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1 Introduction

Global warming is something everybody has heard of by now, and most people
agree that some action needs to be taken. A worldwide legally binding con-
tract was accepted by 195 countries known as the Paris Agreement in december
2015, with the aim to lower the temperature increase to 1.5 degree Celsius[1].
A change in lifestyle is generally a very hard thing to do, so it seems even the
Paris Agreement is hoping for scientific progress to aid in the war against global
warming. The largest source of increase in greenhouse gases is from agriculture
(14.5%), but the second largest source is closely followed by the transportation
sector (14%)[2]. To reduce the agricultural emissions would require that every-
one is eating more vegan or insects instead of meat, which is a hard change to
make for most individuals. So a good place to start and perhaps the ”easiest” is
within the transportation sector. When it comes to reducing the CO2 emissions
in the transportation industry a strong contender is the fuel cell.

There are different types of fuel cells, but they all consist of an anode, cathode,
catalyst and an electrolyte. In a polymer electrolyte fuel cell, H2 molecules
flow in the anode, and are diffused by the Gas Diffusion Layer (GDL) to the
Membrane Electrode Assembly (MEA) (see fig. 1). Catalysts are attached on
both sides of the electrolyte surface which encourages H2 to split up into pro-
tons and electrons on one side, and O2 to split up into two oxygen molecules
on the other. The MEA properties allows for ions to diffuse through the MEA,
but the electrons cannot. When the protons travel through the MEA to the
side where oxygen molecules are, it creates a potential difference. The electrons
travel through an external circuit to where the protons and oxygen are. The
electrons, oxygen molecules and hydrogen reunite and forms water. Water is
transported to both the anode and cathode by the GDL. The water is flushed
out by the pressure difference between the inlet and outlet. At higher pressures
this pose no problem, but when the car consumes little electricity (e.g. driving
slowly), lower pressure drops and flow velocities are used. In that case the water
might be a hindrance for the flow, especially in the anode because it always has
a lower pressure drop compared to the cathode. The company that sponsors this
thesis, PowerCell, claims even a complete stop of the flow is known to happen.
There is research that supports this claim. Liquid-solid-vapor interface has a
resistance against being moved along a solid. It is defined as the critical line
force and defines a threshold pressure that needs to be overcome in order for
the liquid to start moving.[3]
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Figure 1: A simple explanation of how a fuel cell works. In this image, the GDL
and MEA is not illustrated, but it sits between the anode and the electrolyte.

1.1 Previous work

Ken S. Chen et al. [4] studied the formation and removal of a droplet at the
GDL by simulating the cathode channel in a fuel cell. The simulation only
used two dimensions. Euler-Lagrange approach was used instead of Euler-Euler
(see CFD Theory, chapter 1.2). The simulated water consisted of several water
particles. The simulated data agreed with experimental data. The result was
that droplet removal can be enhanced by increasing channel length, increasing
average flow velocity, decreasing the height of the channel and making the GDL
or channel material more hydrophobic (greater contact angle)[4]. The investi-
gation requested by Power Cell will be in three dimensions, and a big chunk
of continuous water will be simulated. Also this paper will focus more on the
water transportation aspect of the channel, as opposed to only the detachment
time.

A 3D CFD simulation of water transportation of the cathode channel was made
by Xun Zhu et al. [5]. They used simple geometrical cross-sections and labeled
them from the worse to the best geometry in regards to detachment time of
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water droplet. Both this master thesis and Xun Zhu’s paper used a volume
of fluid approach[5]. The work is however not directly applicable to the more
complex geometries that is to be examined in this Master Thesis, and they did
not inspect low-pressure situations. In addition to that, the flow of the droplets
after they had detached from the GDL was not observed. What they found was
that the optimal geometry for detachment time (from worse to best) was trian-
gle, trapezoid, rectangle with a curved bottom wall, rectangle and upside-down
trapezoid. The geometries are also displayed in order in fig. 2.

Figure 2: The different geometries lined up in the order from worse to best,
starting from the upper left corner. The content of the image was created by
Ken S. Chen et al. [5]

From the previous studies, no conclusion can in general be made regarding
specific geometries ability to transport water. Furthermore, how the geome-
try influences the transport of water has not been demonstrated. Since it is
a specific set of geometries of interest, these studies are insufficient. By using
computational fluid dynamics (CFD) the fluids in the anode channel will be
simulated. In particular, it is an investigation to discover an optimal geometry
of the cross sections of the channels that fortunes the transport of water. Since
capillary effects has a big influence on the nature of a water droplet, surface
tension was studied and modeling of simpler capillary scenarios was made to
reassure that the vital physics of the model was valid. Once established, the
geometries of interest was created and a mesh sensitivity was analyzed. Even-
tually the water transportation properties of different geometries. What was
found was that geometries do indeed play a role in the flow-velocity of water.
Despite no conclusions could be made in regards to which the fastest geometry
in general is, the fastest geometry of the given ones under investigation was
found. However, since a threshold pressure for initiating a flow in the channels
was never observed, the validity of the simulation has been called into question.
According to some studies, important physical quantities was omitted.
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1.2 Physics of water droplets

A subject of investigation is if and how the surface tension influences the result.
The phenomena ”surface tension” is referring to the surface of liquid-gas inter-
faces (or two immiscible liquids), where the surface almost acts as an elastic
membrane. Simply put it is due to the cohesive force. Cohesive force simply
means that molecules are attracted to other molecules of the same kind, as
opposed to adhesive force which is an attraction between different molecules.
So the ”membrane” arises due to the fact that liquid molecules are attracted
to each other and at the interface they are missing half of they’re bonds to
neighbouring liquid molecules. This results in a higher energy state. Nature
always strive to be in a minimum energy state. Water in immiscible fluids and
soap bubbles takes on a spherical shape so that the total interface area/volume
is minimized, which is why the spherical shape of liquid droplets occur in nature.

When there is a pressure difference between the interface, the liquid surface
”membrane” expands like a balloon. This causes the surface tension to rise,
and with enough pressure the surface will break, just like a balloon can pop
if it gets too big. Since the properties of the surface tension will change, it
is necessary to get a notion of the magnitude of change. This topic has been
researched by R. Massoudi and A. D. King, jr. (1974). They used the following
formula[8]:

γ = γ0 +BP + CP 2 +DP 3, (1)

where B,C and D is experimentally determined coefficients and they vary de-
pending on the molecular structure, P is the pressure and γ0 is the default
surface tension in absence of pressure differences. The fuel used in a fuel cell is
either H2 or 70%H230%N2. For H2 the coefficients are B = −25µN/m, C = 0
and D = 0. To put it into perspective, water-air interface in atmospheric pres-
sure has a surface tension of 72, 8mN [9]. With such small coefficients, a low
pressure difference in the range of [1, 200] would cause a change in the surface
tension with a magnitude of [0.025, 5]mN .

The surface tension also varies with temperature. The temperature in the fuel
cell stack is around 60◦, which equates to a surface tension between water-air of
about 66.24N/m[9]. The surface tension in turn affects the contact angle, the
equation describing the relationship is called the Young equation[10][11].

γsg = γsl + γlgcos(θ), (2)

where γxx is the surface tension between two phases, such as solid-gas, solid-
liquid or liquid-gas and θ is the contact angle. If there are discrete droplets of
water, the higher the contact angle, the smoother they travel along the solid
surface, much like a ball rolling[12]. If there is a bulk of water, the theory gets
more complicated, but when the channels are in the µm scale, the flow is domi-
nated by the surface tension, while viscous and especially gravity has much less
of an effect[13].
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Experiments have been done by Z. Juenfeng and D. Y. Kwok, where they
measured the droplet velocity vs void ratio. The void ratio depends on the
roughening of the surface the droplets flows on, where r = 0 is a completely flat
surface. As r increases so does the smoothness of the surface. The contact angle
has a direct relation to the void ratio, as shown in eq. 3.

cos(θC) = (1− r)cos(θ0)− r, (3)

where θ0 is the contact angle at a completely flat surface and θC is the actual
contact angle when the liquid is on a rough surface with a void ratio r. The
flow resistance was divided into two flow regimes, which depended on the angle
hysteresis and the interfacial resistance from the channel surface. That is when
the surface had high concentration of pits, i.e. very rough surface, less of the
droplet was in contact with the surface which leads to less surface resistance,
thus the droplet velocity increases. The curve is parabolic because at lower
values of r, i.e. lower contact angles, contact angle hysteresis contribution to
the flow resistance increases faster compared to the decreasing flow resistance
caused by a reduction in the interfacial friction. At larger r, the hysteresis does
not increase as drastically, thus the decreasing channel surface dominates and
decreases the flow resistance. Graph 3 is directly taken from Z. Juenfeng and
D. Y. Kwok work, and clearly shows the two regimes. [14]

Figure 3: [14]Shows how the droplet velocity depends on the void ratio, two
different surface materials was used.

1.3 CFD Theory

Computational Fluid Dynamics (CFD) is a field within physics in which the
motion of fluids are calculated when they are too complex to be solved analyti-
cally. This is done by applying the physics formulas and expressions but using
numerical methods to solve the differential equations. The governing equations
of fluid dynamics was derived by applying Newton’s Laws on fluid elements. The
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result is the Navier-Stokes equations. It consists of three equations, continuity
equation (mass conservation equation), Energy equation and the Momentum
equation. Energy equation is mainly used when heat is transferred between
different fluids. No slip condition is widely used withing the CFD field. It is
a condition between solids and fluids. It states that the closest layer of fluid
must have the same velocity as the solid it is in contact with. In most cases the
solid is stationary, thus the fluid molecules closest to the solid is also stationary.
The second closer layer is slowed down by its stationary adjacent layer, due
to viscous forces. This creates a chain reaction where each fluid layer affects
the adjacent ones. The result is that the velocity increases linearly, where the
velocity is zero at the solid, and the highest velocity is the farthest away from
the solid.
When dragging a solid over another, a resistance in the form of friction is present.
A similar phenomena occurs in fluids. There is a resistance when the molecules
of the fluids are moved. This property is unique to a fluid, and is called viscos-
ity. In other word, because honey is highly viscous, it resists flow much more
compared to water, which has low viscosity.
There are two different types of flow, laminar and turbulent. Laminar flow is
characterized by a smooth and structured flow. Highly viscous fluids flow is
almost always laminar. The counterpart to laminar is turbulent flow, where the
flow is very chaotic.

The procedure of solving a CFD-problem consists of four steps. The first step
is to create a geometry. It is basically drawing a 3D object that only consists
of planes. The second step is to give the geometry a mesh. After meshing,
the 3D model does not only consist of planes. The planes and the enclosed
empty space between the planes is now built up of triangles, rectangles or other
shapes which may be chosen. A shape is known as an element. Conservation
equations are calculated for each of these elements. Generally it is desirable to
have a mesh only consisting of rectangular elements. A mesh that only consists
of rectangular elements is called by the industry a structured mesh, and usually
reduces the calculation time. The third step is to set up the physics and initial
conditions of the problem, such as if it is a steady state problem or a transient
one, and then run the calculations.
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Figure 4: The upper image is before any meshing is done. The lower left is
a structured mesh, which mainly consists of square elements. The lower right
image is a unstructured mesh, signified by triangular elements.

When dealing with two or more phases the problem is a multiphase problem.
Phases can refer to two fluids of different composition, or the same fluid in liquid
state and gaseous state. There are two choices for tackling multiphase problems,
Euler-Lagrange or Euler-Euler approach. Since we are dealing with a body of
water, Euler-Euler is the best suited approach, because it treats the phases as
a continuum, as opposed to treating the phases as distinct trackable particles
(Euler-Lagrange). Several sub-models are branching out from the Euler-Euler
one. The volume of fluid (VOF) model is one of them. It treats two or more
immiscible fluids, in this case water and H2, by tracking the surface between
the fluids. It also introduces an important concept know as the volume fraction.
The volume fraction states what fraction of the liquids is present in an element.
At any given time, the total fraction of water and H2 is equal to one in all of
the models elements. This simplifies calculations since a fluid can only travel
to an adjacent cell during each iteration, therefore it is only necessary to track
surfaces between the two fluids. Hence the condition that they are immiscible.
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1.4 Ansys Fluent theory

The program used for the actual calculations is called Ansys Fluent, often just
referred to as Fluent. There are some key physics that is good to have a grasp
of, but no in-depth explanation on how to execute these concepts using Fluent’s
GUI will be given. It is only this part that is done using the Fluent software.
It should be mentioned that in CFD, everything that is not a solid object is
defined as a fluid. Fluent uses the continuity and momentum equations for all
calculations. Fluid write the continuity equation as:[6]

δρ

δt
+∇ · (ρ~v) = Sm, (4)

where ρ is the density, t is time, ~v is the fluid velocity field and Sm is mass
added from a source, which can be user defined or happen within the system,
e.g. when a fluid is going from one phase into another. For a steady state
problem Sm=0. The other equation that is always in use is the conservation of
momentum (see eq. 5), and belongs to Navier Stokes equations which describes
the motion of fluids. The solution to the equation gives the fluid flow field. [6]

δ

δt
(ρ~v) +∇ · (ρ~v~v) = −∇p+∇ · (¯̄τ) + ρ~g + ~F , (5)

where p is the static pressure, ¯̄τ is the stress tensor, ρ~g is the gravitational force
on the body and ~F is external forces. The stress tensor is given by:[6]

¯̄τ = ν
[
(∇~v +∇~vT )− 2

3
∇ · ~vI

]
, (6)

where ν is the molecular viscosity, I is the unit tensor and the right hand term
is an effect that occurs of volume dilation. Keep in mind that Fluent does not
solve the equations analytically, but does a numerical solutions of the equations.
This brings up the next topic, the courant number.

The courant number, also known as Courant-Friedrichs-Lewy condition (CFL),
is a condition that arises for some partial-differential equations numerically,
which is exactly what Fluent does behind the scenes. It was discovered by
Richard Courant, Kurt Friedrichs, and Hans Lewy in 1928. The derivation of
the condition is very long, but the end result is:[7]

C =
u∆t

∆x
≤ Cmax, (7)

where u is the speed, ∆t is the time step and ∆x is the length interval, which
in this case is the element size of a mesh. Cmax is an arbitrary number which
can be chosen in Fluent. If the courant number gets higher than Cmax the
calculation is aborted, so it dictates how strict the calculations have to be. As
can be seen, if the chosen time step is too large, the fluid may flow a longer
distance than an element length. This causes the conservation equations to
diverge and the calculations to break down. Further investigation of the Courant
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number, among other things, can be read in the ”Conclusions of capillary action
modeling” chapter 2. However, it can easily be understood that the Courant
number can be influenced in two ways, namely the element size or time step.

2 Conclusions from the Capillary action model-
ing

This section is not directly related to the problem at hand, but is a pre-study
to ensure that certain aspects of Fluent is accurately simulated. Since only
limited resources in the form of computing power is available it is necessary to
compromise between quality and performance. In general, the more elements
the model has the better quality, but the computing time greatly increases with
the number of elements. How the accuracy of the result depends on the mesh
was investigated using models of capillary action. In deciding to model capil-
lary action, it was taken into account that the problem we want to adress also
contains capillary forces, therefore the knowledge and conclusions drawn from
these simulations can be directly applied to Powercells problem.

In the simulation two types of materials were modeled, glass and 316L stainless
steel, while the details of the mesh was varied. The fluids used was air and wa-
ter. The contact angle for glass-water is considerably lower compared to 316L
SS-water, therefore the fluids will rise much higher in the tubes compared to
316L SS (see eq. 8), thus the geometry for glass had to be longer than 316L SS
in order to prevent water from overflowing, which naturally causes it to have
a larger number of elements. It is very hard to create different meshes with
the exact same number of elements. To make a more appealing presentation
of the results the mesh was divided into three categories, a rough mesh with
few elements, a middle mesh and a fine mesh. With finer meshes, the courant
number plays a more vital role. To avoid forced aborting of the calculations the
time step needs to be lower for the finer meshes. Besides aborting, the result is
also affected negatively if the time step isn’t satisfactorily small.

A summary of the different combinations that were tested is shown in table
1. One test that was omitted from the table was 316L SS with a 4mm diameter
tube, instead of 2mm diameter which the rest of the tests used.

Material Mesh Mesh Mesh
Glass Rough Medium Fine

316L SS Rough Medium Fine

Table 1: Shows all the different combinations tested. The table omits a test of
316L SS with a 4mm diameter tube.

The theoretical value of the water level difference can easily be calculated
using the commonly accepted formula:[15][12]
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h =
2γcos(θ)

ρgr
, (8)

where h is the height difference between the water inside and outside the tube,
γ is the water-air surface tension, θ is the contact angle, ρ is the density of
the fluid, g is the gravitational constant and r is the radius of the tube. The
water level difference is calculated to be 12,19 mm for glass and 5,09 mm for
the steel. For 4 mm diameter steel the level difference becomes 2,54 mm. The
resulting h-values of the simulations can be seen in table 2, except for the 4mm
diameter tube which was 2.59 mm. The obtained result from Fluent are shown
in figure 5, where three different mesh qualities of the 316L SS is displayed. As
can be seen in the rougher mesh, there is a greater zone which does not have
a clear interface between water and air. This creates an uncertainty of how far
the water has actually risen. Not surprisingly, the fine mesh has the clearest
distinction, i.e. the smallest gradient of the interface between water and air.
Accidentally, the thickness of the wall is reduced for the medium mesh. This
should not influence the result.

Figure 5: Graphical image of the simulated capillary rise in the 2mm diameter
316L SS tubes. The quality of the mesh is labeled in the image.
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Glass Rough [mm] Medium [mm] Fine [mm] Exact [mm]
h(glass) 10.29 14.21 11.67 12.19

316L SS Rough [mm] Medium [mm] Fine [mm] Exact [mm]
h(316L SS) 4.47 4.72 4.60 5.09

Table 2: Shows the water level difference obtained by the CFD simulations for
varying mesh details.

Generally the results is in agreement with expectations, with the excep-
tion of 316L SS fine mesh. The water level difference is actually closer to the
real value using a medium detailed mesh compared to using a fine. This is
most likely due to improper values of the time step. The courant number for
the fine steel mesh was around 6, while for the rougher meshes it was around
1. In other words, a finer mesh does not guarantee a better results, unless it
is accompanied by a suitable time step. A suitable time step ensures a low
courant number. However, the courant number does not by itself dictate the
accuracy. The rough mesh had a courant number close to zero, but still gives
the worst result of all the meshes. This was due to the mesh simply being too
rough. So in conclusion, there is no one single parameter that can be used as a
judgement of the accuracy of the result, but a combination of all the mentioned.

It should be mentioned that the mesh, or rather the number of elements of
the mesh, and time step greatly influence the time it takes to finish a calcula-
tion. The mesh can be manipulated in beneficial ways to make the result better
and less time consuming. In the CFD industry this is referred to as a structured
mesh. A structured mesh can sometimes be a tricky thing to execute in practice,
but in theory it is very basic. Instead of using the default triangles to build up
the mesh, they are replaced by rectangles, or cubes. As a consequence of the
replacement, the number of elements are greatly reduced. So it is possible to
make a ”finer” mesh with less calculation time by using a structured mesh.
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3 Result & Discussion

The problem can be made quite complex by e.g. have constant flow of water
coming out from the GDL by simulating chemical reactions, including multiple
channels and so on. So the problem needed to be simplified but still have the
enough complexity to make the result relevant. The approach is to set as an
initial condition that there is a ”water wall” blocking the channel (see fig. 6).
There is no continuous stream of water coming out from the GDL. Admittedly
water walls do not occur in nature. Unnatural boundary conditions can in some
cases lead to unnatural results. However, the problem quickly transforms into
a natural scenario and should therefore not pose any danger in regards to the
result.

Figure 6: Shows a model of the initial setup of the problem. The blue area
represents a water-filled volume and the red represents a volume filled with air.
It is the blue area in this picture that is referred to as a ”water wall”.

The water used (i.e. the density and viscosity) is distilled water at room tem-
perature, the contact angle for 316L SS is between 316L SS/water/air at room
temperature, the GDL contact angle is for GDL/Hydrogen/water at slightly
higher temperatures ( 60◦C), and the surface tension is between water/air
at room temperature. The setup was for the most part identical during all
of the modeling. The GDL was set to a contact angle of 150 degrees and
the 316L SS to 70 degrees. The fluid properties used was density of water
ρwater = 998.2kg/m3, with a viscosity of µwater = 0.001003kg/ms) and the
density of air ρair = 1.225kg/m3 with a viscosity of µair = 1.7894e−5kg/ms.
A surface tension of γ = 0.0728N/m. Due to lack of available parameter-
information the parameters used in the simulations originates from a variety
of circumstances. So to say that water and air was used as fluids is in real-
ity incorrect. One should rather view it as parameters that are necessary for
the simulation. To avoid using unreasonable physical quantities, known values
from different conditions was used. Following this reasoning, it does not matter
whether the density of air or the density of hydrogen is used, even though in-
tuitively hydrogen feels natural since it is the gas used in many fuel cells. The
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important thing is that the density and viscosity, or any other physical quantity,
has a reasonable magnitude.

3.1 Modeling Result

Four different geometries was evaluated, named Evo1, Var13 2 and Evo2. The
geometries has undergone one simplification, and that is at the top edges (see fig.
8). Instead of having them needle sharp they were cut of and made smoother,
as in figure 7. That is because needle sharp edges needs to have very small
elements, which in turn requires an extremely small time step, otherwise the
courant number gets too large and the solution diverges.

Figure 7: Illustrates the smoothing of the top edges of a model. a) Smooth edge
used in simulations. b) How the edges look in reality.

All the anodes cross sections are shaped similar to an upside-down trapezoid.
Evo1 and Var13 2 has a lower height but a larger width compared to Evo2. Evo2
is, as mentioned, also similar to an upside-down trapezoid but with slightly more
”square-like” dimensions. Figure 8 illustrates the difference between Evo1 and
Evo2. Evo1 is the transparent trapezoid. Var13 2 is somewhere in between Evo2
and Evo1 height-wise. Its bottom is almost shaped as a semicircle. Evo1 and
Evo2 has flatter bottoms, like in figure 8, but its bottom edges are rounded. Due
to the geometry being classified, any detail information about the dimensions is
unfortunately unavailable.
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Figure 8: Shows the general outline and difference of Evo1 and Evo2 geome-
tries. The wide trapezoid is Evo1. Black lines represents the GDL and red
lines represents steel. The green circles shows which corners that were made
smoother.

The simplification of the top edges should have no great impact of the be-
haviour of the fluid in the channel. That is because the corners covers only a
small fraction of the total channel volume, and in addition to that the ”no slip”
condition is in action. The GDL is also hydrophobic, and the adhesive forces
causes water to move away from the GDL, so naturally the corner would be
empty spaces if they were allowed.

3.2 Micro or Macro flow

To find out whether we are dealing with micro-flows, where the surface tension
is of high importance, or macro-flows, one has to look to the theory. It can be
resolved by simulating the problem in two different models, one where gravity
is present and another where it is not (see fig. 9). The setup is otherwise
identical. Figure 9 has a characteristic look for the mass flow graphs. The mass
flow rate is always measured at the inlet. At first it slightly increases as the
water wall starts to accelerate. Eventually the mass flow rate will steeply rise.
That point indicates when the water wall has reached the end of the channel,
and is falling out. Animations of the fluids has been made were it is clearly
visible that the mass flow rate is strongly related to the motion of the droplet.
As can be seen the lines are identical except for at around time step 2300 where
they split up. But the time difference is negligible. Therefore it is in the micro
flow regime. This is an important conclusion because that means that surface
tension dominates.
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Figure 9: The flow of rate of a water droplet with gravity activated and one
without.

The theory shows that there are several factor to consider to calculate the
true surface tension, and very specific experimental results needs to be available
for e.g. surface tension for 70%H230%N with water and the surface tension of
the solid. Since none of the surface tension values has been managed to be
found in the literature and the previous subsection discussed which values is
used, it can be stated that the results cannot be used as a reference for absolute
values, but rather the conclusions that can be made from the result is only
in a comparative manner, e.g. channel A is better at transporting water than
channel B. With boundary conditions from different cases and an ”incorrect”
surface tension, the question if the comparative result is trustworthy arises.
The worrying parameter that might affect the comparative result the most is
the contact angle. The contact angle for the GDL has been thoroughly tested
and is correct for GDL/hydrogen/water. The contact angle for 316L SS is
correct for 316L SS/Water/air, but what would happen if air was swapped
for 70%H230%N2? By looking at young’s equation (eq. 2), γlg, γsg and the
contact angle would be altered if the gas was swapped. Exactly what these
new parameters would become is unknown, but in theory it is possible that γsg
could decrease such that the contact angle even becomes θ > 90. Studies has
already confirmed that the two flow resistance factors are the contact angle and
the interfacial contact, and additionally that under some circumstances multiple
regimes can occur. The study by Z. Juenfeng et. al. is not directly applicable
in this case, but one can play with the notion that a similar graph to fig.3 is the
case this time too. If the contact angle would be in the left regime, the result
would be that an increasing available surface area would increase the mass flow
rate. The opposite result would be obtained if it was the right regime. A similar
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study where the flow velocity vs contact angle in microstructures is investigated
has not been found, so exactly how the situation looks or if multiple regimes
exists is not known.

3.3 Mesh Sensitivity

The level of details in the mesh can greatly influence the result. Although it has
already been stated that the result cannot be used as an absolute reference, it
is still necessary to have enough details so that it guarantees the simulation to
have a realistically physical chain of events for a given surface tension/contact
angle. Therefore a mesh sensitivity analysis is needed to guarantee a trust-
worthy result with the given boundary conditions. With incorrect boundary
conditions however, the result may not correlate to the situation that wishes to
be investigated. The goal of the mesh sensitivity test is to decide about what
mesh count all the geometries ought have.

To measure the sensitivity of the mesh all variables are kept constant except
two, i.e. number of elements the mesh consists of, and the time step which has to
be adjusted accordingly. A mesh sensitivity test was done using Anode1, which
can be seen in figure 10. The low mesh count consisted of 117 312 elements and
the high mesh count consisted of 399 876 elements.

Figure 10: A comparison between two simulations with different mesh counts,
while everything else was kept constant.

As can be seen the two graphs differ. The fine mesh transports the water
13% faster. Since the result is not negligible, a more thorough mesh sensitiv-
ity analysis is needed, which consists of simply plotting several graphs with an
increasing element count. Eventually there will be no offset, or a small enough
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offset to be ignored, at which point a finer mesh is only more resource demand-
ing without improving the result.

The number of elements was quadrupled to see how the result reacted. As
can be seen from graph 11, there is still a change in the result. The percental
increase is calculated using the time it takes for the water to leave the chan-
nel. The increase is relative to the lowest element count mesh. It is less of a
change with higher element count, but from only these three points there is no
conclusive evidence. From what can be seen from the graph, there may be two
different outcomes. There is an asymptotic mesh sensitivity, or a misleading
curve fit and the graph is already close to flattening out. Further testing is
needed, but due to a lack of time the decision to move on was made.

Figure 11: The percental increase of the water transportation velocity.

It has already been stated that this is a comparative analysis, in which case
slightly inaccurate values are acceptable. No matter which outcome would be
true, there is no reason to suspect that the mesh is so rough that it produces
nonphysical simulations. Therefore if the meshes have a mesh count of about
1,35-1,4 million elements the quality fulfills its purpose. It should be mentioned
that it cannot be stated as an absolute truth that this is no source of error
without further testing.

3.4 Transient Pressure

Since the issues with water removal occurs at low pressure drops, a user defined
function controlling the pressure drop between the inlet and outlet was used.
The time step size was at a fixed 8 · 10−7s. The total number of iterations was
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5000. The function looks as eq. 9.

Pdrop = 55600 · t, (9)

where Pdrop is the pressure drop and t is the time (t = timestep · iteration).
The values was arbitrarily chosen so that at the last time step the pressure is
at 278Pa, which is the same as pressure drop as when conducting the previous
mesh sensitivity calculations. Also the calculation needed to take approximately
the same amount of time as the previous ones.

The result of the ascending pressure drop can be seen in figure 12, which shows
the mass flow rate at the inlet vs the dynamic pressure.

Figure 12: Mass flow rate plotted against the Dynamic pressure for all the
anodes.

Since the dynamic pressure is related to the fluid velocity according to eq.,
there is no surprise that the curves have a square root form

P =
1

2
ρu2 (10)

The whole graph can be considered to be in a low pressure regime (Pdrop <
278Pa), however it is still favourable to have as quickly ascending curve as
possible close to the origin. The result shows that Evo2 has the best water
transportation properties at lower pressures, and if the trend of the graph con-
tinues it is also the best at higher pressures. Var13 2 is the second best.

The result has some irregular values at lower pressure differences, where the
mass flow suddenly drops from a positive value to a negative. At close to 1
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Pa, there ought to be a complete block of flow because of the water droplets
resistance to move. This phenomena does not seem to exist in these simula-
tions. By studying literature, one possible physical phenomena that can give
rise to a threshold pressure is a moving contact line[3]. The mathemathics be-
hind it is still and active research area, but it can be conceptually explained.
The contact line is defined as the line surrounding the droplet where the solid,
gas and fluid meets. The dynamic contact angle is simply the contact angle
when a fluid is moving13b, as opposed to the static contact angle13a. Under
some circumstances, when a pressure drop is applied the fluid does not move,
instead it starts to ”tilt” as in figure 13b. This is what could cause the initial
pressure threshold. If the pressure gets high enough the tilting cannot negate
the pressure, thus the contact line starts to move[17]. That is also why it is
said that a moving contact line and dynamic contact angle are related to each
other. Fluent does not take the rather complex calculations of a moving contact
line into account, for example the no slip condition is considered as an invalid
condition when the contact line is moving[16], since the contact line is literally
the point where water and a solid surface (and gas) meet. Other studies has
concluded that correct modelling of the dynamic contact angle, which is related
to a moving contact line, and contact angle hysteresis is vital for accurate results
in situations where gravity is negligible[18]. These physics was not included, and
since it has already established that gravity is negligible in this case, omitting
unforeseen core physics from the calculations makes the model questionable.

(a) [20]Static contact angle.

(b) [21]Dynamic contact angle, which con-
sists of a receding and advancing angle.

Figure 13

While the result does not match experimental result, further testing is needed
to make a definite statement about whether it causes the geometry comparison
completely obsolete. The irregular values and lack of threshold pressure can be
seen in a zoomed in graph (fig. 14) of the previous result. Var13 2 is used as
an example, but all graphs have the same appearance at lower pressures.
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Figure 14: A zoom in of the Var13 2 result at lower pressures.

Another theory for the lack of a pressure threshold can possibly be explained
with the GDL. In reality, the water diffuses through the GDL, which is a very
porous medium. To model fluids within a porous medium is a entirely different
field within fluid dynamics which has not been researched during this investi-
gation, but by looking at other studies which has modeled channel flows with
GDL, interesting observations can be noted. Figure 15 shows a fuel cell channel
modeled with different initial conditions. Instead of an initial water wall, they
simulated water diffusing through the GDL, which causes a droplet to grow on
the surface of the GDL. The water droplet is observed at different times. As
can be seen from the figure, the source of the water droplet never moves with
time.
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Figure 15: [5]The time evolution of a water droplet with the GDL included.
The blue rectangle is the fuel cell-channel and the grey rectangle is the grid.

As water continuous to diffuse through the GDL the water droplet contin-
uous to grow. Initially the pressure drop over the water droplet is low, but
with greater size comes greater pressure differences. Eventually the pressure
difference will be too great and overwhelm the cohesive force between the water
molecules and the droplet separates into two droplets. The process then repeat
itself. [5]

The lack of a threshold pressure could possible be explained by the exclusion of
the diffusing water in the GDL process. In theory, the pressure difference can
be so low that it does not overcome the cohesive forces. In that case the flow
in the channel would stop, or become so small that it is unnoticeable. When a
”water wall” is used as a part of an initial condition there is no water source
that is stuck in the GDL, therefore there is no cohesive forces that works against
the flow. All the wall does is to contribute to some extra mass that needs to be
pushed, i.e. some extra resistance. So there is no physical reason as to why an
initial water wall would give rise to a threshold pressure.

Naturally the question of which theory is the most likely arises. The main issue
is under which circumstances the moving contact line, or dynamical contact an-
gle, is applicable. No clear definition has been found, and different sources gives
different conditions for when the dynamic contact angle is relevant. As already
been stated, in situations like microgravity, such as in outer space, one study
claims that moving contact line modeling is of dire importance[18]. When it
comes to fuel cells, they are meant for space applications, but the gravity could
be neglected because it had little influence on the result. It is unclear if it im-
plies that negligible gravity in a model causes an identical scenario to operating
in microgravity, where gravity also is negligible. Moreover, the same study was
done with capillary flow, that is the capillary forces was the driving force of
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the liquid. In the case of fuel cells, the pressure difference is the driving force,
not the capillary forces. Therefore the study by S. Van Mourik, et. al. should
not be applicable in this case. Another common scenario when moving contact
line is relevant is at high velocities over a surface. [19][20] This is clearly not
the case in low pressure difference situations in fuel cells. Studies also mention
that water droplets sliding along a window has a moving contact line[19][22].
Since droplets sliding on windows has a low velocity the two statements seem
to contradict each other.

3.5 General Geometry Discussion

A tempting assumption to follow is that in order to maximize the mass flow
rate, the inlet surface area must be maximized. The result shows however that
this is not the case, and that the geometry structure is more important than
the inlet surface area. The cross section area of respective anodes is found in
table 3. Evo1 had a lower mass flow rate compared to Var13 2 despite having
a larger cross section area, which proves that the geometry does have a great
impact.

Table 3: The cross sections surface are of the different anodes.

Geometry Area µm2

Evo1 71 456
Var13 2 61 144

Evo2 89 518

It is however reasonable to believe that cross section area cannot be com-
pletely neglected. Since the area differs, it may be unfair to say that Evo2 has
the most optimal shape. A geometry like Var13 2 might be equally good or
better than Evo2 if they were to have the same area. The one conclusion we
can make is that with PowerCell’s given parameters, Evo2 is indeed the most
optimal one. To make a more general conclusion, a much larger sample base is
needed.

The impact of the size of the cross section area can however be minimized or
ignored if looking at the packing fraction, that is how tight the geometries can be
packed. The packing fraction of each geometry was calculated by encapsulating
them in as small as possible rectangle, then seeing how many rectangles can fit
into a square micrometer.

Table 4: Packing fraction of the geometries.

Geometry Name Packing Fraction
Evo1 2, 76

Var13 2 3,17
Evo2 2,19
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Var13 2 has the smallest area, but at the same time the largest packing
fraction. This means that 3, 17 Var13 2 channels can fit on a square micrometer.
So it might be more relevant to use the total inlet area on a micrometer rather
than the area of an individual inlet.

4 Conclusion

By learning several fields and applications, such as Computer Assisted Design,
Fluent and Computational Fluid Dynamics, simpler calculations to test the va-
lidity of capillary effects was done by simulating a capillary rise in a small tube.
Once a desired result was obtained, the water transportation of different geome-
tries that was given by PowerCell was investigated. It is unsure whether the
result holds true at higher pressures differences or not, but at lower pressures
differences the result cannot be trusted. Partly because the graph is discontin-
uous and partly because the effect of a threshold pressure is absent. This is
thought to be due to one of the two following reasons. The first theory is that
the gravity is negligible in the micro-channels, causing the physical model used
during the simulation to be inaccurate. Omitted key physics was a dynamic
contact angle and a moving contact line. Simulating a moving contact line is
still an active research subject and is considered to be very advanced CFD. If
this theory is true, even the comparative result is in jeopardy. The moving
contact line theory does seem to be the more unlikely one of the two theories.
This is because evidence that a moving contact line must be used in a similar
scenario, i.e. flow in just below mm2 large channels, cannot be found. The sec-
ond theory is states that it is necessary to model the diffusion through the GDL
because otherwise there are no cohesive forces working against the flow. This
is the more likely theory because it is highly relevant and can be found in fuel
cell channel studies. If the second theory is true, then the comparative result is
valid and Evo2 is indeed the best geometry for transporting water, which was
the initial question. It would however also be beneficial to be able to answer
which geometry has the lowest threshold pressure difference.

A great deal of knowledge of how to proceed was obtained, which is further
discussed in the outlook.

5 Outlook

Previous studies have shown that trapezoid is one of the faster simple shapes
possible. Therefore it is a good start that all of the geometries tested here are
trapezoid-like. However, it would be interesting to compare PowerCell’s given
geometries with trapezoid shapes, under the condition that both have close to,
or the same, surface area. This brings up the next topic. In this investigation
the surface area has varied between the geometries. This creates an additional
parameter which makes it impossible to exclude that a geometry is better at
transporting water only due to its geometry. So to be able to make any general
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conclusions or formula for calculating optimal geometries, surface area needs to
be kept constant. In addition, such a goal can only be achieved by looking into
multiple geometries, and not just interesting ones for PowerCell. However, it
might be possible to reduce the number of geometries that needs to be exam-
ined by asking what the best trapezoid-like geometry is instead of what the best
geometry is. Admittedly, ”trapezoid-like” is a very loose definition that might
need refinement.

One unlikely, but possible aspects that needs to be looked into is trying to
simulate this without using the no slip condition. This is because there are
some key features that seems to be absent, such as a threshold pressure for the
water droplet to move. To realize this the static contact angle can be ignored
while the dynamical contact angle is the interesting parameter. User defined
functions for the dynamic contact angle must be defined for the problem since
Fluent does not inherently support it. Information abut dynamical contact an-
gle is even more sparse compared to static contact angles, and most likely needs
to be measured by oneself. A notion of how to solve the moving contact line
problem can be found in research such as ”Numerical Simulation of Moving Con-
tact Line Problems Using a Volume-of-Fluid Method” by M. Reynard, et. al.,
among others[23]. Perhaps the most vital next step is to simulate the GDL and
the water diffusing through it. Because it is much easier done than simulating
a moving contact line and dynamic contact angle, this should be the first next
step. If still no threshold pressure would occur, by the principle of exclusion
it could be assumed that the absence of a threshold is due to not simulating a
moving contact line.

6 Appendix

To model and execute the calculation, four programs needed to be mastered
to some degree. That is the Ansys geometry, where the geometry is designed,
Ansys meshing, where the mesh is constructed and manipulated among other
things, Fluent, where the calculations are set up, and CFX-Post, where the data
acquired from the calculations are processed.

6.1 Ansys Geometry

In Ansys geometry, it is only possible to construct objects in one plane at a time,
with some simple 3D shapes as an exception. So for example, a line cannot be
drawn from (x1, y1, z1) to (x2, y2, z2) unless x1=x2 or y1=y2 or z1=z2. One
constantly switches between two tabs, the ”Modeling” and the ”Sketching” tab.
The sketching tab consists of 5 other tabs, Draw, Modify, Dimensions, Con-
straints and settings. By using draw, simple 1D and 2D objects can be drawn,
such as lines, circles, rectangles etc. In modify, the shapes can be modified
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my using various tools, such as ”Extend” to extend a line or ”Split” to split a
figure. The most used modifier was trim, which removes a part of a shape. The
Dimension tab is where the dimensions of the shapes can be chosen, such as the
radius of a circle or the length of a line. When carefully creating the fuel cells
channel geometries, dimensioning each line was necessary. With the constraints
tab it is possible to set various constraints such as two lines being parallel.

In the Modeling tab, one can do actions such as deciding which dimensional
plane is active. Important actions that was frequently used was ”Extrude”,
”Mirror” and ”Surface from sketches”. Extrude uses a surface and extrudes it
in a chosen direction, suitably along x,y or z-axis, but if necessary a directional
vector can be assigned. This action causes an object in a 2D-plane to be ex-
truded, thus stretching the object across three dimensions. Mirror does what
is sounds like, i.e. mirroring a surface. ”Surface from sketches” is used when a
more complex surface needs to be hand drawn. What is meant by that is that,
for example, a rectangle can be drawn in two ways. Using the line drawing tool
and connecting four lines, or using the ”draw Rectangle” drawing tool. In the
latter case, the rectangle immediately becomes a surface, as opposed to the first
case where you have to define to the program that these four lines creates a
surface, using ”Surface from Sketches”.

The complex channel geometries was created by drawing half of the cross section
using various drawing tools in an arbitrary plane. The dimensions of each line
was carefully checked. Firstly the ”Surface from Sketch” tool was used. After
a surface was created, the ”mirror” tool was applied on the surface, mirroring
it across a perpendicular plane. Finally the surface was extruded over a desired
length.

6.2 Ansys Meshing

Ansys meshing creates a mesh defined be the surfaces. All parameters presented
in this program manipulates the mesh. Only the most frequently used and the
most important parameters will be discussed. As mentioned, a mesh consists of
several small 3D elements. There are options such as ”Min Size”, ”Max Face
Size” and ”Max Tet Size”, to define the volume of each elements. However,
it was done in another way, which was by defining the sizing of parts of the
model. ”Line Sizing” selects an edge of a model, and the edge can be divided
into several smaller lines. The smaller lines define the length of the elements.
By doing it, corners and cramped spaced are sure to have more than one ele-
ment. ”Face Sizing” works in a similar way, but a surface is selected as opposed
to an edge. Number of divisions cannot be defined with face sizing, instead the
desired element length is set. For both Line and Face sizing, the behaviour can
be set to soft or hard. The soft option gives the program some leeway in regards
to the size of the element length. This can be good to reduce a concept known
as skewness. The skewness is used to define the quality of the mesh. Skewness
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represent how the actual geometrical shape of the element differs from the ideal.
For example, if it is a hexahedral, a cube would be the perfect shape. In prac-
tice, an element rarely is a perfect cube. Usually it is skewed. If the skewness
is too high, the result will suffer because of it.

Since it is desirable to have a structural mesh (hexahedral), it has to be de-
fined for the program. This is done by defining a ”method” which tells the
program how to generate the mesh. By choosing ”Multizone” the mesh consists
of mostly hexahedrals, but also of tetrahedrals. The program automatically
inserts tetrahedrals if it is necessary to reduce the skewness.

Lastly, different sections of the geometry has to be named. This is done by
selecting a surface, e.g. the surface where the inlet is, and aptly naming it in-
let. The procedure is done in preparation for the Fluent calculations, where the
316L SS walls, GDL, Inlet and outlet has to be clearly defined in order to set
up boundary conditions.

6.3 Fluent

Fluent is the software which actually executes all the calculations. The program
is very powerful and can fulfill almost all of the needs for CFD. With that in
mind, the number settings are too many to describe each individually. The most
important ones for this project will be mentioned.

The time is set to a transient. In the models tab, the models used is Mul-
tiphase - Volume of Fluid and the flow is laminar. In the multiphase tab, the
options are the default options and number of eulerian phases is set to two. All
other solutions are turned off, such as heat exchange, radiation etc. In the ma-
terial tab, different phases density and viscosity can be assigned. The physical
quantities set regarding the fluid interation is the surface tension, and the model
used is the Continuum surface Force. The named surfaces from the meshing is
needs to be defined what kind of surface it is. The GDL and 316L SS are walls,
and then there is a pressure inlet and outlet. The boundary conditions can then
be set, such as the contact angle with a wall or the pressure at the inlet and
outlet. The solution has to be initialized also. Initializing simply resets pre-
vious results and initiates the boundary condition. After initiating, the mesh
has to be ”patched”, which simply means that a volume is defined as consisting
only of water, i.e. the volume fraction of a highlighted volume is set to 0 or 1,
depending on how the volume fraction was defined in the setup.

Lastly the time step size and number of iterations each time step has to be
set. Specific quantities can be ”monitored” using Fluent monitors. The one
used was mass flow rate with respect to time step or pressure.
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6.4 Post CFD

Post CFD can be utilized in many ways to represent result. This was mostly
used for creating an animation of the droplet movement. This was done by using
an isosurface. It shows the surface of a set parameter. For example, we can set
an isosurface to display where the volume fraction is 0.5, which is the boundary
between two fluids. By looking at the isosurface at different iterations of time,
an animation of the water droplets movement could be created.
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