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ABSTRACT
ALLEN, JEREMY L., M.S., November 2011, Mechanical Engineering

The Effect of Baffle Arrangements on Flow Uniformity in a Manifold for a Unique Solid

Oxide Fuel Cell Stack Design (122 pp.)

Director of Thesis: David J. Bayless

Flow uniformity through channels of a complex fuel cell stack is studied for
several baffle arrangements using ANSY'S Fluent, a computational fluid dynamics (CFD)
package. Flow mal-distribution occurs from pressure differentials throughout the flow
structure and causes a drop in stack performance. Three baffle arrangements were
introduced into the flow structure and compared to a control case with no baffle in an
attempt to improve the flow regime. A flow uniformity coefficient I' was introduced to
compare results from case to case. It was found that all three arrangements significantly
increased flow uniformity, with the slotted baffle arrangement providing the most
uniform flow. By increasing flow uniformity, the efficiency of the stack is also increased.
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CHAPTER 1: INTRODUCTION

1.1 Background
1.1.1 Planar and Tubular Stacks

Solid oxide fuel cells (SOFC) may be an intriguing choice for large scale
electricity generation in the future. Of all types of fuel cells, SOFCs provide the highest
efficiency, reaching 50-60% or as high as 80-90% when combined in an integrated gas
turbine system [1]. SOFCs provide the capability to generate electricity using a wide
range of fuels including, but not limited to, hydrogen, natural gas, syngas, ammonia, and
ethanol [2]. This is an advantage over PEM fuel cells, which are not tolerant of carbon
monoxide [3].

If SOFCs are to be applied to stationary power generation, they must be used in
stacks and not just single cells. However, many problems arise with current fuel cell stack
technologies, which thus far have consisted of planar and tubular stacks, as shown in
Figure 1.1 and Figure 1.2 respectively. Some problems are due to the need for
interconnects, which are necessary to connect the cells electrically, provide structural
support and typically to provide flow channels for fuel and air delivery [3]. Other
problems faced in stack design include [4]:

1. Uniform fuel and air distribution across anode and cathode surfaces to
maximize reaction potential.

2. Electrically connecting cells via interconnects.

3. Seals between interconnects and cells to reduce leaks (primarily in planar
stacks).
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4. Chemical stability of the fuel, seals, cells and interconnect materials at high
temperatures.

These problems prove to be costly and inherently difficult to design for because
of the manufacturing techniques and geometries of the stacks. Some of these problems

have been addressed in a new design created by Contained Energy.

INTERCONNECT
ANODE

ELECTROLYTE
CATHODE

OXIDANT

Figure 1.1 Planar SOFC stack design [1]

Interconnection -

Electrolyte

Air
Electrode |

Alr

Flow "\ Fuel Electrode

Figure 1.2 Tubular SOFC stack design [1]
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1.1.2 Contained Energy Stack
Contained Energy’s stack design is shown in Figure 1.3, however, exact
dimensions are unknown. This stack design partially addresses interconnect and sealing
problems. Interconnects are applied to the top and bottom of the cell structure so there is

no need to connect individual cells. The cell structure has channels built in for gas
delivery to the anode and cathode. However, there is still a need for proper sealing at the
interface of the stack and inlet manifold.
Electrode Scaffolding

Ancde G h
& Gas Channel e Material

Conductive Ceramic
Anode Scaffolding .
Y52 Layer et . f

Cathode Seaffolding |
" Conductive Ceramic

"'! o Cathode Gas Channel

Cathode Material,
such as 5 doped LaMinO3

Figure 1.3 Contained Energy fuel cell stack design (provided by Contained Energy)

This stack’s repeating structure can be cast as large as desired without introducing
difficulties to the cell interconnects. Given the surface area of the anode and cathode, this
stack is expected to be 2-3 times more energy dense than previous stack designs, as

estimated by Contained Energy. The design of the stack allows gases more residence time
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for reactions to take place, increasing fuel utilization. A complete table of estimated
benefits is listed in Appendix B.

As mentioned earlier, this stack solves some of the sealing problems inherent in
planar and tubular stacks, but could still leak at the interface of the cell and inlet
manifold. The inlet manifold will distribute the flow from the external plumbing and
deliver it to each channel of the stack. Contained Energy does not currently have a
manifold in place and is seeking a working design. The design of the manifold will be
addressed in this thesis and outlined in Section 1.2.

1.2 Project Overview

Designing a manifold for Contained Energy’s stack will require simulation
software, such as SolidEdge and ANSYS Fluent. Only simulation will be employed
because Contained Energy has not yet released the final product and experimental stacks
will be unavailable. Simulation will provide the added benefit of reducing costs while
still meeting objectives for the design.

By using ANSYS Fluent, the governing equations of fluid dynamics can be
analyzed for a variety of geometries until the desired flow regime has been met. Each
case will be analyzed through simulation to determine whether the objectives have been
sufficiently met.

Multiple baffle designs will be chosen based upon previous work and adapted to
fit the manifold design in this thesis. A variety of designs from different researchers will

be compared. Each baffle design will be tested for several key parameters (limited by
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cap/can arrangement discussed later). It is expected that one or two baffle designs will
provide the best setups by achieving the desired flow regimes as outlined in Section 1.3.
The baffle designs that are most promising will be investigated in further detail. It is
anticipated that the design that best meets the objectives will be chosen to move forward
with once the stack is available from Contained Energy. This will provide a step towards
scaling up a pressurized fuel cell stack for large scale power generation.
1.3 Objectives

There are two primary objectives for a successful manifold design:

1. Model the flow in all channels of an SOFC stack using ANSY'S Fluent to
compare baffle arrangements from literature while looking for uniform flow

2. Select dimensions for the manifolds, gas separators and stack small enough
that they fit within the pressurized test chamber (PTC), so that the stack may
operate under pressure.

The first and most important objective is model the flow in all channels of the
stack to maximize the reaction rate at the anode and cathode. If one channel receives too
much hydrogen, some will pass through un-reacted, wasting fuel. On the other hand, if a
channel receives too little hydrogen, it will all react but will not maximize the cell’s
ability to convert hydrogen to electricity. This is why uniform flow must be approached
for improved manifold design. To model the flow, a computational fluid dynamics (CFD)
package, ANSYS Fluent, will be used to test possible manifold designs. In addition to
testing a variety of baffle designs, a parametric study will be performed on the height of

the manifold. The goal is to maintain uniform flow with the smallest height possible to
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minimize manifold size, thus maximizing space for a larger fuel cell stack within the test
chamber, as explained in Section 3.1.1 and briefly in the second objective. Flow
distribution studies have been performed by a multitude of researchers, but none have
considered the stack arrangement provided by Contained Energy.

The second objective of the design is that it must be able to operate under
pressure. An operating pressure of eight atmospheres can raise cell performance by 10%
while expending no extra fuel. See Appendix A for calculations. Previous work in the
OCRC labs has achieved a pressure of 3.4 atm on single cell testing by using a
pressurized test chamber. Therefore, to meet this objective, it is necessary that the inlet

manifold, outlet manifold and stack are all able to fit inside the PTC.
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CHAPTER 2: LITERATURE REVIEW
There are certain requirements that will define a successful manifold design. The two
requirements as outlined in Section 1.3 were:

1. Model the flow in all channels of an SOFC stack using ANSY'S Fluent to
compare baffle arrangements from literature while looking for uniform flow

2. Select dimensions for the manifolds, gas separators and stack small enough
that they fit within the pressurized test chamber (PTC), so that the stack may
operate under pressure.

These two objectives will now be discussed as they pertain to recent literature. Each
objective is covered by its own section.
2.1 Uniform Flow

As fuel cell groups continue working to improve stack performance, researchers

have recognized the value of uniform flow in a fuel cell system. As previously outlined,
uniform flow is necessary to maximizing reaction rates which leads to increased
performance. Many variables effect whether or not uniform flow will be achieved, some
of which are; fluid viscosity, inlet velocity and the manifold geometry. Much of the
literature focuses on how the geometry can be altered for specific systems that have a
desired fuel utilization and flow rates. Sometimes re-sizing individual flow channels
provides a sufficient solution [5] and other times ribs or guide vanes are added to the inlet
header [6]. In the first study, Jang et al. [5] used an optimization code and an iterative

method that resized the channels until the flow rates in each channel were equal. In the

study by Huang et al. [6], four different setups were proposed and analyzed based on a
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flow uniformity coefficient. Huang et al. found that the setup with equally spaced guide
vanes in the inlet header provided the most uniform flow [6].

A third study, done both experimentally and through simulation, increased flow
uniformity in a heat exchanger by applying a baffle setup in the inlet header [7, 8]. This
concept achieves similar results to that of Huang, but is accomplished with a baftle
instead of guide vanes. The baffle is a thin rectangular sheet with a staggered grid of
punched holes. The holes are smaller in the middle and larger at the edges of the header,
which forces the flow towards the edges of the header.

A fourth study, using an optimization code, varied the dimensions in the
interconnect channels and inlet and outlet headers for uniform flow in large planar
SOFCs [9]. Chemical reactions at the electrodes are not considered. Although this is
further from the reality of the actual system, it is an acceptable assumption when
analyzing uniform flow because the reactions affect all channels. This assumption is
made in several articles [5, 9, 10, 11, 12, 13, 14] and has been validated by Bi to be
accurate to within 1% [9]. These articles use three different approaches to solve for flow
rate; Analytical, numerical and mathematical models.

Lebaek investigated the flow regimes in planar stacks based on inlet conditions
[15]. Data indicated that a diffuser inlet provides a better flow regime than a circular or
plugged inlet. The diffuser inlet resulted in a more uniform flow and the smallest
pressure-drop, whereas the circular inlet resulted in a poor flow distribution, as shown by

an asymmetric jet. Similarly, Battaglia et al. investigated the flow regime undergoing
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expansion in a rectangular duct [16]. A critical Reynolds number was developed to
determine when the jet crosses from symmetric to asymmetric flow based on the
dimensions of the rectangular ducts [16]. Lebaeck and Battaglia et al. demonstrate poor
flow regimes when a fluid undergoes sudden expansion, and better flow regimes when a
fluid undergoes a more gradual expansion.

Based on these articles, achieving uniform flow will involve a parametric study
on the length of the inlet manifold, as well as a study on a variety of baffling designs.
Better uniformity may be achieved by adding guides or baffles to evenly separate flow to
each channel. Uniformity can be measured using a flow uniformity factor. Neglecting
the chemical reactions on the anode surface is a reasonable assumption and commonly
used for flow distribution analyses. Obtaining the flow distribution for different designs
will require solving multiple governing equations.

2.1.1 Governing Mathematical Equations

In a fuel cell stack, there are a variety of processes that occur that must be
understood to create a successful design. These processes can be represented
mathematically by governing equations of mass, momentum, energy and species. Each
governing equation explains why the system behaves in a certain manner and is used to
create a design that provides uniform flow to all channels.
2.1.1.1 Conservation of Mass

The mass equation is given in Equation (2.1) [17].

2L +V- (pD) = S @.1)
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Where p is fluid density, v is the velocity vector and S,, is a source term. Assuming
incompressible flow at steady state conditions, this can be reduced to Equation (2.2).
V-(pv) =S, (2.2)
2.1.1.2 Conservation of Momentum
The momentum equation, also known as the Navier-Stokes equation, is given for

a Newtonian fluid in Equation (2.3) [18].
v - - = -~ =
p(E+U-Vv)=—Vp+V-(T)+pg+F (2.3)
Where pg are gravitational forces, Fis any external force and 7 is a stress tensor defined
in Equation (2.4).
T=yu [(vﬁ +vih) -2v- 171] (2.4)
Where p is dynamic viscosity and I is the identity matrix.

2.1.1.3 Conservation of Energy

The energy equation for an incompressible fluid is given in Equation (2.5) [18].
a -
a(,onT) + V- (pvC,T) =V (KVT) + Q, (2.5)
Where C, is specific heat, T' is temperature, K is thermal conductivity and Q,, is a

volumetric heat source.
2.1.1.4 Species Transport Equation

The species transport equation is given in Equation (2.6) [18].

Z(pY)+V-(pBY) = V-], +R; +5; (2.6)
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Where Y is mole fraction, ] is diffusion flux, R is net rate of production of species i due

to chemical reaction and S is a source term. The diffusion flux term j for turbulent flow

is calculated based on Equation (2.7).

Ji==p (Dim+ &) VY = D 2.7)
Where Sc is the turbulent Schmidt number with a default value of 0.7 and y, is the
turbulent viscosity.
2.2 Effects of Pressurization

When fuel and air mixtures are delivered to a fuel cell under pressure the cell sees

increased performance. This result is shown in the Nernst Equation, given in Equation
(2.8) below [19].

E=E°—"In(Q) (2.8)
Where E° is the standard potential {volts}, R is the gas constant {J/mol*K}, T is
temperature {K}, n is the number of moles of electrons transferred based on the balanced
reaction, F is faradays constant {9.6485338x10* C/mol} and Q is the reactant quotient. In
order to use the Nernst equation and find the reactant quotient Q, the reactions at the

anode and cathode must be known. For a SOFC running on hydrogen, they are given as

follows [2]:

Anode: H, + O* > H,0 + 2¢” (2.9)
Cathode: %0, + 2¢” > O* (2.10)
Full Reaction: H, + 20, = H,0O (2.11)

Equations (2.9), (2.10) and (2.11) result in the Nernst Equation, given in equation (2.12).
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E=E—-%n (PH—ZO/Z) 2.12)

PH,Po,"

Calculations in Appendix A show that by pressuring the hydrogen and air to 202
kPa will increase output voltage by .012 V and by pressurizing the hydrogen and air to
345 kPa, the output voltage will increase by .049 V. These voltages may seem
insignificant, but a typical cell’s open circuit voltage is around 1 V, therefore
pressurization can increase efficiency up to approximately 5% at 345 kPa. A pressure of
345 kPa is used because that is the present maximum pressure achieved by the PTC. To
further support this, Siemens Westinghouse and Ontario Hydro Technologies performed
experimental tests on tubular cells at a variety of pressures. These performance increases

are shown in Figure 2.1 for pressures up to 1520 kPa (15 atm).
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Figure 2.1 Performance increases due to pressurization [20]
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As seen in Figure 2.1, it is possible to maintain pressure and increase
performance. One can also see, both from Figure 2.7 and the Nernst equation’s
logarithmic nature, that increasing pressure beyond 15 atm results in smaller performance
increases. For the above reasons it is desired to test Contained Energy’s fuel cell stack
under pressure using the PTC arrangement at the Ohio Coal Research Center (OCRC)

labs.
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CHAPTER 3: EXPERIMENTAL SET UP
As recalled from Chapter 1 there are two primary objectives to be met:

1. Model flow in all channels of an SOFC stack using ANSYS Fluent to
compare baffle arrangements from literature while looking for uniform flow

2. The dimensions of the manifolds, gas separators and stack are small enough
that they fit within the pressurized test chamber (PTC), so that the stack may
operate under pressure.

In order to work towards these objectives it is necessary to understand the
physical setup already in place in the OCRC labs, presented in Section 3.1. The next step
is taking this physical setup and creating it using 3D modeling software, and then finding
a solution using CFD software. Section 3.2 gives a background of the software and tells
how it was used to create meaningful results that were relevant to both objectives.

3.1 OCRC Labs

This section describes the fuel cell stands and pressurization setup at the OCRC
labs to help understand the capabilities and limitations of the resources available.
3.1.1 Pressurized Test Chamber

The size of the manifold design is greatly affected by the PTC available in the
OCRC labs, therefore it is important to understand the setup and geometry of the PTC
and manifolds currently being used. The PTC has two main components, which are
referred to as the “cap” and the “can.,” along with the air inlet manifold are both shown
in Figure 3.1. The fuel inlet manifold (not shown), is located inside of the can and is

identical to the air inlet manifold.



25

Air inlet manifold

Figure 3.1 Cap and can arrangement

The fuel is provided through the manifold at the top and the air is provided
through the manifold at the bottom, with the fuel cell stack in the middle. The can is
hollow and is bolted to the cap during operation, with the stack and manifolds inside.

This whole arrangement is placed inside of the test stand furnace, shown in Figure 3.2.



Figure 3.2 Can arrangement in test stand furnace

The air and fuel manifolds were originally designed for single cell testing rather
than stack testing. It is these air and fuel inlet manifolds that need to be altered to
accommodate a stack and to provide uniform flow. Figures 3.3-4 are provided as an aid

to understanding the entire setup.
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Figure 3.3 Can
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Figure 3.4 Fuel inlet manifold

Figures 3.3 and 3.4 show the can and the fuel inlet manifold in their entirety. The

manifold will fit within the can and provide fuel delivery through the thin, hollow shaft.
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In the current setup, the fuel hits the surface of the fuel cell, and then exhausts around the
fuel inlet manifold, and up through the thicker, hollow shaft of the can. The flow pattern
is shown in Figure 3.5 without the can. This can be compared to Figure 4.1 which shows

a section view with all parts.

Figure 3.5 Exhaust path around fuel inlet manifold

Everything within the cap/can arrangement is capable of holding pressure at 345

kPa. This pressure will be used for the simulation in ANSYS Fluent.
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3.2 Simulation

The design and testing was done through 3D modeling and simulation for two
reasons: A physical stack was not available, therefore experimental work was not
possible, and to provide insight and results for a low cost. This section highlights which
programs were used, the capability of each program and how each program will interact
with one another.
3.2.1 SolidEdge ST2

SolidEdge ST2 (Siemens PLM Software, Plano, TX) is the 3D CAD package that
was used to model the manifold setup. SolidEdge is capable of creating part, sheet metal,
assembly, and draft files. For the work in this thesis, part and assembly files were used.

The first step towards meeting objective one was modeling the fuel cell stack,
manifolds, gas separator layers, “cap/can” arrangement and baffles. Figure 3.6 is a 2-D
schematic of the modified system. Several features in this figure (the stack, manifold and

baffle design) were changed for parametric studies to evaluate flow uniformity.
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Figure 3.6 SolidEdge section view of model
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Fuel and air enter the top and bottom manifolds respectively. In each manifold the
flow undergoes sudden expansion. Baffles were used to distribute the flow. Gas flow
separators were added to prevent mixing, so that the anode channels receive only fuel and
the cathode channels receive only air. Once the gases pass through their respective
channels, they exhaust out the sides of the gas flow separators and around the upper
manifold, but still within the “can.”
3.2.1.1 Fuel Cell Stack Modeling

While the fuel cell stack must be modeled, the final dimensions are not set.
Therefore the dimensions used in the SolidEdge models were approximations. Based on
the size of the current manifolds, a stack size of 60x60 mm was chosen. An

approximation of Contained Energy’s stack is shown in Figure 3.7.
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Figure 3.7 Estimated dimensions of Contained Energy’s stack (mm)

However, modeling a 60x60 mm stack creates too many small channels to obtain
a reasonable mesh. Therefore an adjusted stack was modeled in which the cross-sectional
area and the area centroid of each row of channels remain the same. The adjusted stack is

shown in Figure 3.8.



Figure 3.8 Adjusted stack in mm (12 anode channels, 12 cathode channels)

/
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Figure 3.8 is a highly simplified version of the fuel cell stack that was modeled to

provide useful results. The cross-sectional area and area centroids of the rows of channels

remained the same, but the perimeter of the channels was decreased. This was done to

create a workable model, but it cannot be verified that flow uniformity results will be the

same. Naturally this simplification introduces uncertainty into the results, but because

this model of the fuel cell stack was used for all baffle arrangements, the results for

different arrangements can be compared with confidence to determine which arrangement

worked best.



35

3.2.1.2 Manifold and Baffle Modeling
Each design was required to fit into the already existing cap/can arrangement in
the OCRC labs. Overall there were four arrangements that were considered, all adapted
from the literature:
1) No baffle, used as a baseline trial (Figure 3.9 )
2) One punched hole baffle, based on Wen et al. [7](Figure 3.10)
3) Two slotted baffles, rotated 90°, based on Rebrov [22](Figure 3.11)

4) Five slanted baftles, based on Huang [6](Figure 3.12)

Figure 3.9 No baffle

Figure 3.10a Punched hole baffle Figure 3.10b Top view of punched hole baffle
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Figure 3.11a Slotted baffles in manifold Figure 3.11b Top view of baffle

Figure 3.12a Slanted baffles Figure 3.12b Isometric view of a single baffle

Depending upon initial results, some of these baffle arrangements were adjusted
to find a better design, while other designs were abandoned. A test matrix, shown in
Table 3.1, was used to compare designs. This test matrix is the final product of the
simulation process and changed dramatically as results were obtained. The test matrix

does not include the control run with no baffles as there were no parameters to change.
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Each design was evaluated by calculating a flow uniformity coefficient I", which is
explained in Section 4.1.5 and Equation 4.7. The flow uniformity coefficients are
presented throughout Chapter 4 as a series of line graphs. Each of these design variations
were created in SolidEdge and then imported into ANSYS Workbench, which

incorporates ANSYS DesignModeler and ANSYS Meshing.

Table 3.1 Test matrix

Punched Hole Baffle Slotted Baffles Slanted Baffles
. . Slot . To Bottom
Thickness | Location | - | gy, | Thickiess | |y | Gap | Gap | T
(mm) (mm) (mm)
5 centered 3 10 62° 4.5 1.5
centered 2 10 55° | 4.5 1.5
11 centered 1.5 10 62° 6 2.5
15 centered 1.5 5 55° 6 2.5
19 centered 1.5 10
23 centered 1.5 15
5 b Note: All tests were performed using hydrogen with an inlet
5 22.9 Velopity ranging from 5 n}/s to .1 00 m/s. Using a higher
(centered) velocity decreased flow uniformity so that it was easier to
5 35 determine which baffle arrangement performed best.

3.2.2 ANSYS Workbench 13.0
ANSYS Workbench (ANSYS Inc., Canonsburg, PA) is a program for managing
project work flow. It allows the user to easily setup several cases and define parameters

of interest. Workbench is able to run ANSYS programs from the workbench window and
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send the data between different programs as needed. All files are managed by workbench
and saved within a workbench file so there is no need to import and export geometry and
mesh files. The following four programs will all be run from the workbench window:
ANSYS DesignModeler, ANSYS Meshing, ANSYS Fluent, and ANSYS CFD-Post. The
following sections explain the capabilities of these programs, and how they were used to
meet objective one.
3.2.3 ANSYS DesignModeler

ANSYS DesignModeler was used to prepare the SolidEdge model for meshing.
DesignModeler allows the user to create simple part geometries but is primarily used to
define solid and fluid bodies. In this case, DesignModeler was used to define the fluid
body inside the manifold. This was done by capping the inlets and outlets and filling the
empty volume within the manifold, defining the computational domain. Once the fluid
body was defined, the solid parts were suppressed leaving only the fluid.

In general, two different computational domains were analyzed; the “full model”
and the “half model.” These models are pictured in Figure 3.13a-b. The solid parts are

represented in gray and the computational domain, or fluid, is represented in yellow.
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Figure 3.13a Full model Figure 3.13b Half model

The computational domain for the full model was extremely large (3.5-10 million
tetrahedral elements) and required three to seven days for the solution to converge.
Therefore a half model was used for the majority of the simulations. The half model
ranged from 0.3-3 million tetrahedral elements and required anywhere from two hours to
two days to converge.

All parametric studies were performed using the half model. This allowed for
faster results in less time. However, in order to use the half model, simulations had to be
done to compare the full model to the half model to see if using the half model could

provide meaningful results. The comparison of these models is discussed in Appendix F.
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The next step to meeting objective one is loading the computational domain into
ANSYS Meshing.

3.2.4 ANSYS Meshing

ANSYS Meshing was used to mesh the fluid volume inside the manifold.
Meshing is a method to discretize the computational domain in order to solve the Navier
Stokes, energy and species equations. ANSYS Meshing gives the user full control of
mesh sizes throughout the part should the user wish to do so. On the other hand, ANSYS
Meshing can also perform automatic meshing for quick results.

One common feature of CFD meshes are inflation layers, which are long, thin
elements along the walls of a fluid volume. Inflation layers help to resolve the high
velocity gradients along the walls to yield better results by adding a minimal number of
elements. These are used in most CFD meshes and will be addressed in this thesis. An

example of inflation layers on a random part is shown in Figure 3.14.

Inflation layers

Figure 3.14 Inflation layer example [21]
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There are several factors that define quality meshes. The first is that the mesh
must be broken down into a sufficient number of elements. The number of elements
depends on the size and shape of the domain, the type of elements used, and the flow
conditions. The goal is to use enough elements that the solution no longer changes, but
few enough elements that the computation time remains relatively short. In order to
determine a reasonable mesh size, a mesh independence study was performed. Mesh
independence states that the solution to a given problem will no longer change when the
size of the mesh is changed. See Appendix G for the results of this study. All mesh sizes
used provided a relatively mesh independent solution based on the study. This minimized
the possibility of discretization error, also known as approximation error, such that less
than a one percent change in flow uniformity is expected with increased mesh sizes.

The second factor that determines a quality mesh is the skewness value of each
element in a mesh. For details on skewness and how it is calculated, see Appendix H. All
meshes that were used met standard skewness criteria set by ANSYS.

Once the fluid body was meshed, the file was opened up in ANSYS Fluent to
setup models and solution methods.

3.2.5 ANSYS Fluent 13.0

ANSYS Fluent was used to setup and solve the problem. Fluent is a CFD package

that allows the user to solve continuity, momentum, energy and species equations. Fluent

provides a variety of models and solvers to choose from for any application imaginable.
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It was important to choose the correct models and solvers for the application in this
thesis. Fluent also provides basic post processing capabilities to get immediate results. In
most cases this was sufficient. In other cases, CFD-Post was used. Details on how
ANSYS Fluent was used are given in Section 4.1.
3.2.6 ANSYS CFD-Post

CFD-Post is the post processing program for ANSYS products and is opened
from ANSYS Workbench. CFD-Post gives more options than Fluent and allows the user
to produce higher quality images and videos. CFD-Post gives options for creating
vectors, contours, streamlines, and particle tracks. Results can be displayed on a variety
of surfaces and planes to extract desired information. CFD-Post was used when extra

post-processing options were required.
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CHAPTER 4: RESULTS
The two main objectives of this project were:

1. Model the flow in all channels of an SOFC stack using ANSY'S Fluent to
compare baffle arrangements from literature while looking for uniform flow

2. Select dimensions for the manifolds, gas separators and stack small enough
that they fit within the pressurized test chamber (PTC), so that the stack may
operate under pressure.
Objective two has already been met as a result of the designs presented in Chapter
3. Objective one, however, required the use of ANSYS Fluent and user input to create
meaningful results. Section 4.1 discusses all ANSYS Fluent inputs and tells how these
results were used to meet objective 1. Sections 4.2-4.6 present mass flow results, flow
uniformity results, and contour plots. The mass flow results and flow uniformity results
serve as a method to determine whether flow uniformity was achieved, in order to meet
objective one. Contour plots show flow regime for general understanding.
4.1 ANSYS Fluent

ANSYS Fluent was used to numerically solve the Navier Stokes, energy and
species equations. This provided the mass flow rates through each channel from which a
flow uniformity coefficient was calculated. The flow uniformity coefficient determined
the best baffle arrangement and provided insight as to whether objective one was met.
Because simulation was used, uncertainties were introduced from the model assumptions

and from numerical error, deviating simulation results from what may occur

experimentally. These uncertainties affected all models and allowed for comparisons
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among models. The remainder of Section 4.1 discusses how ANSYS Fluent was used to
obtain the desired results.
4.1.1 Fluent Solver Options

ANSYS Fluent offers several solver options. The two main choices are steady
state or transient, and density-based or pressure-based solvers, which are discussed in the
following two sub-sections.
4.1.1.1 Steady State or Transient

The decision for a steady state or transient analysis was based on the desired
results of the analysis, which were the mass flow rates through each individual channel of
the stack during operation. Because the inputs to the stack are constant, and not a
function of time, the analysis was performed at steady state.
4.1.1.2 Pressure Based or Density Based

ANSYS Fluent has two main types of solvers: pressure-based and density-based.
The pressure based solver does not couple the mass, momentum and energy conservation
equations whereas the density based solver does. For this reason, the density based solver
will have longer computation times, but is also more likely to converge. Similarly, the
pressure based solver has faster computation times, but struggles to converge under
certain circumstances, namely compressible supersonic flow. Typical applications of the
pressure based solver are incompressible subsonic flows, while the density based solver
is used for supersonic compressible flows. For the application in this thesis, the pressure

based solver was used as the flow conditions in the manifold were incompressible
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subsonic flows. In reality the flow is compressible, but because the pressure drops in the
system are three or more orders of magnitude less than the operating pressure, the flow
can be considered incompressible [6, 7, 9].
4.1.2 Fluent Models

Fluent provides a variety of models that can be applied based on the application.
The following sub-sections will discuss which models were used, why they were chosen,
and the inputs required for a successful model.
4.1.2.1 Energy Equation

Selecting the energy equation allows the user to model the transfer of heat
throughout the computational domain. For each surface boundary condition there are five
options: heat flux, temperature, convection, radiation, and mixed (should there be several
heat transfer mechanisms involved). This equation was used to define the temperature of
the fluid, which affects density and viscosity of the fluid. Specific boundary conditions
are discussed in detail in Section 4.1.3.
4.1.2.2 Turbulence Models

Fluent offers many turbulence models. For these simulations the realizable k-¢
model was used where k is turbulent kinetic energy and ¢ is turbulent dissipation rate.
According to the ANSYS Fluent user’s guide [23], the k-& model provides reasonable
accuracy for most turbulent flow applications. The k-¢ model becomes inaccurate when
there are extreme pressure gradients, which are not expected. Since the k-¢ model was

first proposed, additional adjustments have been made, leading to the realizable k-¢
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model (along with other models). The realizable k-¢ model is recommended by the
ANSYS Fluent user’s guide over other k-& models because it uses a new eddy-viscosity
formula and a new model equation for €, leading to increased accuracy.
4.1.3 Boundary Conditions

Each surface of the fluid volume will have a “momentum” boundary condition
and a “thermal” boundary condition, for the Navier Stokes and energy equations
respectively. Momentum boundary conditions define mass flow rates, velocities,
pressures or shear conditions at walls. Thermal boundary conditions define fixed
temperatures, fluxes, radiation or convection.
4.1.3.1 Operating Conditions

Operating conditions of pressure and gravity can be defined for the computational
domain. The operating pressure was set to 345 kPa as that is the highest pressure
maintained by the PTC to date. Note that the pressures given in individual boundary
conditions are gauge pressures, and will be added to the operating pressure to get the
absolute pressure, as seen in Equation 4.1.

Pabs = Fyauge + Fop (4.1)

The second operating condition that must be defined is gravity. Gravity is defined
by x, y and z components. Gravity was not turned on since it is used for natural
convection (buoyancy driven) flows and the flow in these simulations are pressure

driven.
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4.1.3.2 Inlet Conditions

Throughout the simulation process two fuels were used; hydrogen and syngas.
The inlet conditions for each are discussed in Sections 4.1.3.2.1 and 4.1.3.2.2.
4.1.3.2.1 Hydrogen

The inlet conditions for hydrogen were estimated based on surface area of the
active electrodes of a button cell test compared to the surface area of the active electrodes
of Contained Energy’s stack. A successful button cell test was performed with a flow rate
of 20 ml/min of hydrogen gas and an active electrode of 1.23 cm®. The surface area of the
active electrode channels in Contained Energy’s stack is 224 cm”. The flow rate was than
scaled up from 20 ml/min to 3640 cm’/min based on these areas. These calculations were
performed using Engineering Equation Solver and are attached in Appendix D.

Throughout the simulation process flow rates higher than 3640 cm®/min were
used for two main reasons: to distinguish the quality of each baffle arrangement and to
provide results for cases where the channel lengths of the fuel cell stack are increased,
which would require higher flow rates. Therefore, flow rates were tested from 9125 to
182500 cm’/min, which correspond to velocity inlets from 5 to 100 m/s at the inlet pipe.
4.1.3.2.2 Syngas

The syngas composition chosen is given in Table 4.1 [24]. Tests using syngas will

be done at the same flow rates as hydrogen.
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Table 4.1 Species composition of syngas

Species Mole Fraction Y
H, 0.291
CcO 0.286
N> 0.032
CO, 0.12
H,O 0.271

4.1.3.3 Manifold Wall Conditions

All walls were assumed to have a “no-slip” condition. This accounted for friction
of the fluid with the walls and specified the velocity at the wall to be zero.
4.1.3.4 Outlet Conditions

The outlet conditions were specified as a “pressure outlets.” The gauge pressure
was entered as 0 kPa because the operating pressure had already been specified as 345
kPa. Together these defined the absolute pressure at the outlets. The backflow
temperature was assumed to be 1073 K, which is the expected operating temperature of
the stack. The backflow temperature does not affect the final results, but may be used in
calculations during the iteration process to maintain a more stable solution.
4.1.3.5 Source Terms

Some of the models included volumetric source terms in the anode and cathode
channels. The location of the source terms can be seen in the half model in Figure

4.1where the anode channels are shown in yellow.
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Figure 4.1 Anode channels in the half model setup

Source terms were included to simulate the mass lost in the cathode channels and
the mass added to the anode channels due to reactions. Source terms were used instead of
porous media and chemical reactions for two reasons: the geometry of the stack is
complex and modeling flow through the electrolyte in three dimensions makes
convergence very difficult, and obtaining the proper coefficients for the porous model is

impossible without being provided a physical stack to test.
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The source terms affected the pressure distribution in the flow field, which in turn
affected the mass flow through each channel of the stack. Literature assumes this will
have little effect on flow uniformity [9, 14]. However, that was not assumed for parts of
this study. The values of the source terms were calculated based on the flow rates into the
system, the molar composition of the syngas, a chosen fuel utilization percent (specified
as 30% by Contained Energy) and the chemical reaction balance. The anode and cathode
reaction balances for syngas are given in Equations 4.2 and 4.3 respectively.

29.1H, + 28.6C0 + 3.2N, + 12C0, + 27.1H,0 + 113.90%~
— 112.4H,0 + 40.3C0, + 3.2N, (4.2)
227.8e” + 57(0, + 3.76N,) - 113.90%~ + 214.1N, (4.3)

The calculations for the source terms were performed using Engineering Equation
Solver and are attached in Appendix E. The source terms were located in the anode
channels and the sink terms were located in the cathode channels. The mass source in the
anode channels was specified as O” because O> was not available in the Fluent database
and the difference of one electron is negligible on material properties. The mass sink in
the cathode channels was specified as O,. Energy sources and sinks were necessary to
maintain the temperature at 1073 K. Equations 4.4 and 4.5 give the mass and energy
source terms respectively [23].

m_ AMwW

Mass Source = — = (4.4)
v v

Energy Source = % = %CP(T —298) (4.5)
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The results of these calculations are shown in Table 4.2, which defines the source

and sink terms for different flow rates.

Table 4.2 Source term input values

Flow Rate Vsyn- Fuel Mass Energy Mass Energy
— 3 ..| gas | Utiliza- | Source (O) | Source | Sink(Oj) Sink
lem’/min] [m/s] tion [kg/s*m3] IW/m3 ] [keg/s*m’] IW/m3I
1900 1 5 s | 30% 27.77 | 2.837e+07 | -2777 | -2.195¢+07
cm’/min
1000
3. 40 m/s 30% 222.16 2.696e+08 | -222.16 -1.756+08
cm’/min
1900. 100 30% 555.40 5.674e+08 | -555.40 -4.390+08
cm’/min m/s

4.1.4 Solution Methods

Second order solution methods were used for all governing equations. Second

order methods tend to increase computation time while decreasing numerical error. In

some cases, a first order method was used initially to establish the flow field, after which

a second order method was used to obtain more accurate results.

When using a first order method, the solver uses a linear approximation across

each cell in the mesh. ANSYS recommends this method for laminar flows where the

mesh is quadrilateral or hexahedral elements and is aligned with the flow field [23].

When using a second order method, the solver calculates a solution at the face of

each cell from a Taylor series expansion of the solution at the center of the cell. This

results in a higher order approximation of ¢ across each cell. Equation 4.6 shows how the
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face value ¢ is calculated based on the upstream data, ¢, Vé and , where ¢ is the value
at the cell-centroid, V¢ is the gradient across the upstream cell, and T is the vector from
the upstream cell-centroid to the cell face [23].
Or=¢d+Vd-r (4.6)

ANSYS recommends the second order method for flows that are not aligned with
the mesh and for complex flows. In this project, the mesh is primarily tetrahedrons which
can never be aligned with the flow. Additionally, there will be turbulent flow in all of the
manifold/baffle arrangements, which a second order method will capture more accurately
than a 1* order method [23].
4.1.5 Post-Processing

Post-processing allows the user to create a variety of contours, vector plots,
pathlines, as well as evaluate surface and volume integrals. Post-processing was done in
both ANSYS Fluent and ANSYS CFD-Post. The most important result was the mass
flow rate through each of the 12 anode channels. This was calculated using a surface
integral on the cross-sectional area of each channel. A sample plot of the normalized

mass flow rates from one trial is given in Figure 4.2.
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Figure 4.2 Sample plot of mass flowrates

The flow rate of the channels was then used to calculate a flow uniformity
coefficient I', as done by Huang [6]. This coefficient provided a method of rating each

baffle arrangement to find the best design. I" is defined by Equation 4.7.

1
r= {1 - [F2n, (%)2]} 4.7

The flow uniformity coefficient was the key variable of interest when performing
parametric studies to determine whether objective one was met. The maximum value for
I' is one, which represents perfect flow uniformity. Baffle arrangements characterized by
high I'-values (>0.9) will have satisfactorily achieved uniform flow.

Other post-processing results that were used include pressure contours, velocity
contours and pathlines. These are presented throughout the remainder of Chapter 4 in

order to understand and visualize the flow regime within the manifold.
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4.2 Results with No Baffle

This setup was tested as a control for all the baffle arrangements to be compared
to. Figure 4.3 presents the flow uniformity coefficient for increasing Reynolds numbers if
no baffles are integrated into the manifold. As seen from this figure, the flow uniformity
coefficient drops very quickly without a baffle in place, and only provides uniform flow
for Re<100. Additionally, the flow uniformity coefficient drops below zero when

Re=2227, this will be discussed in Section 4.8.
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Figure 4.3 Flow uniformity results on control test with no baffle
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4.2.1 Velocity, Pressure and Streamline Plots

The following three sections present velocity plots, pressure plots and pathlines.
These are based on the control case with no baffle. All images displayed are from the
case with Re=2227.
4.2.1.1 Velocity Contours

Figure 4.4 shows the velocity contours on the plane of symmetry. The majority of
flow passes through the central channels while the outside channels are starved for fuel,

creating a non-uniform flow regime.
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Figure 4.4 Velocity contour on plane of symmetry
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Figure 4.5 shows velocity contours on three different cross-sections throughout
the manifold. The top and middle cross-sections are located 30 mm and 15 mm from the
bottom of the manifold respectively. The bottom cross-section is located in the channels
of the fuel cell stack. These cross-sectional contours further confirm that much of the

flow exits the central channels, leading to an unacceptable flow regime.
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Figure 4.5 Velocity contours on various cross-sections
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4.2.1.2 Pressure Contours

Figure 4.6 shows static pressure contours on the plane of symmetry. Since there is
no baffle in place, the pressure drop is primarily due to friction with the walls of the
manifold. The total pressure drop remains relatively low compared to the cases with

baffle arrangements, which will be seen later.

Pressure
Pressure on symmetry plane .
2161
198.7
181.4
F 164.0
146.7
F 1203
F 112.0
94.6
ir2
59.9
42.5
25.2
7.8
95
-26.9
-44.3
-61.6

[Pa]

Figure 4.6 Pressure contours on plane of symmetry
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The pressure differential throughout this system is more than three orders of
magnitude lower than the operating pressure of 345,000 Pa, therefore the incompressible
assumption is reasonable.
4.2.1.3 Pathlines

Pathlines colored by velocity are given for front and side views in Figures 4.7a-b.
The pathlines show rotating flow throughout the entire manifold. This occurs when the

flow reaches the gas separator layer and is forced towards the outside edges of the

manifold.
Velocity M Velocity m
Streamline 1 I Streamline 2 |
. 123.6 ' 1236 |
|
- 927 F927 i

- 30.9

Figure 4.7a Front view of pathlines Figure 4.7b Side view of pathlines



4.3 Punched Hole Baffle Results
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Two separate studies were completed on the punched hole baffle. The first study

analyzed the effect of baffle thickness on flow uniformity. The second study analyzed the

effect of baffle location on flow uniformity. Plots for the most successful punched hole

arrangement are then presented.

4.3.1 Baffle Thickness Study

Six thicknesses in the range of 5-23 mm were chosen to sufficiently cover all

thicknesses that could fit within the manifold. Any thickness greater than 23 mm allowed

little to no space for fluid flow and therefore was not tested. For each case, the baffle was

centered along the height of the manifold.

The most important result from each test is the flow uniformity coefficient. These

are reported in Figure 4.8 for each thickness.
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Figure 4.8 Baffle thickness study results
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Figure 4.8 shows that the thicker baffles performed better, based on the flow
uniformity coefficient at various Reynolds numbers, where the Reynolds number was
determined at the fuel inlet. The difference in performance increased as the Reynolds
number increased. The biggest increase in flow uniformity came when the thickness was
increased from 7 mm to 11 mm. A baffle with a thickness of 23 mm provided the greatest
degree of flow uniformity in this study and will be compared to other baffle arrangements
in Section 4.6.

At a Reynolds number of 111, all baffles performed equally well (I'=0.99). As
shown earlier in the control test with no baffle, the same Reynolds number resulted in a
flow uniformity coefficient of 0.90292. Based on these results, it is expected that any
baffle arrangement tested at this Reynolds number would result in satisfactory flow, in
which satisfactory flow is considered to be any case with a I'-value approaching one. For
this reason the remaining baffle arrangements were not tested at a Reynolds number of
111.

4.3.2 Baffle Location Study

The second study was on the location of the baffle using the 5-mm thick punched
hole baffle design. A thickness of 5 mm was chosen so that there was more room in the
manifold to change the location. The heights are measured from the bottom surface of the
punched hole baffle to the end of the manifold, shown in Figure 4.9. The heights tested

were Smm, 22.9mm (centered) and 35mm. These values were chosen to see if the



location of the baffle had any significant effects on the flow uniformity coefficient. The

results are shown in Figure 4.10.
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Figure 4.9 Baffle location
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Baffle Location Study
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Figure 4.10 Baffle location study

The results in Figure 4.10 show small differences at all Reynolds numbers tested,
but no conclusive evidence of a correlation between baffle location and flow uniformity.
Since the differences are small, the location of the baffle does not appear to play a large
role in flow uniformity for the given setup.

4.3.3 Velocity, Pressure and Pathline Plots

The following three sections present velocity plots, pressure plots and pathlines.
These are based on a baffle thickness of 23 mm, as this resulted in the highest I'- value
from the punched hole baffle arrangements. All images displayed are from simulations
using a Reynolds number of 2227. This condition was chosen because it used the highest

flow rates and resulted in the largest discrepancies for flow uniformity and contour plots.
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4.3.3.1 Velocity Contours
Figure 4.11 shows the z-direction velocity contours on the symmetry plane. There
is rotating flow upstream of the baffle which can be seen by the dark blue contours.

Contrary to the control case, the flow is distributed among all 12 channels.

Velocity w
Velocity Contour

8.5
0.1
-8.2
-16.5
-24.9
-33.2
-41.6
-49.9
-568.3
- -66.6

- 75.0 i
- -83.3 |
- -91.6 M
- -100.0 i

-108.3
-116.7
-125.0

[mst1]

Figure 4.11 Velocity contours on plane of symmetry
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Figure 4.12 shows velocity contours on three different cross-sections throughout the
manifold. The top cross-section is located in the punched hole baffle. The middle cross-
section is located between the punched hole baffle and the gas separator. The bottom
cross-section is located in the fuel cell stack. Peak velocities occur passing through the
smallest holes (1 mm diameter) of the baffle. The middle layer shows how the baffle was
able to distribute the flow throughout the cross-section as it approaches the fuel cell
stack. By the time the flow reached the fuel cell channels on the bottom cross-section, it

was nearly perfectly distributed, as witnessed by a I' -value of 0.97661.
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Figure 4.12 Velocity contours on various cross-sections

4.3.3.2 Pressure Contours

Figure 4.13 gives static pressure contours on the plane of symmetry. In this case
the pressure drop is caused by two things: friction with the walls of the manifold and the
restriction of flow entering the punched hole baffle. In this case the restriction of flow

through the baffle causes the peak pressure throughout the system.
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Figure 4.13 Pressure contours on symmetry plane

The total pressure differential is approximately 549 Pa, which is three orders of
magnitude smaller than the operating pressure of 345,000 Pa. This is important to

maintaining a valid simulation because an incompressible model was used.
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4.3.3.3 Pathlines

Pathline plots colored by velocity magnitude are given in Figure 4.14a-b. All
punched hole baffle tests resulted in rotating flow upstream of the baffle arrangement.
Downstream of the baffle arrangement the flow is no longer rotating and enters straight
into the gas separator layers and fuel cell stack. This is ideal so that all electrode surfaces

in each channel receive equal amounts of hydrogen.

. R Velocity
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Figure 4.14a Front view of pathlines Figure 4.14b Side view of pathlines



68

4.4 Slotted Baffle Results

Two separate studies were completed on the slotted baffle arrangement. The first
study analyzed the effect of slot width on flow uniformity. The second study analyzed the
effect of baffle thickness on flow uniformity.
4.4.1 Slot Width Study

One parameter that was expected to have a large effect on flow uniformity was

the width of the slots, shown in Figure 4.15.
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Figure 4.15 Slotted baffle

This baffle was tested at three different slot widths: 3 mm, 2 mm, and 1.5 mm. All
cases for this arrangement had 12 slots and a thickness of 10 mm. Results for flow

uniformity are shown in Figure 4.16.
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Slotted Baffle: Slot Width Study
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Figure 4.16 Slot width study

As seen here, a slot width of 3 mm provides the least uniform flow to the channels
of the stack. The wider slots allow the flow to pass through the middle of the manifold
and through the central channels, rather than forcing the flow towards the outer edges.
However, the smaller slots are more successful. The flow is nearly evenly distributed
among channels and the flow uniformity coefficient remains above 0.97 for a slot width
of 1.5 mm. A slot width of 1.5 mm performed best among baffles with a thickness of 10

mm. In the following section the thickness of the slotted baffles is investigated.
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4.4.2 Baffle Thickness Study

The second parameter tested on the slotted baffle arrangement was the thickness.
Three thicknesses of 5 mm, 10 mm and 15 mm were chosen with a slot width of 1.5 mm.

The setup of the baffles in the manifold is shown in Figure 4.17.
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Figure 4.17 Slotted baffle arrangement
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For the cases of 5 mm and 15 mm thick baftles, the upstream baffle remained in
the same location, and the downstream baffle was centered in the remaining space. The

results for flow uniformity are given in Figure 4.18.

Slotted Baffle: Thickness Study
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Figure 4.18 Slotted baffle thickness study

All three thicknesses that were tested resulted in a high flow uniformity
coefficient. However, both the 5 mm and 15 mm thick baffles produced slightly lower
uniformity than the 10 mm thick baffles. The baffle arrangement with a slot width of 1.5

mm and a thickness of 10 mm is compared to other arrangements in Section 4.6.
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4.4.3 Velocity, Pressure and Pathline Plots

The following three sections present velocity plots, pressure plots and pathlines.
All plots are based on a slot width of 1.5 mm and a thickness of 10 mm, as this resulted in
the highest I'-value from the slotted baffle arrangements. All images displayed are from a
Reynolds number of 2227.
4.4.3.1 Velocity Contours

Figures 4.19a-b gives the velocity contours on the plane of symmetry and a side
view to see contours through the downstream baftle. Figure 4.19a shows that incoming
flow passes primarily through the two central channels of the upstream baffle. Figure
4.19b shows that the flow is distributed more uniformly as it passes through the

downstream baffle.
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Figure 4.19a Velocity: symmetry plane Figure 4.19b Velocity: side view

Figure 4.20 shows several cross-sectional contours throughout the manifold. The
top and middle cross-sections are in the upstream and downstream baffles respectively.
The bottom cross-section is located in the fuel cell stack. The cross-sectional contours
show the flow being distributed towards the outer edges as it passes through each baffle.
By the time the flow reaches the fuel cell stack the velocity contours through each
channel appear to be uniform. The contours through the channels will be presented again

later for comparison to other arrangements.
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Figure 4.20 Velocity contours on various cross-sections

4.4.3.2 Pressure Contours
The pressure contour on the plane of symmetry is presented in Figure 4.21.

Similar to the punched hole baffle, the pressure drops are due to friction of the fluid with
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the walls and the restriction of flow entering the baffles. The peak pressure seen here is

due to restriction of flow.
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Figure 4.21 Pressure contours on plane of symmetry

The total change in pressure throughout the system is 896 Pa. Again this is
significantly lower than the total pressure, and thus the incompressible assumption
remains valid.
4.4.3.3 Pathlines

Pathlines for the front and side views are given in Figure 4.22a-b. In this

arrangement there is rotating flow on both sides of the upstream baffle, but it no longer
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exists after passing through the downstream baffle. This provides more uniform flow to

all surfaces of the electrodes in each channel.
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Figure 4.22a Front view of pathlines

4.5 Slanted Baffle Results
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Figure 4.22b Side view of pathlines

The slanted baffle arrangement was tested as an alternative to the punched hole

and slotted baffles. This arrangement was not explored in as much detail as the others due

to poor initial results. The setup is shown in Figure 4.23.
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Figure 4.23 Slanted baffle setup

The angle of 62° was chosen to match the angle of the expansion in the manifold
and the spacing of 4.5mm and 1.5mm were chosen to obtain a relatively high flow
uniformity coefficient at Re=891. However, when the Reynolds number was increased to

2227, flow uniformity decreased by large margins. Results are presented in Figure 4.24.
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Figure 4.24 Slanted baffle results
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When an angle of 62° provided poor uniformity, an angle of 55° was tested in an

attempt to increase the flow rate through the outer channels and thus increase uniformity.

Flow uniformity did increase, but by small margins. Both setups still saw significant
drops in flow uniformity with an increased Reynolds number. Because of these large
drops, testing on this arrangement was stopped to focus more time on the punched hole
baffle and the slotted baffle arrangements, which appear to be better options to satisfy
objective one. The following three sections present the velocity contours, pressure

contours and pathline plots for the case where a=55° and Re=2227.
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4.5.1 Velocity, Pressure and Pathline Plots
4.5.1.1 Velocity Contours

Velocity contours on the plane of symmetry are given in Figure 4.25.
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Figure 4.25 Velocity contours on symmetry plane of slanted baffle setup

These results show a peak velocity in the z-direction of 139 m/s as the flow passes

through the baffles. Based on the velocity contour on the plane of symmetry the flow
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appears to be well distributed. However, Figure 4.26, which presents velocity contours on
various cross-sections, shows that the majority of flow remains near the plane of
symmetry and is not well distributed in the y-direction. In the fuel cell channels, shown in
the bottom cross-section, the velocity varies up to 30 m/s in each channel. Large

variations such as this would be destructive to the performance of a fuel cell stack.

Velocity w
Velocity on cross sections

Figure 4.26 Velocity contours on cross-sections throughout slanted baffle domain

4.5.1.2 Pressure Contours
Figure 4.27 shows pressure contours on the plane of symmetry. Peak pressures are

located at the tips of the slanted baffles and are due to compression of the flow as it
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strikes the baffles. A pressure drop of approximately 200 Pa in the inlet is caused by
friction of the fluid with the wall. Again the total pressure difference in the system is

1015 Pa, which is acceptable for the incompressible assumption used.
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Figure 4.27 Pressure contour on symmetry plane of slanted baffle setup

4.5.1.3 Pathlines
Pathlines for the front and side views are given in Figures 4.28a-b. These views

confirm what was seen in the velocity contours. The flow is distributed much more
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uniformly in the x-direction than it is in the y-direction. The side view shows that rotating

flow exists in the ZY plane. It also shows that much of flow distribution in the y-direction

occurs in the gas separator layer.
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Figure 4.28a Front view of pathlines

4.6 Comparison of Baffle Arrangements
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Figure 4.28b Side view of pathlines

The best baffle from each of the previous four sections will be considered here and

compared to the other arrangements, as well as the control case with no baffle. In total,

the four setups are:
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1. No baffle
2. Punched hole baffle with a thickness of 23 mm
3. Slotted baffles with a slot width of 1.5 mm and a thickness of 10 mm

4. Slanted baffles with an angle alpha of 62°

For each case the mass flow results, flow uniformity coefficients and velocity
contours are presented and compared. The mass flow results and velocity contours are
based on a Reynolds number of 2227.

4.6.1 Mass Flow Results
The mass flow results through the 12 channels for each case are shown in Figure

4.29.
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Figure 4.29 Mass flow results through all channels
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All results have been normalized with respect to the average flow rate. In the case
with no baffle, flow is very poorly distributed. Channels 6, 7 and 8 receive two to four
times the average flow rate while channels 3 and 10 receive a tenth of the average flow
rate. Figure 4.29 shows that all three baffle arrangements resulted in noticeable
improvements in flow uniformity. However, it was the punched hole baffle and the
slotted baffles that provided the most uniform flow. The flow uniformity coefficients for
these four setups are given in Figure 4.30. The slotted baffle setup slightly outperforms
the punched hole baffle, but both are successful at providing uniform flow.

The setup with no baffle has a I'-value below zero when Re=2227. This is due to
the formulation for I' and the high flow rate through channel seven. Flow uniformity is

defined again in Equation 4.8 for convenience.

1
1 rr'11_rhave 212
= {1 — [;Z?:l (K) ] I (4.8)
It is possible for flow uniformity to result in a negative value due to the square

and square root. Since channel seven resulted in nearly four times the average flow rate

- 2
w) was severely inflated. This also happened with channels six and

mg

the value of (

eight, which caused the value of the second term in Equation 5.1 to be higher than one,

therefore causing flow uniformity to result in a negative value.
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Figure 4.30 Baffle comparison

4.6.2 Velocity Contours

Cross-sectional contours are presented for each of the four setups. The cross-

sections are all located at the entrance to the channels of the stack. This location was

chosen because it best describes the flow regime entering the channels. As the flow

traveled through the channels it began to approach fully developed flow. The contours

further downstream in the channels will begin to look similar for each case. There would

no longer be local peak velocities in one channel, seen in channel 7 of Figures 4.31a-b.

Based on these contour plots, the punched hole baffle and slotted baffle arrangements

greatly outperformed the slanted baffle arrangement. This has already been seen by their

flow uniformity coefficients. The differences between the punched hole baffle and the
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slotted baffle arrangements are much smaller. In Figure 4.31b, there is a peak velocity in

the 7™ channel that is not seen in the slotted baffle arrangement, in Figure 4.31c. The

velocity contours confirm that the slotted baffle arrangement distributes flow slightly

better than the punched hole baffle.
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Figure 4.31a Velocity contours for control case with no baffle
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Figure 4.31b Velocity contours for punched hole baffle arrangement
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Figure 4.31c Velocity contours for slotted baffle arrangement
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Figure 4.31d Velocity contours for slanted baffle arrangement
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4.6.3 Pressure Drop Variations

During the simulations the pressure drop values were recorded for each case. The
goal was to keep the pressure drop to a minimum. Larger pressure drops may introduce
instabilities into a fuel cell stack and are not valid with the incompressible material
model. Large pressure drops are defined as pressure differentials within one to two orders
of magnitude of the operating pressure of 345 kPa. Therefore the goal is to maintain a
pressure drop below 10 kPa.

The pressure drops for the four cases studied are given in Figure 4.32.
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Figure 4.32 Pressure drop study for each case

This shows the pressure drop for each arrangement compared to a control case
with no baffle. At Re=891, not much variation was seen as all arrangements were
between 85-115 Pa. However at Re=2227, the slanted baffle increased the pressure drop
by 160 Pa, while the punched hole and slotted baffles increased the pressure drop by 275

Pa and 265 Pa respectively. These values remain well below 10 kPa and should not cause

any problems.
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5.0 CONCLUSIONS
The two main objectives of this project, described below, were met.

1. Model the flow in all channels of an SOFC stack using ANSY'S Fluent to
compare baffle arrangements from literature while looking for uniform flow

2. Select dimensions for the manifolds, gas separators and stack small enough
that they fit within the pressurized test chamber (PTC), so that the stack may
operate under pressure.

Several baffle arrangements were tested to quantify flow uniformity for a
conceptual fuel cell stack designed by Contained Energy. The baffle arrangements were
adapted from literature to fit the setup in the OCRC labs. Several variables were tested
for each baffle type to determine the key parameters affecting uniform flow. Each
arrangement was tested at multiple Reynolds numbers to differentiate one arrangement
from another and because the fuel cell stack can be cast to varying lengths, therefore
requiring higher flow rates and higher Reynolds numbers. To meet Objective one, flow
uniformity coefficients were presented for each case. Throughout several of the studies
the flow uniformity results allowed trends to be found.

The case with no baffle and Re=111 resulted in a flow uniformity of 0.902, an
acceptable value. Based on this result any baffle arrangement tested at Re=111 should be
acceptable as well, as it will increase the flow uniformity coefficient. This was seen in the
results from the punched hole baffle, in which flow uniformity increased to 0.997-0.988

depending upon baffle thickness.
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Several parameters were tested for their effects on flow uniformity. Some
parameters had a large effect while others seemingly did nothing. The parameter’s that
had little to no effect were the location of the punched hole baffle and the thickness of the
slotted baffle. Small variations were seen in flow uniformity, but no trends were found.
The parameters that strongly affected flow uniformity were the thickness of the punched
hole baffle and the size of the slots in the slotted baffle. In the case of the punched hole
baffle, the thicker baffles performed best. In the case of the slotted baffles, those with
smaller slots performed best.

At Re=2227, the greatest disparity between arrangements was revealed. At this
condition the slotted baffle with a slot width of 1.5 mm and a thickness of 10 mm resulted
in the highest flow uniformity coefficient with a I'-value of 0.98832. This was closely
followed by the punched hole baffle with a thickness of 23 mm with a I'-value of
0.97661. Due to the assumptions made and the uncertainties involved in simulation, it is
possible that the punched hole baffle may perform better in experimental testing.
However, the simulations did indicate that both the slotted and punched hole
arrangements provided much improved flow uniformity over the slanted baffle and the
control case, which had I'-value’s of 0.72162 and -0.17398. These flow uniformity results
allowed the baffles to be compared to meet objective one.

Objective two was met by designing all arrangements so that they could fit within
the PTC in the OCRC labs. Therefore, all of the designs were simulated under a pressure

of 345 kPa, yielding the above results.
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6.0 RECOMMENDATIONS

While Objective one was met, flow uniformity in the manifold and baffle
arrangements may be further improved. Data indicated the slotted baffle was the best
arrangement tested, but this study was not exhaustive of all possible arrangements. The
punched hole baffle performed nearly as well and only one hole cutout pattern was tested.
Results from the slotted baffle tests suggest that flow uniformity will increase as the
cutout area decreases. For this reason it is expected that if the cutout area of the holes in
the punched hole baffle was reduced that flow uniformity would increase. Future work
could include a study to determine the effect of the cutout area of these holes on flow
uniformity and pressure drop. The results could then be compared to those for the slotted
baffle. The setup would work as such: three ratios will be defined based on the area of the
punched holes and the area of the square for the pattern of that size of hole, where the
subscript 1 represents the smallest holes, the subscript 2 represents the middle sized holes

and the subscript 3 represents the large holes. See Figure 6.1 for details.
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Figure 6.1 Dimensions for future work on punched hole baffle

To define the ratios, several new variables will be introduced. A,, 4, and A5 will

be the cutout areas of each set of holes.C;, C, and C5 will be the total area in which each

set of holes is located. Ry, R, and R5 will represent the ratios of A—f' fori = 1,2,3. The

lower the value for each ratio, the more flow it will restrict and force away from that set
of holes. Therefore the ratios should be established such that Ry < R, < R3. Itis
expected that if there is a greater disparity between ratios that more flow will be forced
towards the edges, and at some point the disparity will become too large that the channels

on the edges will receive too much fuel and the central channels will be deprived. The
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goal would be to find the ratios in which flow was most uniform among all channels.
Simulation should be able to determine the optimum ratio for flow uniformity.

It would also be important to quantify how these flow uniformity results affect the
voltage and current output of the fuel cell stack. In general, more uniform flow will
provide a higher power output from the stack, minimizing losses to maintain a higher
overall efficiency. Gathering this data would help to determine the level of flow
uniformity required to avoid losses in a fuel cell stack. Ideally this would be done
experimentally if the stack was available. However, this may be able to be done via
simulation with the correct software package. ANSYS Fluent has this capability both
through the fuel cell module and through user-defined functions. However, a simulation
is not possible without information on the fuel cell stack, as material properties would be
unknown. To move forward with either an experimental or numerical approach, it is
necessary to have access to the stack.

Lastly, before moving forward with any baffle arrangement, a study should be
done to compare cost, manufacturability and ease of implementation. These topics all
greatly affect the decision making process moving forward and a good understanding in

these differences among baffle arrangements is vital to making an informed decision.
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APPENDIX A: DEMONSTRATING VOLTAGE POTENTIAL DUE TO

PRESSURIZATION

Nernst Equation: E = E° — Eln (_PHZO /2>

nF Py,Po,"

. L RT P
The change in voltage due to pressure is given by the term: ——In (%)
nr PHZPOZ

97

In these equations the partial pressure of H,O will be substituted with an activation of 1.

At 202 kPa (2 atm) : %m( PHz0 1) = _ (83100073) ln( ! )=.012 \%

Ph,Po,2? (2)(96485) (2)(2+.21)1/2

.RT Ph,0 _ _ (8:314)(1073) 1 _
At 345 kPa (3.4 atm): nF In (PI-I Po %) B (2)(96485) i ((3.4)(3.4*.21)1/2) 049V
2 2

_RT PH.,0 __ (8314)(1073) 1 _
At811 kPa (8 atm): Eln <PH on %) © (2)(96485) i ((8)(8*.21)1/2)_'108 v
2 2

At 1521 kPa (15 atm): ~In (”*’—20> = (B3DAT) ), (e 152V
2

% 1/2
Pi,Po, (2)(96485) (15)(15%.21)
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APPENDIX B: CONTAINED ENERGY STACK BENEFITS

Power per
Weight
(kW/kg)

Power per
Volume
(kW/L)

Manufacturing
Cost

Electrode
Chemistry
Flexibility

Hermetic
Sealing

Survives
Anode
Oxidation

Vulnerable to
metal
interconnect
corrosion

Operating
Temperature
Range

Thermal
Cycling
Reliability

Electrolysis
Capability

SOFC
Tubular

High

Limited

Some

No

No

Wide

High

Unknown

SOFC
Planar

0.3

1.3

High

Limited

No

Yes

Narrow

Low

Limited

CEL
SOFC

1.1

4.1

Low

High

Yes

Yes

No

Wide

High

High

Outcome:
P = Performance, C = Cost, R =
Reliability, D = Durability

1P, |C

Lightweight + Low Volume = more
power from a smaller box

Opens up market opportunities not
available to current state-of-the-art
systems

1C
Low cost processes (MLC) and high
processing yields (> 90% vs. <40%)

TP, |C
Greater fuel flexibility
Not tied to nickel

1P, |C, TR, 1D
Potential for all YSZ seals

1P, |C, 1R, 1D
Longer life
Not sensitive to BOP failure

1P, |C, 1R, 1D

Increased life

Higher temperature operation
possible

1P, |C, 1R, 1D

Robust and simple BOP
Easier cycling

Reduced coking
Greater fuel flexibility

TP, JC, 1R, 1D
Can restart reliably

TP, |C, 1R, 1D
Can be run backwards to produce H,
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APPENDIX D: ENGINEERING EQUATION SOLVER: VELOCITY

CALCULATIONS
T=1073 {K} {operating temperature}
P =344.738 {kPa} {operating pressure}
R=8.314 {J/mol*K} {Universal Gas Constant}

{Characteristics of button cell test using Hydrogen}

V_dot_H2_m3 =V_dot_H2_cm3 {cm"3/min}*(1/60) {1 min/60 sec} * (1/(1003))*scale {10"3
cm”3/mA3} {m”3/s} {Volumetric flow rate needed for CE cell}

V_dot H2 cm3 =20

D_bc = 1.25{cm} /100 {m} {diameter of button cell electrode}
SA_bc = (pi*D_bc"2)/4 {m"2} {surface area of button cell
electrode}

SA bc_cm2 =SA bc*10000

{Dimensions of Trapezoid}

b1 =.05 {mm} /1000 {m/mm} {m}

b2 =.1 {mm} /1000 {m}

h = .35 {mm} /1000 {m}

= 2 {mm} /1000 {m}

Per_channel = b1+b2+sqrt(((b2-b1)/2)*2 + h"2) {m} {perimeter of 1 channel of CE cell}

SA_channel = Per_channel*l {m”"2} {surface area of 1 channel of CE
cell}

SA _ce = SA _channel*n_ch {m*2} {active anode surface area of CE
cell}

SA ce_cm2 = SA ce*10000

n_ch = 620*36 {number of anode channels}

v_H2 inlet=V_dot H2 m3/(A_pipe) {m/s} {flow velocity through pipe}

V_dot H2 inlet m3 =v_H2_inlet*A_pipe

V_dot_H2_inlet_cm3 = V_dot_H2_inlet_m3 *1000000*60

Scale = SA_ce/SA bc {scales up the flowrate from button cell
test based on active electrode area}

{inlet pipe characteristics}
D_pipe = .245{in}*2.54 {cm/in} * .01 {1 m/100 cm} {m} {inside diameter of pipe}
A_pipe = (pi*D_pipe”*2)/4 {m”2} {cross-sectional area of channel}
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APPENDIX E: ENGINEERING EQUATION SOLVER: SOURCE TERM

CALCULATIONS
P=344700 {Pa}
T=1073 {K}
R Bar=8.314 {J/mol*K}
{Assume v_syngas=5 m/s}
v_fuel=5 {m/s}
V_dot_fuel=v_fuel*Ain {m~"3/s}
V_dot fuel2 =V_dot fuel * 1000000 * 60 {cm”3/min}
Ain=(pi*D"2)/4 {m"2}
D=(.245*2.54)/100 {m}
{mole fraction amounts given based on matt coopers discertation}
Y_h2=.291
Y_co=.286
Y _n2=.032
Y_c02=.12
Y _h20=.271

Y_total = Y_h2+Y_co+Y_n2+Y_co2+Y_h20

MWfuel = Y_h2*MW_h2 +Y_co*MW_co + Y_n2*MW_n2 +Y_co2*MW_co2 + Y_h20*MW_h20
MW_h2 =2

MW _co = 28

MW_n2 =28

MW _co2 =44

MW_h20 =18

{Calculating molar flow rates} {l used these values for the reactants in the anode reaction}
n_dot_fuel=P*V_dot_fuel/(R_bar*T)

m_dot fuel = (n_dot_fuel*MWfuel)/1000 {kg/s}

n_dot h2=Y_ h2*n_dot_fuel

n_dot co=Y_co*n_dot_fuel

n_dot n2=Y_n2*n_dot_fuel

n_dot co2=Y_co2*n_dot_fuel

n_dot_h20=Y_h20*n_dot_fuel

{Anode Chemical reaction:

H2+CO+N2+C0O2+H20+Za02- --> aaH20 + baCO2 + caN2}

{Element Balance}

{H} (n_dot_h2*2)+(n_dot_h20*2)=2*aa {the 2nd letter, "a", denotes anode reaction}
{C} n_dot_co + n_dot_co2 = ba

{O} n_dot_co + (n_dot_co02*2) + n_dot_h20 + Za = aa + 2*ba

{N} n_dot_n2*2 = 2*ca

{Cathode Chemical Reaction:

2*ac e- + Zc(02+3.76N2) --> acO2- + bcN2}

ac=Za {the 2nd letter, "c", denotes cathode reaction}
{Element balance}
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{0} 2*Zc = ac
{N}3.76*2*Zc = 2*bc

{calculating molar flow rate of air based on chemical reactions}

{composition of air}

Yo02=1/4.76

Yn2=3.76/4.76

n_dot_air1 = Zc/Yo2

n_dot_air2 = (3.76*Zc)/Yn2 {check to see if it comes out the same as n_dot_air1 and it does}
m_dot_air = (n_dot_air1*MWair)/1000 {kg/s}

MWair = 28.9644

v_air3 = m_dot_air/(rho_air*Ain)

{calculating velocity and volume flow rate of air based on molar flow rate of air}

n_dot_air1 = (P*V_dot_air)/(R_bar*T) {mol/s}
V_dot_air = v_air*Ain {m"3/s}
v_air2 = v_air*s {m/s}
{calculating mass and energy sources for O2- for input into Fluent}
MWo = 16 {g/mol}
m_dot_o = Za{mol/s} *MWo{g/mol}/1000 {g->kg} {kg}
V_anodechannels = 5.859e-07 {m~"3}
masssource = m_dot_o/V_anodechannels {kg/s*m"3}
energysource = masssource*Cp_o*(T-298) {J/s*m~3}

masssink = -masssource

energysink = masssink*Cp_02*(T-298)

Cp_o0=1317.935 {J/kg*K for}
Cp_02=1019.355 {J/kg*K for}
rho_air = density(air, T=1073, P=344.7)
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APPENDIX F: FULL MODEL VERSES HALF MODEL COMPARISON

In order to perform studies on the half model, it had to be compared to the full
model, which is considered a better representation of the physical system than the half
model. For this study the punched hole baffle with a thickness of five mm was used to
increase flow uniformity yet require less mesh elements than a thicker baffle, thus saving
time. In the full model, air is provided to the system through a separate manifold, which
also includes the same five mm punched hole baffle. This appendix explores the
similarities and differences in both the full and half models and explains why the half
model may be used.
F.1 Flow Uniformity Results

Flow uniformity studies were performed on both full and half models using
syngas as fuel to the stack. Results are given in Figure F.1. Velocity inlets of 5, 40 and
100 m/s resulted in corresponding Reynolds numbers of 556, 4445 and 11112. As seen
here, the full model performed significantly better at Re=4445 and Re=11112 and slightly
worse at Re=556. However, at Re=556, both models had flow uniformity values above
0.96, which is an acceptable value. Based on Figure F.1 it appears that any testing done
on the half model will under-estimate flow uniformity in the full model, except for at low
flow rates in which both models provide uniform flow. These are added variations in the
flow uniformity results that must be considered due to the necessary simplification to the

half model. However, these results suggest that the half model may be used to distinguish



104

the quality of each baffle, and increased flow uniformity can be expected if implemented

in the full model.

Half Model Vs. Full Model
1.00 &
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Reynolds Number (fuel inlet)

Flow Uniformity Coefficient I

Figure F.1 Comparison of flow uniformity coefficients for half and full model

F.2 Velocity, Pressure and Pathline Plots

The following three sections present velocity plots, pressure plots and pathlines.
These are based on the half and full model without source terms. All images displayed
are from the case with Re=11112.
F.2.1 Velocity Contours

Figures F.2a-b show velocity contours on the plane of symmetry for both the half
and full models. The half model delivers the majority of flow through the central

channels six, seven and eight, with lower flow rates through the remaining channels. See
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Figure F.8 in Section F.3 for more detail. However, the full model distributes flow among
all channels. The flow entering the bottom manifold in Figure F.2b is air, which is
provided to the cathode channels. Because air is provided at a five times stoichiometric

rate, it is not necessary for air to be uniform through all cathode channels.

Velocity w
Velocity on symmetry plane 1 Velocity w
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e
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-80.7
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-88.5
e 54
104 0 a6
T 94.7
i 1447
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[m S 1] [m SA_-‘]
Figure F.2a Velocity on half model Figure F.2b Velocity on full model

Figures F.3a-b show velocity contours on cross-sections throughout the domain of
the half and full model. In Figure F.3b both the anode and cathode channels are shown,

starting with a cathode channel on the left and alternating every other channel. The
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cathode channels, which have air flowing through them, show variations in velocity up to

150 m/s, while the anode channels show variations of under 20 m/s.

Velocity w
Velocity cross sections
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-75.3
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Figure F.3a Velocity cross-sections on half model



107

Velocity w
Velocity cross sections

193.5
176.7
159.8
142.9
126.1
109.2
92.4
75.5
58.6
41.8
24.9
8.0
-8.8
-25.7 TR AR
425

-59.4 Wi\

-76.3 \

[m s-1]

Figure F.3b Velocity cross-sections on full model

F.2.2 Pressure Contours
Pressure contour plots are shown in Figures F.4a-b for both half and full models.
The pressure drop throughout the half model is significantly lower than that of the full

model because the full model includes air flow at higher flow rates and densities. The
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higher pressure drops in the full model required a compressible model to be used, while

the incompressible assumption is still used for the half model.

Pressure
Pressure
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Figure F.4a Pressure on half model Figure F.4b Pressure on full model

Because Figure F.4b has a broad range of values, Figure F.5 is provided to show
the pressure differentials throughout the fuel manifold only. The peak pressure is located
where the incoming flow strikes the baffle. Pressure drops also occur from friction of the
fluid with the walls of the manifold. The total pressure drop throughout the fuel manifold

is approximately 3500 Pa, which is similar to that of the half model.
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Figure F.5 Pressure throughout fuel manifold of full model

F.2.3 Pathlines

Pathline plots are shown first for the half model in Figures F.6a-b and then for the
full model in Figures F.7a-d. Figures F.7a-b show the pathlines within the manifolds and
Figures F.7c-d show the pathlines after flow passes through the fuel cell stack. Both
models resulted in an extreme amount of rotating flow upstream and downstream of the

baffle. Ideally, there will be no rotating flow downstream of the baffle so that the flow
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undergoes a smooth transition into the fuel cell channels and strikes all electrode surfaces
equally. This is addressed with alternate baffle arrangements. The pathlines for the
exhaust also exhibit rotating flow by first filling the dead space in the lower portion of the

cap/can arrangement before leaving the domain at the outlet located at the top of Figures

F.7c-d.
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Figure F.6a Half-model pathlines: Front Figure F.6b Half-model pathlines: Side
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Figure F.7a Pathlines in manifold: Front Figure F.7b Pathlines in manifold: Side
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Figure F.7c Pathlines of exhaust: Front Figure F.7d Pathlines of exhaust: Side
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F.3 Effect of Source Terms on Flow Uniformity

All source terms used represent a fuel utilization rate of 30%. See Section 4.1.3.5
for how source terms were implemented. Source terms were included in both the half and
full model simulations to determine the effect of chemical reactions on the flow regime
within the fuel cell stack and manifold. Figure F.8 shows mass flow results and Figure
F.9 shows flow uniformity results with and without source terms for both models.
Simulations including source terms resulted in more uniform flow for all flow rates
tested. It appears that the ion transport of O*” through the cathode and to the anode helped
balance the flow through each individual channel, shown in Figure F.8. In the system
studied source terms had a minimal affect and confirms the assumptions to ignore
chemical reactions made throughout literature. Note that the mass flow rates were

calculated at the entrance to the anode channels and do not include the mass sources.
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Mass Flow Results
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Figure F.8 Mass flow results with source terms included
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Figure F.9 Flow uniformity results with source terms included
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APPENDIX G: MESH INDEPENDENCE STUDY

The mesh independence study was performed on the half model with no baffle to
reduce computation time. The simulation was performed on meshes of increasing quality
until the solution was mesh independent. All simulations for the mesh indepence study
used the half model with no baffle, k-¢ realizable turbulence model, incompressible ideal
gas, Vi,=5 m/s, T=1073 K and second order solution methods.

The flow uniformity coefficient I" for each mesh size was evaluated first when the
residuals reached the default convergence criteria given by Fluent (1E-03) and then when
the residuals themselves converged. For better understanding, plots of the residuals for

both cases are given in Figures G.1 and G.2 respectively.

1e-06
1e-08
0 50 100 150 200 250 300
lterations
Scaled Residuals Apr 11, 2011
AMSYS FLUENT 13.0 (3d, pbns, rke)

Figure G.1 Residuals plot for default convergence criteria given by Fluent
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In Figure G.1 each line represents the residual for a different conservation
equation. The simulation stopped after approximately 300 iterations because all residuals
dropped below the default criteria of 1E-03. In Figure G.2 the default criteria was
disabled and the simulation continued until all residuals converged. This occurred after

approximately 1000 iterations.

16-06 \1’_7 -
[
1e-08
0 200 400 600 800 1000 1200 1400
lterations
Scaled Residuals Apr 11, 2011
ANSYS FLUENT 13.0 (3d, pbns, rke})

Figure G.2 Residuals plot for when residuals completely converge

The reason for analyzing I" at both conditions was to investigate how flow

uniformity was affected by the residuals and to determine when a simulation was
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complete. This was done for each mesh size tested, both with and without inflation
layers, explained in Section 3.2.4. Figure G.3 shows that there is no correlation between
mesh size and flow uniformity when only the default residual criteria was met. However,
it was expected that there may be a correlation so the simulations were run until the
residuals converged. In this case there is a clear correlation, as seen in Figure G.4. As the
size of each element decreases (or total mesh size increases), the flow uniformity
coefficient increases. Therefore, using a smaller mesh size will underestimate the flow
uniformity coefficient. Note that some meshes included inflation layers and some did not.

This is because inflation layers are not able to be used in models with source terms.

I - Default Residual Criteria Met
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Figure G.3 Results for I' when default residual criteria is met
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. Residuals Converged Completely
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Figure G.4 Results for I' when residuals converge

Figure G.4 shows that meshes with inflation layers converged better than meshes
without inflation layers. However, with smaller elements, the difference is minimal. It
was determined from this study that all meshes would have a minimum element size of
0.35 mm and no inflation layers. These mesh parameters provide the best combination of
accurate results and a reasonable mesh size to reduce computation time. Detailed results
of the entire mesh independence study are given in Table G.1. The final mesh parameters

are listed under mesh number 7.
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Table G.1 Mesh Indepence Study Result
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APPENDIX H: MESH SKEWNESS DISCUSSION
Skewness is a mesh metric measurement provided by ANSYS Meshing to
determine the quality of each element of a mesh. A skewness value between zero and one
is given to each individual cell in the mesh with zero being the best. See Figure H.1 for a

visual reference .

50-0.80 0.80-0.95

good acceptable

Figure H.1 Skewness values [23]

ANSYS Meshing reports values for the maximum, minimum and average
skewnees. As seen in Figure H.1 and stated in ANSYS training materials, maximum
skewness values should remain below 0.98. Average skewness values should remain
below 0.8 for hexa, tri and quad elements and below 0.9 for tetrahedra [21]. Most meshes
are able to achieve lower values, resulting in higher quality meshes. ANSYS breaks down
the skewness values into a histogram and allows the user to view elements of within

different integrals. If poor elements are located at areas with small velocity, temperature
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or species gradients, they can be ignored as they are less likely to disrupt the numerical
solution.

Skewness is calculated by two separate approaches, depending on element type.
The first approach, for triangles and tetrahedra, skewness is calculated based on Equation

H.1, where the optimal cell size is that of an equalateral triangle.

optimal cell size—cell size
(Skewness)iriter = P (H.1)

optimal cell size

The second approach, for triangles, tetrahedra, hexahedral and quadrilateral
elements, skewness is calculated based on Equation H.2, where 6. is the equiangular

cell/face, which is 60° for tris and tets, and 90° for quads and hexas.

0 -0, 0,—0m;
(Skewness) tritet,hex,quad — MaX [ £ mm] (H.2)
tet,hex, 180—6, 0,
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APPENDIX I: ANSYS FLUENT VALIDATION STUDY

Validating parts of the model with experimental data is challenging because the
fuel cell stack is unavailable. Therefore, a problem with similar flow characteristics was
considered analytically and then compared to ANSYS Fluent results to demonstrate
proper use of Fluent. This did not necessarily validate the model of the fuel cell stack, but
at the very least ensured that ANSYS was used correctly and instilled confidence in the
results.

The problem solved was turbulent flow through a 0.02 meter pipe converging

through a sharp inlet into a 0.01 meter pipe, shown in Figure I.1.

02m | t .01 m

Iy

¥

&
-

.2m 2m

Figure 1.1 Pipe Dimensions

The pressure drops due to friction and the sharp inlet to the smaller pipe were
calculated by hand and compared to the pressure drop found using ANSYS Fluent. This
is shown in Figure 1.2, in which static pressure was plotted along the centerline of the
pipe. The percent difference in total pressure drop was 1.47%. This shows that ANSYS

Fluent was used properly and that the Navier Stokes equations were correctly solved.
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Figure 1.2 Pressure drop comparisons
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