape development.
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These trends continue as the time evolves. Thespre plots will not be repeated for the
following time steps because they show the sanmel$ras the first time step as well as
the first base case.

For further verification the droplets are analya¢dhe point at which the droplet
detaches from the pore and continues downstreagure=43 shows the phase boundary

slightly after droplet detachment.

Figure 43: Phase boundary static contact angle, 2cm/swater injection, 10m/sair speed at a time of
3.2ms, water droplet emerging from a pore

Note how the droplet separates completely fronptire and flows downstream in a
nearly spherical form. Figure 44 shows the dynatoittact angle model at the same

time step.
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Figure 44: Phase boundary dynamic contact angle, 2cm/swater injection, 10m/sair speed at a time of
3.2ms, water droplet emerging from a pore

The droplet forms a tail as it separates from three p The main droplet has a similar
profile as a droplet falling in freefall, as it septes with a rounded head and a tapered
body indicative of strong shear force effects iretliby the air flow. When comparing
figures 43 and 44 the difference is clearly visibléhe elongated droplet at the time of
shedding is consistent with the trend seen in exygsrtal data, again proving the
advantage of the dynamic contact angle formulation.

The final phase boundary comparison, at the ab@mtedsboundary conditions, for static
versus dynamic contact angle is shown at a futthes step. Figure 45 shows the static

case at 5ms where an interesting phenomenon arises.
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Figure 45: Phase boundary static contact angle, 2cm/swater injection, 10m/sair speed at a time of
5ms, water droplet emerging from a pore

This time step shows the static case just as th@eirdetaches for the second time. Note
the floating small spherical droplet further dowaam. This floating droplet is common
in static contact angle volume of fluid simulatiorisis a result of the lift over the nearly
spherical body shape and the rigid nature of tie@mentation of the static contact

angle. Figure 46 shows the dynamic contact angléeinat the same time step.
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Figure 46: Phase boundary dynamic contact angle, 2cm/s water injection, 10m/sair speed at a time of
5ms, water droplet emerging from a pore

Note the downstream droplet is fully attached d@upstream droplet is elongated,
again as experimental data would suggest. Loakimgessure plots as the droplets
detach and move downstream in the channel willideothe next method of comparison.

Figure 47 shows the downstream pressure profietiate of one millisecond.
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Figure 47: Pressure plot static contact angle, 2cm/swater injection, 10m/sair speed at a time of 1ms.

This plot correlates to single phase flow in a efe@nd gives an indication of what the
pressure profile is like in a channel without apded forming. Figure 48 shows the same

time step, but is for the dynamic contact angle ehod
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Figure 48: Pressure plot dynamic contact angle, 2cm/swater injection, 10m/s air speed at a time of
Ims.

It can be seen by comparing figures 47 and 48tkieatlynamic contact angle code does
not disturb the pressure field in the absenceqoiidi water droplets. This is to be
expected as the code is not supposed to have @ty eh the airflow besides modifying
the droplet shape by altering the contact angleerdfore, the dynamic contact angle

code does not display unwanted effects on the r@ngaflow field.



63

To look at the effect of the dynamic contact anglplementation as compared to the
static contact angle the pressure plots were obdat/the point just before the droplet

detaches. Figure 49 shows the pressure plot éosttitic contact angle model.
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Figure 49: Pressure plot static contact angle, 2cm/swater injection, 10m/sair speed at a time of 3ms.

The two curves represent the maximum and minimwursgure values in the centerline
plane as described earlier. Note the s-bend areaged at the location of the droplet.
This trend is not what would be expected as thegure is observed slicing through the

droplet. The pressure should spike sharply atitbplet interface due to the surface
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tension. Figure 50 shows the pressure plot fodffmamic contact angle model at the

same conditions.
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Figure50: Pressure plot dynamic contact angle, 2cm/swater injection, 10m/s air speed at a time of
3ms.

The clearly identifiable pressure spike is presertihe plot. This is the pressure jump as
the phase boundary is crossed. The total predpessure drop for the dynamic case is
again lower than the static case at 285 Pa andP@I@spectively.

As in the first base case the data in the secoldiatimn case indicate that the dynamic

contact angle model provides better agreementtwétactual fluid dynamics.
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4.2.4 Flow Channel Base Case Three
The third base case has a slower air speed assvalslower water injection velocity.

The third case uses an air speed U= 4m/sec antkea mwgection velocity V=0.01m/s.
This case will test the model for fuel cell opangtconditions leading to flooding.
The water droplet at this low air velocity growstle same manner as the higher air

speeds but grows to much larger proportions. Thplet at two milliseconds can be

seen in figure 51.

C

Figure51: Phase boundary static contact angle, 1cm/swater injection, 4m/s air speed at a time of
2ms, water droplet emerging from a pore

Again the droplet displays the clear spherical shapit grows from the pore. The

pressure plot for this time-step can be seen iré¢?2.
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Figure52: Pressuredlice (in Pa) static contact angle, 1cm/swater injection, 4m/sair speed at atime
of 2ms, water droplet emerging from a pore

The pressure plot shows pressure oscillations etettding and trailing edges of the
droplet as well as large pressure differentialiwithe droplet.
In order to provide a comparison the phase bounidarhe dynamic contact angle can

be seen in figure 53.
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Figure 53: Phase boundary dynamic contact angle, 1cm/swater injection, 4m/sair speed at a time of
2ms, water droplet emerging from a pore

The droplet forms the elongated shape almost imawelgli as seen in the other two base

cases. The pressure varies in a more uniform ambtanic manner as seen in figure 54.



68

7~ \

NN REEEEEEEEENT

cP: 0 3 6 9121518212427 303336394246 4851 54 657 B0 636668 72 76

Figure 54: Pressuredlice (in Pa) dynamic contact angle, lcm/swater injection, 4m/sair speed at a
time of 2ms, water droplet emerging from a pore

The pressure within the droplet is more uniforrmttizat seen in the static case, shown in
figure 52. There is no pressure oscillation arotmeddroplet or a rising pressure field
within the pore. Pressure plots for later timgstshow the same trend, and for brevity
will be omitted for the remainder of the third basese.

Next the models are evaluated at ten millisecorulsnwhe channel is flooded with

water. The phase boundary for the static caseeis m figure 55.
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Figure 55: Phase boundary static contact angle, 1cm/swater injection, 4m/sair speed at a time of
10ms, water droplet emerging from a pore

Even at the point of flooding in the channel thepdet still maintains its quasi-spherical

shape. The dynamic contact angle model does ndupe this shape, as shown in figure

56.
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Figure 56: Phase boundary dynamic contact angle, 1lcm/swater injection, 4m/sair speed at a time of
10ms, water droplet emerging from a pore

The flooding water produces a saddle shape asvesimrough the channel. This trend
is congruent with experimental trends, where flogdireates a coating across the surface
instead of very large spherical droplets. The kitogt the point of detachment for the

static contact angle is seen in figure 57.
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Figure 57: Phase boundary static contact angle, 1cm/swater injection, 4m/sair speed at a time of
13ms, water droplet emerging from a pore

The spherical shape is quite noticeable in figuteahd is not realistic, showing again the
need of a dynamic contact angle model.

Each of the three base cases has shown the despletion and shedding from the pore.
In each case, static contact angle simulationdtriesquasi-spherical droplets and, at
times, lifting off and floating from the surfac&@he dynamic contact angle model, on the
other hand, results in elongated droplets that rem#ached to the surface. The pressure
plots and curves both show unrealistic pressurgl@savith the static contact angle,
whereas the dynamic contact angle model providesls matching expectations and
available observations. Having established theawvgd physical representation

resulting from the dynamic contact angle modelapuaatric studies are next presented for

the three model inputs.
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4.3 Effect of Air Speed
All simulations presented here and in the next $@ctions are performed using the

dynamic contact angle model. The first parametaluated is the effect of air speed on
the droplet evolution. The air speed into the fldvannel is one of the most commonly
used tools in the fuel cell designer’s toolboxdealing with water management in a fuel
cell. Higher airflow should result in smaller dlepsizes and more frequent shedding.
The higher airflow comes at the cost of increagestiesn requirements due to the larger
pressure drops, including parasitic losses, irchanel and the higher pumping volume.
The two cases to be examined have a static coamagtt of 110 degrees and a water
injection velocity V=0.02m/sec. The first casesiaa air V=10m/sec where the second

case uses V=4.4m/sec. The phase boundary foirshedse can be seen in figure 58.

i
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Figure 58: Phase boundary, 2cm/swater injection, 10m/s air speed at a time of 4ms, water droplet
emerging from a pore
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The phase boundary for the second case, with therlair speed, is shown in figure 59.

2

Figure 59: Phase boundary, 2cm/swater injection, 4.4m/sair speed at a time of 4ms, water droplet
emerging from a pore

When comparing figures 58 and 59 the effect ofdin@elocity can clearly be seen. The
lower air velocity results in droplet approximatelguble in size of those produced at the
higher air velocity. To further illustrate the fdifences between the two air velocities, a

later time step is examined. Figures 60 and 6Wshe two cases at five milliseconds.
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Figure 60: Phase boundary, 2cm/swater injection, 10m/sair speed at a time of 5ms, water droplet
emerging from a pore
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Figure 61: Phase boundary, 2cm/swater injection, 4.4m/sair speed at a time of 5ms, water droplet
emerging from a pore

Again the slower air speed case, in figure 61, shianger water droplets that shed at a
lower frequency. The higher air speed case, ir&@0, shows smaller more uniform
droplets. It can be seen that at the lower aiegdplke channel is on the verge of flooding,
as the droplet sizes are approaching the dimensidihe channel. The higher air
velocity does result in much better droplet remphkialvever, this effectiveness comes at
the cost of an increased pressure drop. The peephats for the two cases can be seen

in figures 62 and 63.
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Figure 62: Pressure curve, 2cm/swater injection, 10m/s air speed at a time of 4ms. The two curves
represent the max and min values.
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Figure 63: Pressurecurve, 2cm/swater injection, 4.4m/sair speed at a time of 4ms. The two curves
represent the max and min values.

By comparing the two pressure curves it can be deasrthe lower air speed case, in
figure 63, produces many more pressure spikesaltietnumerous droplets in the flow
channel. The high air speed case, in figure 6@wslonly one spike because the pressure
is only tracked down the channel centerline asudised previously. The second droplet
is offset from the centerline and is thereforeinotuded in the plot. There is one very
important item to note from comparing the two caamas that is the estimated pressure

drop. Despite the numerous droplets in the floanctel the low air speed case has a
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pressure drop of 120Pa. This is drastically Iaas the pressure drop for the high air
speed case where the pressure drop is 285Pa.
As a final evaluation of the effect of the air spp@esaturation coverage area comparison

was preformed. Figure 64 shows the coverage asetigie progresses.
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Figure 64: Percent gasdiffusion layer coverage area over timefor 10m/sand 4.4m/s air velocities, for
2cm/swater injection velocity and 110 degr ee contact angle.

The figure shows a clear advantage to having aehnigin velocity. The coverage area of
the gas diffusion layer for the high speed aiesslthan a third of the coverage area for
the slower air velocity.

The trade-off of increasing the air speed is cleprésented in these two cases. The
higher air velocity results in smaller more unifodnoplets that are shed at a higher
frequency. This advantageous shedding charadtermines at the cost of a drastically
larger pressure drop through the channel. Therlawespeed case had larger droplets
that remained in the channel for longer; however,dgressure drop including these

droplet was still less than half that of the fasspeed case. Analysis would have to be
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performed on the effects of gas diffusion layerev@bverage as compared to reactant

flow transport in order to determine the best ofpegascenario.
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4.4 Effect of Water Injection Rate
The next parameter to be evaluated is the effettteoivater injection rate on the system.

In an operating fuel cell the water entering tharotel through the gas diffusion layer
would vary as a function of current density. Thses used to observe the effect of the
water injection rate have a static contact afgtd¢10°, and an air speed U=10m/sec. The
higher air speed was chosen because the lowgresdsvas on the verge of flooding and
so the results of the water injection rate aloneldmot be as easily discernable. Figure
65 shows the phase boundary for the water injectitenV=0.04m/sec at two

milliseconds time step.
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Figure 65: Phase boundary, 4cm/swater injection, 10m/sair speed at a time of 2ms, water droplet
emerging from a pore

The phase boundary for the slower injection ratevofcentimeters per second is shown

in figure 66.
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Figure 66: Phase boundary, 2cm/swater injection, 10m/sair speed at a time of 2ms, water droplet
emerging from a pore

The differences between the two droplet shapesasity observed due to the halving of
the water injection rate. To examine the drophetpe at a similar volume as the fast
injection rate the slow injection rate is obserat®.2 milliseconds in figure 67. At four

milliseconds the water droplet has already beed shthe slower water injection case.
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Figure 67: Phase boundary, 2cm/swater injection, 10m/s air speed at a time of 3.2ms, water droplet
emerging from a pore

By comparing figures 65 and 67 it can be seenttietiroplet shape remains similar,
with the droplet leading edge moving downstreamitepa tail attached to the pore. The
droplet detachment frequency of the slow watercinga velocity (approximately 280Hz)
is nearly half that of the higher injection velgotase (approximately 500Hz). Both
cases show a slight instability in the droplet posiacross the channel, with a tendency
for the flow to become asymmetric. This is causgdthe nature of the dynamic contact
angle definition. As the contact line velocity ieases the dynamic contact angle
increases. The increased contact angle resudt$ower resistance to droplet motion and
thus the contact line velocity increases. Thequneson the side of the droplet damps

these oscillations out as the droplet moves tosmhe of the channel. This effect is
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definitely more prevalent in higher water injecti@tes due to the higher contact line
velocities involved. It should be noted that teedency to asymmetric flow patterns is
also observed experimentally, and is caused byigdlyserturbations due to the

geometry, surface, or inlet flow conditions. Theplet profile for the two cases at a

later time step can be seen in figures 68 and 69.

Figure 68: Phase boundary, 4cm/swater injection, 10m/sair speed at a time of 3ms, water droplet
emerging from a pore
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Figure 69: Phase boundary, 2cm/swater injection, 10m/s air speed at a time of 5ms, water droplet
emerging from a pore

The higher injection velocity case, in figure 6Bows that the droplets are irregularly
shaped and relatively large as they detach. TWwerlavater injection velocity provides
smaller more uniform droplets. The two time steipsw that the droplet profiles and the
shedding characteristics are relatively similahe pressure curves for the two cases can

be seen in figures 70 and 71.
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Figure 70: Pressure curve, 4cm/swater injection, 10m/s air speed at a time of 2ms. The two curves
represent the max and min values.
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Figure 71: Pressurecurve, 2cm/swater injection, 10m/s air speed at a time of 4ms. The two curves
represent the max and min values.

The pressure drop through the channel is the santbd two cases, as the droplet shapes
and the air velocities at similar droplet stages\aflution are evaluated. This makes
intuitive sense because the parameters effectegspre drop are the air velocity, the
profile of any obstacles and overall saturatiothim flow channel.

The final evaluation of the effect of the watelertjon rate, based on the coverage area

of the gas diffusion layer, can be seen in figute 7
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Figure 72: Percent gasdiffusion layer coverage area over timefor 2cm/sand 4cm/swater injection
velocities, for 10m/sair velocity and 110 degr ee contact angle.

The figure shows that a lower water injection vélpdoes provide less coverage of the
gas diffusion layer. The effect is not as prevaémthe effect of the air velocity as seen
in the previous section; however, it does showngprovement.

The evaluation of the two cases leads to the cermiuhat the effect of the water
injection rate on the droplet dynamics is relatpmalinor in comparison to the other
model parameters. This conclusion agrees witloliservations of Theodorakakos et al.

[9]. The only noticeable effect is on the waterpled shedding frequency.
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4.5 Effect of the Static Contact Angle
The final parameter to be explored is the effegnhotlifying the static contact angle. We

recall that the static contact angle is the basislétermining the dynamic contact angle,
as the Hoffman function modifies the static contatjle to the dynamic contact angle
through the contact line velocity.

The two cases chosen for comparison have an amféocity of U= 4.4 m/sec and a
water injection velocity of V=0.02 m/sec. The ficase to be explored has a static

contact angle df<=110°, and the phase boundary is shown in figure 73

Figure 73: Phase boundary, 110-degree cont. angle, 2cm/swater injection, 4.4m/s air speed at atime
of 6ms, water droplet emerging from a pore
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It can be seen from figure 73 that the 110-degoe¢act angle results in a nearly flooded
flow channel. The droplets grow to about half thannel size then detach from the pore.
The droplets then slowly work their way out of ftev channel. Figure 74 shows the

130-degree contact angle case at the same time step

hi

CH

Figure 74: Phase boundary, 130-degree cont. angle, 2cm/swater injection, 4.4m/s air speed at atime
of 6ms, water droplet emerging from a pore

The more hydrophobic 130-degree contact angle nsiuels a much cleaner droplet
profile with one oblong droplet forming at the porks time evolves the droplet detaches
from the pore and moves downstream. The advamtagaving a higher contact angle is
clear from the model. This result is consisterthweixperimental work suggesting that
higher hydrophobicity results in better dropletddliag. The pressure drop in the higher
contact angle model will be lower due to the desedadroplet coverage and decreased

pinning force. The plots of the pressure profdas be seen in figure 75 and 76.
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Figure 75: Pressure curve, 110-degree cont. angle, 2cm/swater injection, 4.4m/sair speed at a time of
6ms. The two curvesrepresent the max and min values.
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Figure 76: Pressure curve, 130-degree cont. angle, 2cm/swater injection, 4.4m/sair speed at a time of
6ms. The two curvesrepresent the max and min values.

The pressure drop in the 110-degree contact angtehis 136Pa compared to 120Pa for
the 130-degree contact angle model. This corelatdl with the expected results. The
flooding characteristics of the lower contact angledel results in a greater pressure

drop in the channel.
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The final evaluation will be based on the waterazage area of the gas diffusion layer.
Figure 77 shows the effect of the static contagteann the percent coverage of the gas

diffusion layer.

40.0% Coverage Area Over Time

35.0% A
30.0% A
25.0% +
20.0% -
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Percent Coverage area
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0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
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Figure 77: Percent gasdiffusion layer coverage area over timefor 110 and 130 degr ee contact angles,
for 10m/sair velocity and 2cm/swater injection velocity.

The advantages of having a higher contact anglelesely visible in the two cases
observed. Analysis would have to be performedcherperformance loss due to added
hydrophobic material in the gas diffusion layeheTdecrease in porosity does affect the
cell performance, so the balance of performancedog to decreased reactant transport

and the performance gain due to decreased chdoodirfg would have to be found.
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4.6 Flow Circulation within the Droplet
In the experimental work performed by Grant Minbak [7] a re-circulating flow field

was observed in a droplet subjected to airflowis Bffect was also observed in the
dynamic contact angle numerical simulations. Qredsisualization can be seen in
figure 75, where the red region represents airthadlue region represents water. The

vectors are scaled according to their velocity areshown as the black arrows.

Figure 78: Droplet flow vectors side view, 130 deg. cont. angle, 4.4m/sair vel., 2cm/swater vel. at 6ms
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The vectors in figure 75 are scaled according &ir fitow velocity, making the directions
of the vectors in the plot more difficult to seko see the trend more clearly a vector map

is shown in figure 76 with a uniform vector lengiidicating only the flow direction.

Figure 79: Droplet uniform vectors side view, 130 deg. cont. angle, 4.4m/sair vel., 2cm/swater vel. at
6ms

The re-circulating pattern can clearly be seermanfigure 75 it is shown that though the
relative velocity of the water within the droplstlow in comparison to the air speed, it is

not negligible. The front view of the same droah be seen in figure 77.
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Figure 80: Droplet flow vectorsfront view (across channel), 130 deg. cont. angle, 4.4m/sair vel.,
2cm/swater vel. at 6ms

The twin re-circulating patterns can clearly bensieefigure 77; however, for further

clarity on the flow pattern figure 78 shows the sgwosition with uniform vector length.
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Figure 81: Droplet uniform vectorsfront view (across channel), 130 deg. cont. angle, 4.4m/s air vel.,
2cm/swater vel. at 6ms

The pattern is not perfectly symmetrical aboutdhaplet centerline because the droplet
is slightly attached to the one wall. However, tireulation within the droplet does
create two distinct circulation cells as the pregiovorks found experimentally [7]. The
reproduction of this feature by the dynamic contargle model points again to the

satisfactory physical realism of the model.
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5 Summary and Conclusions

An improved representation of the contact line awyita for two-phase flows was
achieved by implementing the dynamic contact angddel of Hoffman [13] into the
volume of fluid module of the Fluent commercial CE@de.

The dynamic contact angle model was validated agé#ie experimentally documented
case of a droplet impinging on a horizontal surfathe model was also used to examine
three base cases of water droplets emerging igés dlow channel, corresponding to
various operating conditions of a polymer electimiyembrane fuel cell. The fastest
flow condition with the maximum air and water injeo rates of ten meters per second
and four centimeters per second respectively wakiated to see the model performance
in extreme circumstances. The model was alsodéste flooding condition of 4.4
meters per second air velocity and two centimgierssecond water injection velocity.

In each of the cases, the droplet profiles angthssure curves show a more realistic
representation of the droplet dynamics. The dism@egolve and detach from the pore
maintaining an elongated profile. The dropletsandaecome suspended, a common
drawback of the static contact angle models. Tkeesure curves show the expected
pressure spike at the droplet location, where thigcscontact angle model had only a
slight perturbation. The validation cases showdtheantages of the dynamic contact
angle model.

Parametric studies looked at the effects of aiedpwater injection velocity and static
contact angle. It was determined that the airaigl@nd the static contact angle have a
profound effect on the droplet dynamics. Fastespgéed results in smaller more uniform

droplet shedding, with no indications of floodinghe higher static contact angle case
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results in better water removal as the dropletsaresiin an oblong shape and do not coat
the surface as much as the lower contact angle.cadee variation in water injection
velocity yielded little to no difference in the get shape and shedding characteristics;
however, it did result ina significantly lower gdifusion layer coverage. The main
difference between the water injection velocityesawas the droplet shedding frequency
and the coverage area.

The velocity field inside the droplet was obseraed compared to the experimental
work by Grant Minor [7]. In agreement with expeeintal observations, it was found that
two distinct circulation cells are present in walewsplet as the air flows over the droplet
surface. The side view shows one large loop swgrtlockwise as the airflow promotes
the flow. The end view of the droplet shows twlsceith the center flow moving
towards the bottom of the channel and the outee édws circulating towards the top of
the droplet.

The dynamic contact angle formulation provides plallk/ representative simulation of
liquid water dynamics. The implementation of tloele is relatively simple and stable.
By adding the dynamic contact angle model to cornesraksoftware packages, two-phase
fuel cell channel flow dynamics can be simulatederaxcurately. This added modeling
complexity comes with the added cost of increasedputational power; however, as the
increase in the number of computations requiredimsmal when the volume fraction is
minimal the total change in required computatigr@ker for most simulations would be
minimal.

Future work on model improvement should be focusethe implementation of the

effect of surface roughness on the static contagiea By determining the spatial map of
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the surface roughness for a gas diffusion layentbdification of the model can be
effectively implemented. The surface roughnessehauld allow for closer
approximation to the random nature of the gas siiffin layer, without the added

complexity of modeling each fibre of the diffusitayer.
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7 APPENDIX A — Fluent User Defined Program for

Dynamic Contact Angle

#include "udf.h"
#include "sg_mphase.h"
#include "sg_vof.h"
#include "sg.h"
#include "mem.h"

#define VISCOSITY 0.001

#define SURF_TENS 0.0728

#define MYTRUE 1

#define MYFALSE O

#define Hoff(x) acos(1-(2.0*tanh(5.16*(pow((x/(1+(1.31*pow(x, 0.99)))), 0.706)))))
#define static_Con_Ang 95.

#define index_source 3

/* This Code computes the normals of the VOF function*/

DEFINE_ADJUST(store_gradient, domain)
{
Thread *t;
Thread **pt;
cell_tc;
int phase_domain_index = 1; /* Secondary Domain */
Domain *pDomain = DOMAIN_SUB_DOMAIN(domain,phase_domain_index);
void calc_source();

Alloc_Storage_Vars(pDomain,SV_VOF_RG,SV_VOF_G,SV_NULL);

Scalar_Reconstruction(pDomain, SV_VOF,-1,SV_VOF_RG,NULL);

Scalar_Derivatives(pDomain,SV_VOF,-1,SV_VOF_G,SV_VOF_RgG,
Vof_Deriv_Accumulate);

mp_thread_loop_c (t,domain,pt)
if (FLUID_THREAD_P(t))

{
Thread *ppt = pt[phase_domain_index];

begin_c_loop (c,t)

{

calc_source(c,t);

}

end_c_loop (c,t)
}
Free_Storage_Vars(pDomain,SV_VOF_RG,SV_VOF_G,SV_NULL);
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void calc_source(cell_t cell, Thread *thread)

{

real VOF_Val[3], VOF_Mag, source, VOF_Norm[3];
Thread *phaset;
phaset= THREAD_SUB_THREAD(thread,1);

if(C_VOF(cell,phaset)!=0.0 && N_TIME > 1)

{

/* The gradients of the VOF function are found in the x,y and z dir. */

if (NULLP(THREAD_STORAGE(phaset, SV_VOF_G)))

}

Error("0");

VOF_Val[0]=-C_VOF_G(cell,phaset)[0];
VOF_Val[1]=-C_VOF_G(cell,phaset)[1];
VOF_Val[2]=-C_VOF_G(cell,phaset)[2];

/* The magnitude of the VOF gradients is found so it can be normalized

VOF_Mag=NV_MAG(VOF_Val);

if(VOF_Mag!=0.0)

{

VOF_Mag=NV_MAG(VOF_Val);
VOF_Norm[0]=VOF_Val[0]/VOF_Mag;
VOF_Norm[1]=VOF_Val[1]/VOF_Mag;
VOF_Norm[2]=VOF_Val[2]/VOF_Mag;

else

/* This is to avoid the divide by zero function*/
VOF_Norm[0]=0.0;
VOF_Norm[1]=0.0;
VOF_Norm[2]=0.0;
}

C_UDMi(cell,thread,0)=VOF_Norm[0];
C_UDMi(cell,thread,1)=VOF_Norm[1];
C_UDMi(cell,thread,2)=VOF_Norm[2];

source = 0.0;
C_UDMI(cell, thread, index_source) = source;

}

DEFINE_SOURCE(VOF_Norms, cell, thread, dS, eqn)

{

real source;

source = C_UDMI(cell, thread, index_source);

return source;

}

104

MessageO("N_TIME = %d, ....show-grad:Gradient of VOF is not available \n ", N_TIME);

*/
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/* This Define_profile code is designed to provide a dynamic contact angle for the VOF function*/
DEFINE_PROFILE(con_ang, t, pos)
{

/* First the various pointer variables are created*/

face_tf;

cell_tc;

real feta_d, vel_Val[3], cont_Line_Vel, VOF_Normal[3], cap_Num, static_Con_Rad, x_Bottom,
x_Top, x_Bisect, hoff_0ld, hoff_Cur, hoff_New, finish_Cond, inv_Hoff=0.0;

int notConverged, itNum;

Thread *t0,*pt;

/* This code is designed to find the zero for the inverted hoffman function by finding the zero */
/* of the function at which the hoffman function results in the static contact angle */
/* First the variables are assigned*/
notConverged=MYTRUE;
x_Bottom=0.001;

x_Top=2.0;

itNum=0;

static_Con_Rad=((static_Con_Ang*M_PI)/180.);

/* A while loop performs the bisection method, a simple but very stable zero finder */

while(notConverged)

{

/* The variables used in the bisection method are assigned and the hoffman */
/* functions are evaluated */
itNum++;

hoff_Old=(Hoff(x_Bottom)- static_Con_Rad);
hoff_Cur=(Hoff(x_Top)- static_Con_Rad);
X_Bisect=(x_Bottom+x_Top)/2.0;
hoff_New=(Hoff(x_Bisect)- static_Con_Rad);
finish_Cond=fabs(1-(x_Bisect/x_Top));

/* The loop ends when the relative error is less than 1e-8 and the inverse */
/* hoffman value is stored for use later */
if(finish_Cond<0.00000001 || itNum>10000000)

{

inv_Hoff=x_Bisect;
notConverged=MYFALSE;

}
/* Conditions for the bisection method
*/
if((hoff_Old*hoff New)<0.0)
{
x_Top=x_Bisect;
}
if((hoff_Cur*hoff_New)<=0.0)
{
x_Bottom=x_Bisect;
}
}
/* Now the main loop goes through all the faces in the boundary */

begin_f_loop(f,t)
{
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/* The cell and phase threads are isolated
c=F_CO(f,t);
tO=THREAD_TO(t);
pt= THREAD_SUB_THREAD(t0,1);
/* The main formulation is only applied if the VOF is >0
if(C_VOF(c,pt)!=0.0)

{

*/

}
else

{
}

end_f_loop(f,t)

#include "udf.h"

#if IRP_HOST

/* The velocities are recorded in each direction
vel_Val[0]=C_U(c,t0);
vel_Val[1]=C_V(c,t0);
vel_Val[2]=C_W(c,t0);

/* The VOF normals are brought in

VOF_Normal[0]=C_UDMI(c,t0,0);
VOF_Normal[1]=C_UDMI(c,t0,1);
VOF_Normal[2]=C_UDMI(c,t0,2);

/* The contact line vel. is calc from the dot product of VOF and Vel
cont_Line_Vel=NV_DOT(vel_Val,VOF_Normal);

/* The capillary number is found based on cont line vel.
cap_Num=rfabs((VISCOSITY*cont_Line_Vel)/SURF_TENS);

/* The dynamic contact angle is defined then stored in the profile
if(cap_Num+inv_Hoff<0.0)
{
cap_Nums=inv_Hoff;
}
feta_d=((Hoff(cap_Num-+inv_Hoff))*180)/M_PI;
F_PROFILE(f,t,pos)=feta_d;

F_PROFILE(f,t,pos)=static_Con_Ang;

initialization code for falling droplet:

/* This Define_init code makes a droplet at the origin*/
DEFINE_INIT(Drop_Init,mixture_domain)

/* First the various pointer variables are created*/
int phase_domain_index;
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*/

*/

*/

*/

*/

*/
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cell_tcell;

Thread *t;

Domain *subdomain;

real position[ND_ND],distance, dropCen[3],dropRad,;

/* The cells are all looped through */
dropRad=0.00135;

dropCen[0]=-1.0*dropRad;

dropCen([1]=0.0;

sub_domain_loop(subdomain, mixture_domain, phase_domain_index)
{
if (DOMAIN_ID(subdomain) == 3)

thread_loop_c(t,subdomain)

{
begin_c_loop_all(cell,t)
{
C_CENTROID(position,cell,t);
distance=sqrt((pow(position[0]-dropCen[0],2.0)+pow(position[1]-
dropCen[1],2.0)));
if(distance<dropRad)
{
C_VOF(cell,t)=1.0;
C_U(cell,t)=1.566815184;
}
else
C_VOF(cell,t)=0.0;
}
end_c_loop_all(cell,t)
}

#tendif
}
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8 APPENDIX B — User Defined Function Flow Chart

Else calculate the flow field and continue to nigattation

‘ Calculation begins — If the volume of fluid is gierathan zero begin the UDF's, ‘

ADJUST((store gradier

_________ Vo

Allocates storage for the flow 1
I variable: !

‘ Program calls DEFINE ‘

The vector of the VOF boundary i
called from the program

4

The vector is normalized to a unit
vector

The normalized vector is stored in
UDMI (user defined memory)

)

a

PROFILE(con ant

_________ o

: The inverse Hoffman function is 1
I found using a zero find :

‘ Program calls DEFINE ‘

The dot product of the velocity anp
the normal vector (accessed

location

through the UDMI) are used to get
the contact line veloci

I The flow field is calculated, then continue to nig&tation I
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9 APPENDIX C - Improved Droplet Balance Model
1. INTRODUCTION

The water management in a polymer electrolyte te#l is a critical issue in
ensuring high cell performance. The water productdue to electro-osmotic drag, in
the cathode side of the fuel cell leads to liquatev formation in the gas diffusion layer
and the reactant flow channel. If this water Isvaéd to accumulate in the fuel cell the
flow of reactants to the membrane assembly wilinbebited and cell performance will
suffer. This build up of excess water is refertedas flooding. The opposing design
constraint comes from the performance of the men#brassembly. The membrane
assembly is designed to operate within an optimatew saturation region. If the
membrane has less than the optimal water saturtdt@ononductivity decreases causing a
loss in performance. To balance these competiogiinements a system must be
designed to remove just the excess liquid watavihg enough water to hydrate the
membrane assembly. The design space can be sdejuie 1, where a droplet is
emerging from a pore into the gas flow channel.

The tight design requirement of balancing the watethe gas diffusion layer
displays a need for accurate water droplet stgbilibdels as a fuel cell design tool. The
droplet stability model described in the currentrkvés an analytically based model,

proposed as a modification to the model presengd€unbar and Mench [1].

2. MATHEMATICAL FORMULATION
2.1 Assumptions
The new model will assume the fluids are a contimuulo validate this assumption the

Knudsen number was checked. The criterion forragsy continuum is:
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Kn<10@ (5)

It can be seen that the Knudsen number for a dugiven as:

Kn:L

Dh

( i ] ©)
Kn = PN2RT

3

With air at 300k and a rectangular section:

Based on the above values the criterion is:

1107 (1 1)
e [t S

1.57410° (w h

11 (7)
(_+_jse3.53116

w h

Based on this criterion the model is valid for flaneas as small as 0.05mm x 0.023mm.
So the assumption is a valid one for traditionahflchannels.

2.2 Model Description

The proposed new model uses a different philosapay the Kumbur model. The force

balance will be performed for two different cases force balance on the droplet alone

will be used to estimate the point of instability the droplet. A force balance will also
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be performed on the control volume around the @tdl estimate the pressure drop over

that section of channel.

Shear Stress Forces
The first stage in the model development is toweste the shear on the droplet section.

The analytical representation for the average fl@ocity in a rectangular duct is given

as [2]:
L )4u
With:
_|1_64 o
o _[3 wrr° tanh( 2hﬂ ®)

It can be noted the exact solution to the rectargduct is given by an infinite sum;
however, the solution can be truncated to the fsh of the infinite series with minimal
induced error [2].

Isolating the change in pressure over the length:te

L) ng

The average shear stress over the surface canitpatesl using:

T:(Ejiz‘“_‘_ﬂ(ij (11)
L )T ng\r

Integrating the shear stress over the outer suifpm®ing the droplet gives a shear force

of:
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Fowr = | T Tl
A
AT
= hw )dx (12)
_ 4u uwd
shear hIB

This average shear stress value is integratedtbeesurface of the channel walls to get
the shear stress for that small section of chatanké used in the system control volume
force balance.

Next the drag over the droplet will be estimatéithe cross-sectional area and perimeter

over the droplet cross section, as seen in figure 2

A = mx(d - x) (13)

M =2m/x(d-x) (14)

Assuming that the density is constant and the ittanss smooth the shear stress on the

drop is:
_ _dau| mx(d-x) 15
TDroplet hzﬂ LZHWJ ( )

The droplet average shear stress will act tangenhdosurface so the x-direction is

isolated using trigonometry.

(ZJx(d—x)J (16)

Z-Droplet—x =7

Droplet

d

This shear stress is integrated over the sphesigéhce to get the shear stress acting in

the x-direction. This will be used as an estimatetie drag on the droplet.
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:I{A’U’u(m((d -x))[—ZV Kd-x) de an

h?g d
3d3ruu
drag 16h2ﬁ
Surface Tension

The next force in the force balance is the surfresion force, as seen in figure 3.
Noting that the surface tension acts in the dioectf the contact angle an expression for

the surface tension force is:

dFg_, =¥, cos(7r-6,) coga)ds
(18)

dFg_, :lzyh’COS(IT— g,) coga)da

The contact angle is assumed to vary linearly ftbenadvancing to the retreating angle.
The average of the advancing and retreating arsgessumed to be the static contact
angle for the surface. Therefore, the contacteaaghny angle alpha between zero and
is:

g =6, +a‘9R;ﬂ3A (19)

The assumption is also made that the droplet isoappately spherical in shape. Using

the geometry of the problem the differential forfriree surface tension is:

dF,_, =12y'vco{ﬂ— (HA +aﬂﬂ coga)da (20)
Vs

Taking advantage of trigonometric identities
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cy
dFg_, = Ada
ST-x 4

A:CO{HA"'O'(QR L/ 1}} CO%HAﬂLa[—HR_HA - ﬂ
T T

Integrating around half the circle and doubling tasult gives the surface tension force

(21)

projected onto the x axis.

_=W.C.. . T T
F = sing, + sing + 22
S (siné, R){HR—HA—H HR—9A+77} (22)
Pressure Force

Finally the pressure drop is estimated using arobnblume force balance. The drag
force on the droplet and the shear force on thdésveab counter-acted by the pressure

drop across the droplet.

C,pu?
AAP=T L +%Af (23)

Where L is the length of the droplet section, whitkhis case is the droplet diameter.
The co-efficient of drag over a droplet is giver{3s

24
CD:R

(1+0.1925RE%) (24)

d

Inserting the appropriate values the pressure dcopss the droplet section is:

— _ 0.63
pp = 2pd | Ay {1+ 0.192{—“’0‘1} } (25)

g hw P

Multiplying the pressure drop by the frontal aréahe drop produces the total pressure

force in the x-direction of:
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_ 3 A 3 _ 0.63
Fo = uﬁf; +3“2’§v d {1+ 0.192{—”50') } (26)

Placing all of the terms into the droplet forceamale yields:

FPx + I:Drag - FSI’ =0
_ 3 A 3 _ 0.63 3 o
u,uznd +3U,L17T2d 140.162 upod . nju,u_
h*ps 4hw U 16h°S ~0 (27)

y'VC(sinHA+sin9R) LE——
2 6.-6,—-m G,-0,+m

Because the model has too many variables some ieaipelations were derived. The

contact angle as a function of PTFE content wamagtd using a parabolic curve fit:

~0.0766045546PTFE)” +

(28)
3.0227{PTFE)+ 1356

The contact angle hysteresis was estimated in idasifashion:

R A

[—o.ooe( PTFE)’ +]_
u=46,-6 (29)
0.36( PTFE) + 2.4

The final relation used is for the surface tension:

~0.000038¢PTFE)’ +
0.00160§ PTFE) - 0.0322p

COS(H) _yLV

(30)

Each of the above relations was a parabolic cutve fexperimental data presented by
Kumbur [1].
The surface tension is based on an average sqglidttliand solid-vapour surface tension

value.
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[0.029 _
003(0) - yLV (31)



117

3.RESULTS
3.1 Model Validation

The experimental data from Kumbur and Mench wag useverify the model.
First the droplet height relative to flow velocisas compared at a 5% PTFE Coating.

As can be seen in figure 4, the Kumbur model pteditstability after it has occurred.
The new proposed model predicts instability jusiolee instability occurs. At higher
Reynolds numbers the new proposed model predistability more accurately than the
Kumbur model. The results for a PTFE coating oft28an be seen in figure 5.
Summaries of the error at various data points arengn tables 1 and 2. It can be seen
that the average error over the range of modeliegplity is reduced from the Kumbur
model.

3.2 Parametric Study

These two validation cases were for a fixed chasied. To see the effects of
adjusting the channel dimensions a parametric study performed. The effects of
modifying the height and the width of the chanret ©e seen in figures 6 and 7. It can
be observed that the two curves match as wouldxpecged for an identical flow area.
As the channel area is decreased the droplet becom&table at a smaller diameter,
resulting in quicker detachment of the droplet.

The final parametric study was performed based upenPTFE content of the
diffusion media and the results can be seen irrdi@u It can be seen that the effect of
PTFE coating plateaus close to zero and 20% PTFRENngp As the PTFE content
increases the droplet size for instability decreaa® expected. From these results an

optimal PTFE coating would be approximately 16%lager PTFE coatings result in
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minimal droplet height improvements but will resuita lower electrical and thermal
conductivity.
4. CONCLUSIONS

Through validation against experimental data theppsed model was verified to
be an accurate predictor of instability for a ldjuiroplet emerging from a pore into a gas
flow channel. The model better predicts the insitglturve when compared against the
Kumbur model. Through parametric studies it wa®mheined that increasing the PTFE
content to approximately 16% maximizes water driogenoval, where higher contents
provide minimal gains in water removal. It wasoagsirmised that a smaller flow channel
area results in smaller droplet diameters at theebaf instability. Using these design

parameters optimal flow channel designs can beldpeé.
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NOMENCLATURE

A
A,

GDL

Kn

Per
Re,

Ru

Cross-sectional area’’m

Flow area,

Chord length of droplet, m
Drag co-efficient
Droplet diameter, m

Hydraulic diameter, m
Drag force, N

Surface tension force, N

Length, m
Gas diffusion layer

Knudsen number

Pressure, Pa

Perimeter, m

Reynolds number (based on diameter)
Universal gas constant, 8.314 J/mol-K
Temperature, K

Time, s

Bulk fluid velocity, m/s

X-coordinate (Along the channel)

Y-coordinate (perpendicular to GDL)
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Greek

6,  Advancing angle, radians
6; Receding angle, radians
y Surface Tension, N/m

r Perimeter, m

U Dynamic viscosity, kg/m-s
o Mass density, kg/fh

T Shear Stress tensor, N/m
Subscript

wall  The GDL and channel wall surfaces
I Liquid

S Solid

v Vapour
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Figure 1: Flow conditions for the droplet — systeomtrol volume
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Figure 2: Droplet x-section area and perimeter



123

705l =y, — ¥,

Figure 3: Surface Tension Force [1]
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Figure 4: Droplet Stability Curve 5% PTFE




Droplet Stability Curves 20% PTFE
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Droplet Stability Curves For Various Channel Height s
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Figure 6: Effects of modifying the channel height
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Droplet Stability Curves For Various Channel Widths
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Effect of PTFE Coverage (Velocity=2m/s)
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Figure 8: Effects of PTFE Coverage



Table 1: Error Estimates for 5% PTFE Content

RE Experimental | Model H/C Error Kumbur Model H/C Error
95 1.159 1.101 -5.2% 1.1642 0.4%
194 1.111 1.049 -5.8% 1.1107 0.0%
293 1.104 1.015 -8.8% 1.0798 -2.3%
392 1.069 0.988 -8.2% 1.0581 -1.1%
495 1.052 0.966 -8.9% 1.0419 -1.0%
594 1.003 0.949 -5.7% 1.029 2.5%
693 0.954 0.933 -2.2% 1.0187 6.4%
797 0.973 0.919 -5.9% 1.0095 3.6%
896 0.931 0.907 -2.6% 1.0024 7.2%
995 0.911 0.896 -1.7% 0.9962 8.5%
1197 0.849 0.877 3.1% 0.9854 13.8%
Table 2: Error Estimates for 20% PTFE Content
RE Experimental [IModel H/C|  Error | Kumbur Model H/C ' Error
107 1.146 1.184 3.3% 1.201 4.6%
209 1.163 1.133 -2.6% 1.149 -1.2%
307 1.125 1.100 -2.3% 1.132 0.6%
409 1.128 1.073 -5.2% 1.103 -2.3%
511 1.105 1.050 -5.2% 1.101 -0.4%
613 1.068 1.032 -3.5% 1.086 1.6%
716 1.051 1.015 -3.5% 1.078 2.5%
818 0.997 1.001 0.4% 1.072 7.0%
920 1.045 0.988 -5.7% 1.063 1.7%
1022 0.981 0.976 -0.4% 1.0592 7.4%
1236 0.963 0.955 -0.8% 1.0561 8.8%
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