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ABSTRACT

COMPUTATIONAL MODEL FOR STEADY STATE SIMULATION OF A
SOLID OXIDE FUEL CELL (SOFC) PLANAR STACK MODEL

UNDERGOING REFORMING PROCESS

Vaibhav Vijay Indulkar, M.S.

The University of Texas at Arlington, 2017

Supervising Professor: Daejong Kim

Solid Oxide Fuel Cell (SOFC), is a clean and low-pollution technology of generating power
of high efficiency. Its applicability for both stationery and transportation power generation
systems, adaptability for wide range fuel sources, as wells its process of direct conversion
of fuel to energy make it an important source of power generation. An effective design of
sub-systems or individual components play a key role in overall working of a plant. Thus,
critical analysis at the component level is of importance for the overall plant efficiency. In
the present study a heat transfer model of a planar SOFC stack to be used as a component
in a hybrid gas turbine power generation system is analyzed. The planar stack model is
studied owing to its advantage in terms of high output power density, applicability for wide
power generation systems, ease in component level design and manufacturing. The thesis
presents a numerical heat transfer model in which a finite volume computational technique
is used to solve the governing energy equation for fluid flow and heat transfer. Convection-
diffusion equation is used to model the temperature variation for air and the fluid mixture.
Heat conduction equation to model temperature variation through the metal structure.
Thermodynamic species balance to model species variation in the mixture owing to steam

reforming and water gas shift reaction occurring in the stack. Property variation for air and



gas mixtures like specific heat, viscosity, conductivity, mixture concentration and reaction
kinetics like Gibbs energy, reaction rate, rate constant, equilibrium constant are modelled
as a function of temperature. Flow admittance form of the momentum equation is used to
model momentum. The solver thus solves for the temperature for air, gas mixture, solid
geometry, and the concentration of the species iteratively till all the values converge. The
model can be easily integrated into a hybrid cycle called as “SOFC Gas-Turbine Hybrid

System” or can be used as a stand-alone model to simulate the stack at component level.
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Chapter 1

INTRODUCTION

1.1 Background

The demand for power generation systems of high efficiency with low emission is an ever-
increasing trend. Environmental problems such as global warming and its adverse effect
has put more emphasis on reducing the usage of fossil fuel and thereby encouraged
researchers to put focus on development of efficient and clean power generation systems.
In view of these Fuel cells as an alternative to conventional energy conversion system have
proved to be more efficient and environment friendly power generation source. This has
led to the applications of Fuel Cell Technology to various field such as automobiles,
stationery power generation systems etc.

Comparing to other power generation system such as heat engines where chemical energy
is first transformed into thermal energy, then to shaft work by combustion process and
finally to electric power, Fuel Cell transforms chemical energy directly to electric power in
a single efficient step. The cell is supplied with hydrogen rich fuel with undergoes oxidation
process to produce electricity and exhaust. The exhaust mostly consists of steam which
can be recirculated within the plant which in turn increases the system overall efficiency.
While the modern power generation system reaches 40% low heating value
efficiency(LHV) the Fuel Cell Engines operate at the efficiency of around 45% [3]. As a
result, they can be used in small applications called as “distributed power generation
system” or can be combined with the gas turbines in hybrid large scale power generation

called as “SOFC Gas Turbine Hybrid Power Generation System”.
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Figure 1-1 SOFC Integrated GT- Cycle
The Figure 1.1 represents a SOFC integrated GT-cycle, the advantage of
integrating/hybridizing the SOFC with gas turbine is to increase the performance of the
SOFC by using the turbine as a source for hot air supply to the cathode of the SOFC. The
combination results in an efficient means of generating electric power rather than using an
external power supply to heat the incoming air to the cathode channel of the SOFC stack
[2]. The cycle consists of a stack, combustor, reformer, heat exchanger, compressor, and
aturbine. In the above figure Al and ClI represent the anode and cathode inlet respectively,
whereas AE and CE represent the exit for the anode and the cathode. The starting point
of the cycle is the combustor where external fuel is supplied and burned with excess air
exiting the cathode of the SOFC stack, the thermal energy generated is used to heat the
heat exchanger, reformer and stack at the required start-up temperature [1]. The above
components should be heated initially to the operating temperature for the efficient working
of the cycle. The gases leaving the combustor serves two purposes. Firstly, to heat up the

compressed air delivered by the compressor to a high temperature through a heat



exchanger. Secondly, in the reforming process of the fuel mixture entering the reformer.
The high temperature air leaving the heat exchanger enters the cathode side of the stack.
Once the components reach the operating temperature the fuel and steam mixture are
supplied to reformer to undergo reforming. The reformed hydrogen rich gas enters the
stack through the anode inlet where electro-chemical reaction occurs generating electrical
power. The unreformed fuel from the reformer is further reformed in the stack by the hot
air entering the cathode, this is called as internal reforming. Once the cycle starts the
external supply of the steam to the mixing chamber is cut and the excess unreacted steam
from the anode exhaust of the stack is recirculated to the mixing chamber using the
recirculation blower. A continuous operation of combustor is essential to continuously burn
the non- reacted fuel, also external fuel and air supply is provided to maintain the air to fuel
ratio [18]. As can be seen a careful designing of all the components is necessary to

maintain balance of plant (BOP) in turn reducing the operating cost of the entire cycle.

1.1.1 Background of SOFC

There are different types of fuel cell available such as Proton Exchange Membrane(PEM),
Alkaline Fuel Cell (AFC), Phosphoric Acid Fuel Cell (PAFC), Molten-Carbonate Fuel
Cell(MCFC), Direct Methanol Fuel Cel(DMFC), Solid Oxide Fuel Cell (SOFC) etc. All the
above fuel cells work at different temperature and pressure conditions with different fuel
supply, design, and material. Among all the mentioned types the SOFC is recognized to
be efficient and robust for stationery power generation system. SOFC works at the high
temperature range usually 600~700 °C. It can be coupled with gas turbine(GT), heat
exchanger, reformer etc. to achieve high performance efficiency. Moreover, due to
synergistic effect hybridization of SOFC with gas turbine has been proved as a superior

technology for power generation. Predicted results have shown that integration of



pressurized SOFC into complex GT system, with multistage, inter-cooler, heat exchanger
can result into electrical efficiency of 70% or higher [2].

Hydrocarbon such as methane, propane can be directly used as fuel unlike other fuel cell
which need pure hydrogen for their operation this is most attractive feature of SOFC. The
cells are fed with hydrogen rich fuel in the gaseous form. Pure hydrogen is avoided
because of low density, high flammability and volatility which makes handling difficult. Low
density increases storage cost for the fuel. Generally, three sources are considered for
hydrogen production like electrolysis, reforming and from biogas production of which
hydrogen obtained from reforming process is the most reliable method [3]. The high
working temperature allows for improved internal reforming of fuel, chemical activities and
charge transport as a result, the overall system efficiency increases. In the cell, at the
interface on the cathode side where the electrode, electrolyte and cathode gas meet the
reduction reaction of oxygen occurs releasing oxygen ions which pass through the
electrolyte to enter the anode side. At the anode interface where the electrode, electrolyte
and anode gas meet, the oxygen ions react with hydrogen to form water and release
electron which then pass through the anode electrode and to the external load.

The Figure 1.2 and the chemical reactions mentioned explains the process occurring inside

a cell.
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Figure 1-2 Diagrammatic representation of the cell

The two electrochemical half reactions in a SOFC are,

1
502 +2e~ = 0%~ (cathode reaction)

H, + 0%~ - H,0 + 2e~ (anode reaction)

On cathode side, oxygen reduction reaction occurs releasing oxygen ions. These oxygen
ions carry charge across the ion conducting electrolyte to the anode where they react with
hydrogen to produce water and release electrons. These released electrons travel through

the electron conducting phase to the external circuit to harness the electrical power.



1.2  Stack models

1.2.1  Tubular model
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Figure 1-3 Diagrammatic representation of tubular model
The tubular design developed by Siemens Westinghouse is illustrated in Figure 1-3. The
components (hardware) are similar in both the tubular as well as in the planar design i.e.
cathode electrode, anode electrode, electrolyte, interconnect. The inner electrode is a
cathode which is usually doped lanthanum manganite tube. The electrolyte used is Yttria-
Stabilized-Zirconia (YSZ) which is deposited over the cathode. The outer most layer is
anode made of Ni/YSZ. The interconnect which runs as strip along the length of the cell is
made of doped lanthanum chromite [4]. Hot air passes through the inner tube from a supply
whereas the fuel is delivered through the outermost tube. Compared to the planar design
the tubular model is sealant free which increases its thermal stability which serves as a
major advantage. However, there are high ohmic and electrical losses associated with the
tubular model owing to the long path the electrons must follow along the length of the
design thus affecting the output and contributing as a major disadvantage compared to
planar design [1]. The power density of tubular design is around 0.2 to 0.25 W /cm? at
about 1000 °C which is considerably low compared to planar design which is high around

2W/cm?.



1.2.2 Planar model
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Figure 1-4 Diagrammatic representation of the planar model

As discussed in the section 1.2.1, due to low power density of the tubular model compared
to that of the planar design, the tubular design can only be used for stationery power
generation system. Whereas the planar design can be used for both stationery and
transportation power generation systems which serves an advantage over the tubular
design. The generic design of the planar SOFC is as above, which shows channel for air
and gas mixtures separated by the cathode, electrolyte and anode together called as
membrane electrode assembly (MEA). Adjacent cells are connected using interconnect.
The hardware design can be counter-flow, parallel-flow or a cross-flow depending on the
requirement, application and can be customized as needed. The material used for
construction is mentioned in section 1.2.3. In the present thesis, the planar model is

analyzed, and a deep insight can be obtained about the working of the model in this work.



1.2.3 Components of SOFC

Electrolyte

The electrolyte is a thin ceramic membrane that allows transport of ions. The common
electrolyte used are Yttria-Stabilized-Zirconia (YSZ), Mg-doped lanthanum gallate (LSGM),
and Gadolinium (Gd) or Sm-doped ceria (CGO or CSO). The electrolyte should have high
ionic conductivity, low electron conductivity, stability over long period of operations. Apart
from exhibiting above properties the electrolyte provides separation for fuel and oxidant
and thus prevent the fuel crossover [1]. YSZ is the most commonly used electrolyte
because it allows for sufficient ionic conductivity at high temperature also it exhibit steady

electrical and mechanical characteristics at high temperature.

Anode

The anode is the thickest and strongest layer in a cell that provides mechanical support
because it has least polarization losses. Fuel oxidation reaction occurs at anode. Ni-YSZ
cermet is the most common anode material used. Ni provides good catalytic activity and

electronic conductivity while YSZ provides the ionic conductivity [22].

Cathode

The cathode is where the oxygen reduction reaction occurs. The most common cathode
material is Strontium-doped lanthanum magnetite (LSM), a semiconductor as it provides
sufficient physio-chemical properties, catalytic activity and electrical conductivity. LSM is
especially popular at high temperature because losses at the cathode increases

significantly as the SOFC temperature is lowered [1].

Interconnect



The interconnect connects two adjacent cells in the arrangement desired i.e. series or
parallel connections. It is also called as bipolar plate in planar SOFC model. It can be either
metallic or ceramic. | should be highly stable because it exposed to oxidizing and the
reducing reaction sides of the cell on either side. Ceramic are better choice compared to
metal for long life of the interconnect. However, they are expensive compared to metals.
Nickel and steel based alloys are used for lower temperature application. Composite
material like Cermet which is combination of ceramic and alloys are under consideration.
Chromium metal alloys with good electrical conductivity, mechanical stability and thermal

conductivity are also common interconnect materials.

1.3 Reforming

As discussed in the introductory part, the storage and transport of pure hydrogen adds
highly to the cost. Reforming of liquid fuel or hydrocarbon at site is the widely accepted
practice. The conversion process of hydrocarbon to hydrogen is typically carried out by

using the three established processes mentioned below.

Steam reforming (SR)

In SR only fuel and steam are fed into the reactor. The complete SR reaction is highly

endothermic and hence requires large amount of heat.

CHy + H,0 & 4H, + CO, Ak, = 165 kJ /mol

It is a combination of two individual reactions, steam reforming(SR) and water gas shifting
(WGS). The hydrogen obtained by this process is highest compared to all the three
processes because there is no oxygen involved in the reaction process and the outlet

hydrogen is free from nitrogen.



SR : CHy+Hy0 & CO+3H, Ahs =206 kJ/mol
WGS : CO+Hy0 & Hy +CO,  Ahy = —41 kj/mol

Partial oxidation (POX)

In POX fuel and sub-stoichiometric amount of air are fed into the reactor to partially oxidize
the fuel mixture to CO and H,. It is an exothermic reaction. The hydrogen produced is

lesser by POX [19].

1
CHy +50, > CO +2H,  Ahy = =36 kj /mol

Auto-thermal reforming (ATR)

ATR is a combination of SR and POX carried out in a single reactor. These reactions are

simultaneous and uses energy liberated by one reaction for the other to occur.

CH, + 0.51(0, + 3.79N,) + (1 — )H,0 & CO + (3 — N)H, + 1.895AN,

If A =0 we get SR.

In SR reactions in addition to the reactions mentioned above, the following reactions may
occur resulting in carbon formation at the surface of the reactor walls, catalyst and hence
degrading the performance by reducing activity [3].

CH, - C + 2H,

2C0 - C + CO,

This phenomenon is controlled by supplying an optimum steam to carbon ratio at the inlet.
Previous studies confirm that SCR around 2 to 2.5 can be chosen as an optimum range.
Higher value may dilute the hydrogen at the outlet whereas lower SCR may result in carbon
formation. Due to endothermic behavior of the SR reaction high thermal energy need to be

supplied continuously, these heat is supplied by preheating the mixture using a preheater.

10



Reforming can be carried out internally inside the cell stack or externally using external
reformer. Internal reforming in SOFC can simplify the complexity of the system, However,
it can result in thermal gradients inside the cell due high heat interaction resulting in thermal

stresses in the electrolytes.

1.4 Thesis Objective

The objective of the thesis is to develop a computational solver to simulate steady state
working of a SOFC stack undergoing reforming process. The planar design of the stack is
used as a reactor to model the process of fluid flow, heat transfer and chemical kinetics.
The model simulates reforming of hydrocarbons to hydrogen by the process of Steam
Reforming (SR) and Water Gas Shifting (WGS). The developed solver can be integrated
with hybrid GT power cycle or can be used as a stand-alone solver to model the process
occurring inside SOFC stack. It can also be used as heat exchanger model by adjusting
certain parameters like fluid properties, dimensions (stack or heat exchanger geometry),

inlet conditions of temperature and pressure etc.

1.5 Organization of Thesis

The thesis is divided into six major chapters. The initial part of Chapter 1 covers the basic
background of fuel cell. The application of fuel cell technology in various fields, comparison
of the different processes that leads to conversion of fuel to energy. It explains the
hybridization of fuel cell technology in gas turbine cycle. The intermediate parts cover
details of SOFC stack, types of stack design, their comparison in terms of application,
hardware construction etc. It explains various components used in SOFC stack design,
material used for their manufacturing. And the final part covers a basic understanding of

reforming process and reactions involved in the reforming. Chapter 2 involves literature

11



review of the present work. The initial part of Chapter 3 helps in understanding the
modelling techniques used. The following part explains the heat transfer modes modelled,
the solver methodology used to solve energy and momentum equation. And the final part
consists of property calculation of reacting mixtures, species transport model and the solver
methodology to update species variations. Chapter 4 deals with discretizing and solving
the governing energy equation of fluid flow and heat transfer for the entire stack model.
Validation of the model and results for different simulation cases are studied in Chapter 5.
Chapter 6 contains the conclusion drawn from the study and finally Chapter 7 gives future

scope for development.

12



Chapter 2
LITERATURE REVIEW
SOFC has attracted considerable interest over last few decades due to its high efficiency
and a friendly source of power generation. It has a potential to be used in various
application right from stationery to transportation power generation systems. Direct or
indirect source of Hydrogen like hydrocarbons can be directly used as a fuel thus making
it compatible for various fuel sources. Integration of SOFC with Gas turbine or use of
SOFC for small scale power generation like residential homes, military applications,
auxiliary power unit for trucks has made SOFC a standalone technology for both large
scale as well as distributed power generation systems. Due to this extensive applicability
many researchers over the years have carried out a thorough study involving both
theoretical as well experimental work. Theoretical as well as simulation of the various
possible configuration of SOFC hybrid systems are put forward and the resources of these
work are available in the open literature. Work presented in [7] considers the overall GT-
cycle simulation where all the auxiliary components like the fuel cell, recuperator,
combustor are considered as a lumped system, this helps in understanding the entire
working of the cycle by reducing the complexities at the component level. While work
carried out in [8] explains the details modeling at the component level to address the
intricacy at the component level due various operating conditions of temperature, pressure,
flow rate, heat generation etc. Work presented in [9] explains the effect of operating
variable like pressure and fuel flow rate on the components and thus on system, increased
pressure increases the system efficiency whereas increased flow rate decreases the
efficiency. It also explains the advantage of reforming in SOFC hybrid system thus
presenting results of electrical efficiency of 60 percent and system efficiency of 80 percent

using internal reforming. Further the work carried out in [10] studies the effect of fuel

13



utilization rate on planar SOFC model in terms of temperature and |-V characteristics, it
explains the effect of polarization, activation and diffusion limitations at electrode at high
fuel utilization. The transient characteristics of fuel cell gas turbine hybrid system, its
dynamics and performance are explained in [12]. In this study transient performance of a
60 kW Capstone recuperated gas turbine was compared against an SOFC integrated 60
KW capstone gas turbine and results proved that if all the operating conditions are
stringently maintained the hybrid system has a quick thermal response compared to
ordinary system. Similar work has been done in [13] by studying dynamic behavior of
tubular SOFC using the control volume numerical simulation technique. The collective
effect of heat transfer, electrochemical and species transport are accounted to study the
dynamic behavior. Both steady and unsteady analysis is carried out to analyze the behavior
of state variable, current and potential distribution. Further, research carried in [14] explains
the significance of the stack design on the overall system performance, it involves the study
of different stack configuration and proves that the counter-flow arrangement of the planar
SOFC has least thermal gradients compared to the parallel flow and the cross flow under
similar operating parameters and boundary conditions. A numerical simulation for flow and
electrochemical behavior was studied to predict flow, temperature, current density, and fuel
utilization for different stack design. [15] carries out a detail numerical analysis of a tubular
SOFC, to simulate heat and species transport process, it explains the applicability of using
a complete field solution for the heat and mass transfer instead of using the laminar flow
assumptions which deviates from actual behavior significantly. Different models explaining
the process of reforming are explained in [3]. Cell to cell voltage variation is studied in [16],
it explains the influence of radiation, non-uniform flow rate, heat flux and other factor that

cause voltage difference in the adjacent cell thus affecting the overall cell voltage. Work

14



presented in [5] provides a large data for thermodynamics property variation as a function

of temperature for SOFC modeling.
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Chapter 3

MODELING

3.1 Modeling Methodology
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Figure 3-1 Stack model used for analysis
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Figure 3-2 Unit model used for analysis
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The finite volume discretization technique is used to discretize the entire domain to model
the process of heat transfer and fluid flow through the stack [20]. The domain is divided in
N_y number of control volumes along the flow direction. N_x represents the number of
channel through which the fluid enters and leaves. The convection-diffusion form of energy
equation is used to model the fluid flow through the anode and the cathode channel. The
conduction form of energy equation is used to model conductive heat transfer through the
ribs, interconnect and the membrane electrode assembly (MEA) (anode, cathode,
electrolyte together is called as MEA). Thermodynamic species balance and chemical
kinetics to model chemical mixture. Due to the repeated nature of the geometry, only a
single unit consisting of anode channel, cathode channel, MEA and interconnect is
simulated. As represented by the Figure 3-2 a single cell showing various dimension is
modelled. The advantage of modeling a single cell is ease in analysis and saving
considerable simulation time.

The following are the two modes of heat transfer considered,

Primary mode of heat transfer

Convective heat transfer from hot air at cathode to the MEA and interconnect and from

MEA and interconnect to the gaseous mixture at the anode.

17
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Figure 3-3 Representation of primary mode of heat transfer

Secondary mode of heat transfer

Convective heat transfer from hot air to ribs at cathode, conductive heat transfer through
ribs to nodal plate at MEA and to interconnect. Conductive heat transfer from nodal plate
at MEA and interconnect to ribs at anode, and finally convective heat transfer from ribs to

gaseous mixture at the anode.
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3.2 Working of the Solver

provide initial values

+ temperature (T)

+ Mass flow rate (m)

+  Species concentration (n)

update properties using
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Figure 3-5 Working of the solver

3.3 Working of momentum module

yes H exit ]

The working of a 1-D momentum equation for a flow through a channel assuming negligible

property variation and linear pressure drop along the flow is represented in the Figure 3-6.

It is important to note that all the properties like velocity, mass flow rate, density etc. in the

figure are averaged values over a channel.
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calculating m., using flow calculating average calculating Reynold's
admittance form using, velocity, number using,

- _ ]2 2 AP fnch Vad
mep= ?pchdchAchT Vep = ﬁ Re = PchVchQch
chélch Hen

calculating Nusselt number based on flow type, based on value of Reynold’s number

A selecting the value of friction factor f using,
laminar:
0.0668(d.,/L)Re. Pr

64
Nu=3.66+ i . =
1+ 0.04[(d.,/L)Re. Pr]?/3 laminar: f Re (Re = 2300)

»

turbulent: turbulent: f = 0':11265
f/8(Re —1000).Pr Re®

T1+12.7(f/8)YVE(Pr2/A — 1)

(Re = 2300)

¥

calculating the heat transfer
coefficient h using,

_ hdch
=%

Figure 3-6 Working of the momentum module [18]

3.4 Property calculations

3.4.1 Viscosity model

To calculate the viscosity of gas mixture, the following semi-empirical formula derived for
multicomponent mixture by Chapman-Enskog is used [6],

N
xa:ua

£ 2% Pap

HUmix =

Where Q)a[; is a dimensionless quantity,

Where,
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1 ) M, -0.5 ) » 0.5 M, 0.2572
o0 = 5 +M—ﬁ) *(@) (M—ﬁ)

N represents the total number of species in the mixture.

X, is the mole fraction of an individual component & .
M, is the viscosity of an individual component & .

M, is the molecular weight of an individual component « .

The regression values mentioned in the table are the viscosity of an individual component.

Table 3.4.1 Dynamic viscosity s of the species (valid for 273-1473 K) [5]

Species Co C1 C2 C3 C4 C5 C6
CH, -9.9989 529.37 -543.82 548.11 -367.06 140.48 -22.920
H,0 -6.7541 244.93 419.50 -522.38 348.12 -126.96 19.591

H, 15.553 299.78 -244.34 249.41 -167.51 62.966 -9.9892
co -4.9137 793.65 875.90 883.75 -572.14 208.42 -32.298
co, -20.434 680.07 -432.49 244.22 -85.929 14.450 -0.4564
0, -1.6918 889.75 -892.79 905.98 -598.36 221.64 -34.754
N, 1.2719 771.45 -809.20 832.47 -553.93 206.15 -32.430

3.4.2 Thermal Conductivity model
Similar, to the viscosity model, semi-empirical formula derived for thermal conductivity of

multicomponent mixture by Chapman-Enskog is [6],

i Z 1 2 xﬁ%ﬂ

Where (Da[; is a dimensionless quantity,
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1 M, -0.5 k, 0.5 M, 0.2572
®a,8 = ﬁ 1+ M_ﬁ 1+ E M_/g

Where,

N represents the total number of species in the mixture.

X, is the mole fraction of an individual component & .
Ma is the molecular weight of an individual component & .

k is the thermal conductivity of an individual component & .

a

The regression values mentioned in the table are the thermal conductivity of an individual
component.

Table 3.4.2 Thermal conductivity K of the species (valid for 273-1473 K) [5]

Species Co C1 Cc2 C3 C4 C5 C6
CH, 0.4796 1.8732 37.413 -47.440 38.251 -17.283 3.2774
H,0 2.0103 -7.9139 35.922 -41.390 35.993 -18.974 4.1531

H, 1.5040 62.892 -47.763 47.763 -31.939 11.972 -1.8954
cO -0.2815 13.999 -23.186 36.018 -30.818 13.379 -2.3224
co, 2.8888 -27.018 129.65 -233.29 216.83 -101.12 18.698
0, -0.1857 11.118 -7.3734 6.7130 -4.1797 1.4910 -0.2278
N, -0.3216 14.810 -25.473 38.837 -32.133 13.493 -2.2741

3.4.3 Specific heat model
As the operating temperature inside the stack is very high it can be assumed that mixture
behaves like ideal gas mixture. And at high temperature the specific heat is a function of

temperature [5].

6

Nt where s TGO
Cp—'oal-r Werer—m
=

Future,;he molar heat capacity of the ideal gas mixture consisting of N species can be
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calculated as follows,

N

6y (1) = ) %G, (T)

i=1
where Xx; represents mole fraction of the ith component.
The regression values mentioned in the table are the specific heat of the individual
component.

Table 3.4.3 Specific heat of the species (valid for 273-1473K) [5]

Species Co C1 C2 C3 C4 C5 C6

CH, 47.964 -178.59 712.55 -1068.7 856.93 -358.75 61.321

H,0 37.373 -41.205 146.01 -217.08 181.54 -79.409 14.015

H, 21.157 56.036 -150.55 199.29 -136.15 46.903 -6.4725

co 30.429 -8.1781 5.2062 41.974 -66.346 37.756 -7.6538

co, 4.3669 204.60 -471.33 657.88 -519.9 241.58 35.992

0, 34.850 -57.975 203.68 -300.37 231.72 -91.821 14.776

N, 29.027 4.8987 -38.040 105.17 -113.56 55.554 -10.350

3.5 Species Transport
The generalized thermodynamic species balance for the chemical species undergoing SR

and WGS reactions is of the form,

Nl + a(nlsz) + B(nlwes) — nloue = 0

Where,

a and S are the stoichiometric coefficients for the species.

nl|;, and n|,,; are the moles of a species (mol/s) entering and leaving a C.V.

Therefore, moles of different species can be calculated as follows,
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CH, : nCH4|out - nCH4|in B (nCH4|SR)
H20 = nyyol . =m0l — (nemlgy) = (colwes)

H, : nH2| = nH2|in +3 (nCH4|SR) + (ncolwas)

out

CO : neolout = neolin + (Mcolsr) — (Mcolwes)

CO, : neo, |Out = ncoz|m + (ncolwes)

The conversion of CH, to H, by reforming reaction is described by forward reaction

rate as,
3
_ Aco U,
nCH4|SR = ksg cH,XH,0 — Koo
p_SR

Similarly, the conversion rate CO to H, is described by the shifting reaction as,

—k *co,%H,
Ncolwes = kwes Acolh,o — K. oo
p_WGS

Where, & represent activity of the respective species which is calculated as,

— y Ptotal

Patm
Y is the mole fraction of respective components.

ksr = ks = Kreaction, represent reaction rate expressed in moles per second.

—E a_rxn)

kreaction = Areaction€XP ( RT

The numerical values of the pre-exponential factor used are [1],
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Acy, sr = 4.225 x 10'° mol/s for SR reaction

Aco wes = 1.955 X 10° mol/s for WGS reaction

The values of activation energy are,

E, s = 240010 J/mol for SR reaction

Eq wes = 67130 J/mol for WGS reaction

The equilibrium constant is calculated using,

—AGgg
Kp.sr = exP( RT )

AG, represents Gibbs free energy.

T in all the above formulae represent the fin or rib temperature.
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total molar flux at inlet,

Myotal

¥

LiviM;

calculating mole fraction of
individual species,

Yerg Ya,00 Yy Yeo Yo,

calculating partial pressure of
individual species,

calculating molar flux of
individual species, (moles/s),

Neyy Mygy00 My Negi Mo,

calculating reforming rate
and shifting rate,

Kyate sn & Krate wes

calculating Equilibrium
constant for the SR and

WGS reactions,

Kp sp & Kp s

%ey Chy00 Xy %o Xco,

Figure 3-7 Working of the species transport module

calculating Gibbs free energy
for the SR and WGS reactions,

GSH & GWES

calculating reaction
constant for the SR and
WGS reactions,

ksp & kygs
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Chapter 4

DISCRETIZATION OF THE MODEL

4.1 Discretization of fluid channel
Solving the 1-D steady state convection-diffusion form of energy equation,

oT 9/ aT P
(k )+uE+Qto_gas

CoU—=—\|rR—
Pr% ey " ay\"ay
@
Where,
(:Ito_gas = (:Iconn_gas + éIMEA_gas + Qribs_gas + éISR_&_WGS
2
to_gas is the volumetric heat generation rate.
qconuas is the convective heat transfer from interconnect to the gas channel.
qMEMas is the convective heat transfer from MEA to the gas channel.
Jribs_gas 1S the convective heat transfer from ribs to the gas channel.
dsr & wes is enthalpy exchange due to SR and WGS reaction.
The LHS of equation (1) can be written as,
aT a(pcpuT) d(pu) dc,
pepu——=——7—"—CpT — pul —
dy dy dy dy
3
Substituting equation (3) in (1),
dy P oy gy ~ay\ 9y/ oy I«
4)

Rearranging the above equation (4),
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0 oT d(pu) dc, 0P |
@<pcpuT - k$> =cpT 3y + puTE + u@ + dto_gas

Considering LHS of equation (5),

a< T kaT>_6 T k oT
ay \Pr® ay) " ay | \P¥ cp Oy

Further solving results in,

0 L _koTN| e, kor\ 9 ( .k
dy | Pt c,dy)|  dy pu cp 0y Cpay pu Cp

Substituting equation (6) in (5),

oy ( o KOT\ 9 ( . kal
dy pu cp 0y Cpay pu cp 0y

d(pu) dcy, opP
T —P il .

. dcp . Lo
Cancelling puTg from both sides and dividing ¢,

@ — T3 —to_gas

9] ( k 6T> o(pu) uadP 1 . k 0T dc,
p =T + ——+ +=——"
cp 0y dy 0y ¢ cs 0y dy

Which can be written as,

0 0p\ _ , I(pw
where,
¢=T
k
[=—
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| east face

control volume

s \--
\

k.

rib

—T

south face

Figure 4-1 Finite volume grid for the flow channel in horizontal plane
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top face

T -
\Ay‘r

mea

control volume

>
B

interconnect bottom face

; | _—south face
rib
Ax
N :;;// '.Ei\
north face| //{: + rib
/ b \

\

Figure 4-2 Finite volume grid for the flow channel in vertical plane

Integrating and applying Gauss Divergence Theorem to equation (9) results

in,
Considering LHS of equation (10),
[ )or= [ {ra-rig)es
= [(pu¢ — Fg—i) ACL - [(pu¢ - Fg—f) Ac]w
= l(puq,’)AC)e — (Fg—iz‘lc) l - [(Pud)Ac)w - (Fg_:quC) l
11)

Considering first term in the RHS of equation (10),

31



6 e
K E,,’;u) v =g, | puds = g,lpuacls

= ¢p [pud.]e — ¢p [puAc]w
(12)

Substituting equations (11) and (12) in (10),
d¢ d¢ _
[(pucpAc)e ~(r EAC)B] - [(puchc)w ~(r @AC)W] =

¢P [puAc]e - ¢P [puAc]w + SAyAc
(13)

Now the value of ¢ on the west and the east face is approximated as follows,

¢e:¢P;¢E and ¢W:¢W;‘¢P

Also, the differential of ¢ on the west and the east face is approximated as follows,

), = "5 (), =5

Substituting the above values in equation (13),

bp + g b — dp dw + Pp
(puAc)e T - (FAc)e T - (puAc)w T

+ (%L% = $p(pudo)e — p(Pud),, + SAYA.

(14)

Which can be simplified to,

(pud.)e (pud.)e FA A (pudc)w
> ¢p + > ¢E_(Ay)e¢5+(Ay)e¢P_—2 dw

~ (pu;law oo+ (FAAy) b — (FAAy) $w = bp(pudc)e — Pp(pUAL)w
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+SAyA,

(15)
Now the source term is,
_u6P+1_ +k6¢acp
0y Qto_gas ¢z dy dy

Of which q¢y_gas is modelled as,

_ hfluidAconvMEA(d)MEA - ¢fluid) n hfluidAconvconn (¢conn - ¢fluid)

to_gas = AyAC AyAC
hfluidAconv_rib_R(d)rib_R - ¢fluid) + hfluidAconv_rib_L (d)rib_L - d)fluid)
AyA. AyA,
Priuia
- AyAC (nCH4,|SRCp—CH4 + nH20|SRCp_H20 + nCOlWGSCp_CO + nHzO |WGSCp—HZO)
briv_L
+ _A_’yAC (nCO |SRCp-CO +3 Ny, |SRCp—H2 + Nco, |WGSCp—C02 + ny, |WGSCp_H2)
briv_r
—AyAC (nc0|sRCp_Co +3ny, |SRC,,_H2 + nco, |WGSCp—C02 + ny, |WGSCp—H2)
(16)

Therefore, the source term now becomes,

S = ia_P + i hfluidAconv_MEA(¢MEA - ¢fluid)
0y ¢ AyA,

n hfluidAconv_conn(¢conn - ¢fluid) n hfluidAconv_rib_R (d)rib_R - ¢fluid)

AyA. AyA,
n hfluidAconv_rib_L((prib_L - ¢fluid)
AyA.
cyAyA, Ny | g Cocn, T MH201 550 0 T 0 lwasCp_co + My00 00 6Cpmy0
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d)rib_L

(nCO |SR CP_CO +3 Ny, |SR Cp_Hz + Nco, |WGSCP_COZ + Ny, |WGSCP_H2)

cpAyA,
M(n|c +3ny| . C +n|C+n|C)
CpAyAC COISR™P_co Hzlsg™P-H, COzlygs~P-co, Ha lygs “P-Hy
N k o¢ dc,
cg 0y dy
17)
Now,

hfluidAconv_MEA (¢MEA - ¢fluid)
C

u
SAyAc = —APA + (

p 14

+ hfluidAconv_conn(¢conn - d)fluid) + hfluidAconv_rib_R(d)rib_R - d)fluid)
p ‘p

+ hfluidAconv_rib_L(¢rib_L - d)fluid))

Cp

_ Pruia

Cp (nCH4 |SR Cp_CH4 + nHZO |SRCP_H20 + Nco IWGSCP-CO + nHZO |WGSCP_H20)

¢rib_L

D

+

(nCO |SR Cp_CO +3 N, |SRCP_H2 + Nco, |WGSCP_C02 + Ny, |WGSCP_H2)

¢rib_R

+ (Tlco |SR Cp_CO +3 Ny, |SRCP_H2 + Nco, |WGSCP_C02 + Ny, |WGSCP_H2)

Cp

+ka¢A A
cj 0y “phle 8)
1

Substituting equation (18) into (15),

(puAc)e (puAc)e 1—‘14C 1-“4(3 (puAC)W
et = (Gy) e+ (55) o e
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_ (pudo)y
2

¢p + (FA_/;C) $p — (FAIL;C) dw = p(pudc)e — Pp(pudcw

u
+—APA, +
Cp

(hfluidAconv_MEA (¢MEA - ¢P)

Cp

n hfluidAconv_conn (¢conn - ¢P) + hfluidAconv_rib_R (¢rib_R - ¢P)

Cp Cp

+ hfluidAconv_rib_L(¢rib_L - ¢P)>
C

p

_Pp

o (nCH4 | sxCo_cr, + 1,0 Co a0 T+ McolwesCo_g, + Tiyo |WGSCP_H20)

brib L

p

+

(nCO |SR Cp-CO +3 N, |5RCP_H2 + Nco, |WGSCP_C02 + Ny, |WGSCP_H2)

+ ¢rib_R

(nCO |SR Cp_CO +3 Nh, |SRCP_H2 + Nco, |WGSCP_C02 + Ny, |WGSCP_H2)
p

+ka¢A A
cj 0y “phle )
1

Now we define,

Convection factor for both east and west face as,
F, = (w,A. and F,= (pu).A,

And diffusion factor as,

D—FA dD—FA
W_Ewcan e_EeC

Substituting the above values in equation (19),

Fe Fe Fe Fy
7¢p +7¢E - De¢E + De¢p _7¢W _7(]513 +Dw¢p _Dwd)w
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:d)pFe_d)pFw

u
+—APA, +
Cp

(hfluidAconv_MEA (¢MEA - ¢P)

Cp

n hfluidAconv_conn (¢conn - ¢P) + hfluidAconv_rib_R (¢rib_R - ¢P)
c c
p p

+ hfluidAconv_rib_L(¢rib_L - ¢P)>

Cp

_Pp

. (nCH4| snCo-cry T 20| ¢ Co a0 + NcolwasCp ¢, + nH20|WGSCp_H20)

+ ¢Tcib-L (nCO I58Co_co F 3 Tty | Gy, + 0,65 LA P )

» SR P-Hz wGs P-Co; wGs P_Hz
¢rib_R
+ » (nCO |SR Cp_CO +3 Nh, |SRCP_H2 + Nco, |WGSCP_C02 + Ny, |WGSCP_H2)
k ¢
+—=—=—Ac,A
2 psic
cs 0y

(20)

Rearranging the terms yields,

F_W +D, + hfluidAconv_MEA n hfluidAconv_conn

2 c C

F,
[—?+De +

p p

+ hfluidAconv_rib_L + hfluidAconv_rib_R

Cp Cp

1
+ & ("CH4| sCpcny T 11,0| 45 Co_iryo + McolwasCo g, + Miryo WGSCp_Hzo) bp

e fore oo

36



hfluidAconv_MEA hfluidAconv_conn
+ d)MEA ¢conn
Cp Cp

C_(nC0|5RCP_co + 31, | o Co i, + 10,y 5Coco,

+<hfluidAconv_rib_L + 1
Cp P

+ nHz |WGSCp_H2)) (prib_L

+ <hfluidAconv_rib_R 1

¢y + g (nCO B Cp_co +3 N, |5R CP_HZ + Neo, |WGSCP_C02

+nH2 |WGSCp_H2 )) ¢rib_R

+ 4 APA, + k aqu A
— ——Ac
Cp Ccgay PU°
(21)
Therefore, we get
aP¢p = aE¢E + aW¢W + aMEA¢MEA + aconnd)conn + arib_Rd)rib_R
+ arib_L¢rib_L +b
(22)

Table 4.1 Coefficients for Fluid channel

_E + De + F_w + Dw + hfluidAconv_MEA + hfluidAconv_conn

ap 2 2 Cp

Cp

hfluidAconvrib_L n hfluidAconvrib_R

Cp Cp
1

+— (”CH4 |52 Cocry T M50 4 Co 0 T+ TicolwiasCp ¢,
p

+nH20 |WGSCP_H20)
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a F,
¥ —5 +D.

a E
YD

apMEA hfluidAconv_MEA
&2

Aconn hf luidAconv_conn

Cp

hfluidAconv_rib_L

1
+ C_ (nco ISRCP_CO +3 nH2| C + ncozl

C

Cp » SR “P-H WGs P-Coz
Arip R
Ty, |WGSCp_H2)
hfluidAconv rib_R 1
c + C_(nCOISRCP_co +3 nHz|5R CP_HZ + nCOzlwcgcp_coz
arib_L p p
Ty, |WGSCp_H2)
b u k o¢
— APAC + _Za_ ACpAC
Cp Cp Oy
ap ag + aw + ayga t Qeonn + Qrip R T Qrip L

aE = DE(l - OSPee)
Using power law scheme the value at west and east face are,

ay = Dy [0, (1 — 0.1|Pe|®)] + [Fy, 0]
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ap = Dy [0, (1 — 0.1|Pe|®)] + [Fg, 0]

According to above, if Pe is greater than 10, diffusion will be ignored. Using these
coefficient, we solve iteratively for ¢P .
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4.2. Discretization of Membrane Electrode Assembly (MEA)

north face nodal plate

\
\

O

5 ____east face

mea

N

west face ™

7.

AVAVAIR mea
X
7 § \

control volume

~0—
S

3

-

nodal plate south face

Figure 4-3 Finite volume grid for Membrane Electrode Assembly (MEA)

Consider 2-dimensional heat conduction equation

oT @ ( T\ a [ dT
(+52) + a5 (35) +5

—_— — )+ —
Pt = ax\"ax) T ay\“ay

(23)
The steady state form of the above equation is
a ( oT a (, aoT
() + 354 75) £ 5 =0

(24)
The source term S in the above equation represents the volumetric heat generation
which is equal to Spe4,
a ( oT a ( oT\ .
75 (5) 35 (35 5w =0

(25)

Integrating above equation over the control volume,
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da (, oT d (. oT
fv a<ka>dv +fV @<k@> av +fV SV =0
Applying the Gauss Divergence Theorem,

f <ka—T>dA+f <ka—T>dA+f SdV =0
A 0x 1% ay 1%

Where,

fV SdV = SAV = S‘MEAAV and AV = d.X'dy thkMEA
The source term can be model as below,

$mea = MnfAcony MEA(Thf — Tmea) — hafAconv mea(Tuea — Ter)

Substituting equation (28), (29) in (27)

ns oaT e/ aT
fs (k ﬁ) dA + jw <k @) dA + hygAconv mea(Ths — Tmga)

_hcfAconvMEA(TMEA - ch) =0

Which can be written as,

oT

oxl,

oT
s y

aT aT
_ [kAC jsae| + [kAC/S @] _ [kAC/Sa—
N e w

+ [hthconv_MEA (Thf - TMEA) — hepAconv MEA (TMEA - ch)] =0

Which can be further written as,

Ty —Tp Tp —Ts Ty —
T - ksAc/s —x + keAc/s oA

knAc/s_n A Ay

+ [hnrAconvpsa(Thr = Tp) = BeAconvyza (Tp = Tep)] = 0

41

Tp
- kwAc/s_w A

(26)

(27)

(28)

(29)

(30)

(31)



Which can be rearranged as,

knAc/s_n + ksAc/s_s + keAc/s_e
Ax Ax Ay

kWAC/S_W

Ay + hthconv_MEA + hcfAconv_MEA Tp

kwAc/s_w

Ay

_ knAc/s_n T, + ksAc/s_s

k,A
Ax N Ax = -

T
s Ay

Ty + Ty
+ hthconvMEAThf + hcfAconvMEAch

Therefore, the discretized equation can be written as,

apr = aNTN + aSTS + aETE + aWTW + bthhf + bCfTCf

Table 4.2 Coefficients for MEA

(32)

(33)

(34)

ay knAc/s_n
Ax

ag ksAc/s_s
Ax

ag keAc/s_e

Ay
ay kwAc/s_w
Ay
bhf hthconvMEA

bcf hcfAconvMEA
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ay +as +ag + ay + bps + by
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4.3. Discretization of Interconnect

"om:' face nodal plate

~___east face

interconnector

A

interconnector

west face ~ |

nodal plate south face

Figure 4-4 Finite volume grid for Interconnect

Consider 2-dimensional heat conduction equation

6T_ 6( OT)_I_ d (kaT)+S
Pt ~ax\"ax) T ay\“ay
(35)

The steady state form of the above equation is
d (, oT d ( 0T
() 53 5 =0

The source term S in the above equation represents the volumetric source

(36)

generation which is equal to S;NTERCONNECT

d oT d aT .
% ka +@ k@ + SinTERCONNECT = 0
(37)

Integrating above equation over the control volume
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da (, oT d (. oT
fv a<ka>dv +fV @<k@) qv +fV SV =0
Applying the Gauss Divergence Theorem,

f <ka—T>dA+f <ka—T>dA+f SdV =0
A 0x 1% ay 1%

Where,

Jy $AV = 3AV = $iyrgrconnecrAV  and AV = dxdy. thkiyrerconnect

The source term can be model as below,
SMEA = hthconv_INTERCONNECT(Thf - TINTERCONNECT)

- hthconv_INTERCONNECT(TINTERCONNECT - ch)

Substituting equation (40), (41) in (39)

(38)

(39)

(40)

(41)

n/ or e/ aT
J k I dA + j k(’)_ dA + hppAconw interconnecr(Ths — TinTERCONNECT)
s w y

_hthconUINTERCONNECT (TINTERCONNECT - TCf) =0

which can be written as,

aT aT aT aT
[eacses] — [kacss 5| +[kAC/S£ —[kAC/s@
n s e

+ [ hnrAconv mea(Ths — TinteRCONNECT)

—herAconv_mEa (TINTERCONNECT — Ter )] =0

Which can be further written as,

45

(42)

(43)



Ty — Tp Tp — Ts Ty — Tp Tp — Ty
—— — kA —+ kA ——k —
knAc/s_n Ax stic/s_s Ax + Ke c/s_e wilc/s_w Ay
+ [ hthconv_INTERCONNECT (Thf - TP)
_hcfAconv_INTERCONNECT(TP - ch)] =0
(44)

Which can be rearranged as,

knAc/s_n + ksAc/s_s + keAc/s_e
Ax Ax Ay

kwAc/s_w
+T+ hnfAconv interconnEcT + PefAconv inTERcONNECT | Tp

k,A k A k.A k,A
_n c/s_nT + s c/s_sT + e c/s_eT + wilc/s w

T
Ax N Ax s Ay E Ay w

+ hhf ACOTLUINTERCONNECTThf + th ACO"”INTERCONNECTTCf 45)
45
Therefore, the discretized equation can be written as,
apr = aNTN + asTS + aETE + awTW + bthhf + bCfTCf
(46)

Table 4.3 Coefficients for Interconnect

ay knAc/s_n
Ax

ag ksAc/s_s
Ax

ag keAc/s_e
Ay

(02774 kwAc/s_w
Ay
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bhf hhf ACOTWINTERCONNECT
bCf th ACOTWINTERCONNECT
ap ay +as +ag + ay + bps + by
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4.4 Discretization of Nodal plate

north face mea
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nodal pl_aje _ Ax
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|
— e \\
west face” / //' + nodal plate
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control volume \
\
00—
) \
mea south face

Figure 4-5 Finite volume grid for Nodal plate
Consider 2-dimensional heat conduction equation
orT 0 aT d aT
() + 5 (k5) +5

PC%t ~ox\"ox) " oy \“ay

The steady state form of the above equation is

0 (T, 2 (9T, o4
ax\ odx) oay\ oy B

The source term S in the above equation represents the volumetric source generation

which is equal to Syp

0 (L T\, 2 (0T, _,
ox\"ax) Tay\“ay ) TSNP T

48

(47)

(48)

(49)



Integrating above equation over the control volume

9 [ oT 9 [ oT
fva<k8—x>dv+fv @<k@>dv+LSdV—0

(50)
Applying the Gauss Divergence Theorem,
oT aT
f <k—>dA +f <k—>dA+f SdV = 0
A ox 174 dy 14
(51)
Where,
fV SdV = SAV = S"NPAV and AV = d.X'dy thkNp
(52)
The source term can be model as below,
) krinAc/s ri krinAcss riv
Snp = TE)T:; (Thot rip — Twp) — n().TCr:b” (Twp — Teota rin)
(53)
Substituting equation (53) in (51),
n oT € aT kribAc/s rib
s dA+J (k—)dA+—‘ Tooovip —T
JS < ax> w ay 0-5lrib ( hot_rib NP)
krinAcs rib
- T:)Tcnsb_n (TNP - Tcold_rib) =0
(54)
Which can be written as,
oT aT oT oT
e/ a]n ~ [Kdess EL + [ @]e - [kAC/S@ )
k'bA/ ib k'bA/ ib
TE)ITCr;_n (Thot_rib - TNP) - TE)TCHSI;” (TNP - Tcold_rib) =0
(55)
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Which further can be written as,

Ty — Tp Tp — Ts Ty — Tp Tp — Ty
knAc/s_n T - ksAc/s T + keAc/s - kwAc/s_w A—

ribAc/s_rib

k 'bA /s_rib k
TR (Thot_rib - TP) o W (TP - Tcold_rib) =0
Ol

0.50,4
(56)
which can be rearranged as,
knAc/s_n ksAc/s_s keAc/s_e kwAc/s_w kribAc/s_rib
+ + +
Ax Ax Ay Ay 0.5l
kribAc/s_rib TP _ knAc/s_n TN + ksAc/s_s Ts + keAc/s_e TE
0-5lrib Ax Ax Ay
+ kwAc/s_w kribAc/s_rib .
Ay w O-Slrlb hOt_T'lb
kribAc/s_rib
W cold_rib
i
(57)
Therefore, the discretized equation can be written as,
aPTP = aNTN + aSTS + aETE + aWTW + bhot_ribThot_rib + bcold_richold_rib
(58)

Table 4.4 Coefficients for Nodal plate

ay knAc/s_n
Ax

ag ksAc/s_s
Ax

ag keAc/s_e
Ay

(03774 kwAc/s_w
Ay
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bhot_rib kribAc/s_rib
0.50,4
bcold_rib kTibAC/s_rib
0.50,4
ap ap=ay tas+ag+ay + bhot_rib + bcold_rib
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4.5 Discretization of the Rib

rib

west face ™ |

Figure 4-6 Finite volume grid for Rib

Consider 1-dimensional heat conduction equation

6T_ d (kaT)+S
Pt =

dy \ 0y
(59)
The steady state form of the above equation is
2 (D)5 =0
oy\"ay) "
(60)

The source term S in the above equation represents the volumetric source generation

which is equal to §,p.

g <k aT) 45, =0
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Integrating above equation over the control volume

i) oT
.f —(k—)dV+f SdV =0
y dy\ dy v

(62)
Applying the Gauss Divergence Theorem,
oT
f (k—)dA+J. SdV =0
A dy v
(63)
Where,
f SAV = 5AV = 5,,AV and AV = dxdy. thk,,,
|4
(64)
The source term can be model as below,
srib = hfluid Aconv_rib (Tfluid_R - Trib) + hfluid Aconv_rib (Tfluid_L - Trib)
kribAc/s rib kribAc/s rib
- = T — T - = T R T
0.5lrlb ( rib NP_l) O.San ( rib NP_Z)
—qsr &.wes T Ahy srNcp, | T Ahs wesncolwes
(65)
Where,
qsr_ & WGS =

~ Triuia_r ("CH4| sCrcny T 10| 4 Co_iryo FcolwasCo g, + Mityo |WGSCp_Hzo)
~ Truia L ("cm | oxCo_cry T+ 11,0 3 Cp_p0 H1icolwasCp_c, + M0 |WGSCp_Hzo)
+ Trib (nCO |5RCP_CO +3 Ny, |SR Cp_Hz + Nco, |WGSCP_COZ + Ny, |WGSCP,H2)

(66)

Substituting equation (64), (65) in (63)
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¢r aT
f <k 6_) dA + hfluid Aconv_rib (Tfluid_R — Trib)
w y

A

ib ib

+ hfluid Aconv_rib (Tfluid_L le) T(l) SlC/S = (Trib - TNP_l)
rib

krinAcys ri
- naTcr;ﬂ (Trib - TNP_Z) — qsr g wes + DAhgney, | SR

+ Ahfwgs"’COlWGS =0

(67)
Which can be written as,
[kA aT] [kA aT] + Repyig A (T Tp)
c/srib 3 | T c/s_rib 5 fluid “Aconv_rib\ fluid R — 1P
ayl, ayl,
kribAc/s_rib
+ Reuia Aconv riv (Tria . — Tp) — 05l (Tp — Typ1)
Ilrib
kribAc/s_rib
T 05L, (Tp — Twp 2) — Gsr & wes + Dhrgpnen,| SR
+ Ahgy, o Meolwes = 0
(68)
Which can be further written as,
TE - TP TP - TW
keAc/s_rib - kWAC/S_T'ib T + hfluid Aconv_rib (Tfluid_R - TP)
kribAc/s rib
+ hfluid Aconv_rib (Tfluid_L - TP) - W (TP - TNP_l)
Iilrib
kribAc/s rib
- W (TP - TNP_Z) —qsr & wGs T AhfSRnCHlllﬂ,?
+Ahsy, . Neolwes = 0
(69)
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Substituting (66) in (69),

Ty — Tp Tp — Ty
- kwAc/s_rib T + hfluid Aconv_rib (Tfluid_R - TP)

keAc/s_rib

ribAc/s_rib

k
+ Reuia Aconv riv (Tria . — Tp) — 050, (Tp — Twp.1)
. e

k 'bA /s_rib
_rore/sr (T, — TNPZ) + AhfSRnCH4| +Ahysy gscolwas
0.50, o

+ Trivia_r ("cm | seCp_cu, T M0 | swCp_ipo T colwesCp_c, + Miy0 |WGSCp_Hzo)
+ Truvia L ("cm | seCp_cu, T M50 | swCp_ipo T colwesCp_c, + Miy0 |WGSCp_Hzo)

- TP (nCO |SRCP_CO +3 nHZ |5RCP_H2 + nCOZ |WGSCP_C02 + nHZ |WGSCP_H2) =0
(70)
Which can be rearranged as,

kribAc/s rib
+ hfluid Aconv_rib + hfluid Aconv_rib + -
0.50,4p

[keAc/s_rib kwAc/s_rib
+
Ay Ay

C

P_Hz)
kTibAc/s rib keAc/s rib kWAC/S rib
O-Slrib_ TP - Ay_ TE + Ay_ TW + (hfluid Aconv_rib

(TlCO |SR Cp-CO +3 Ny, |SRCP_H2 + nCOz |WGSCp_C02 + Ny, |WGS

+ nCH4|SRCp_CH4 + nH20|SRCp_H20 +neolwesCyp_ ., + nH20|WGSCp_H20> Tfiia g

+ (hfluid Aconv_rib + nCH4 |SR Cp_(;H4 + nH20|SRCp_H20 + Nco |WGSCp_Co

e ol € )T s kribAcss rib kribAcss_riv T
H20ly s~ P-p,0) ' fluid L 0.5L, NP1 0.5 NP2

+ AhfSRnCI'LL |SR + AhfWGSnCO |WGS
(71)
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Therefore, the discretized equation can be written as,

apTp = agTg + awTw + brria R Tria r + Privia 1 Trwia L + e 1Tnp 1

+ byp 2Tnp 2 + B

(72)

Table 4.5 Coefficients for Rib

ag keAc/s_rib
Ay
Ay kwAc/s_rib
Ay
bfluid_R hfluid Aconv_rib + Ncp, |SR Cp_CH4 + Ny,o SR Cp_H20
+ncolwesCp_co T Mhyo |WGSCP_H20
bfluid_L hfluid Aconv_rib + Ncy, |SR Cp_CH4 + Nh,0 SR Cp_Hzo
+ncolwesCp_co + Mo |WGSCP_H20
bNP_1 kribAc/s_rib
0.5Lp
bNP_2 kribAc/s_rib
0.5
B Ahygencn,| o, + Ahsyesicolwas
ap ag + ay + bria r + briuia L + byp 1+ + byp 2 + B
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Chapter 5
VALIDATION AND RESULTS
To analyze the performance of the planar stack the model was simulated for two cases
Case 1: Simulation when working fluid at both cathode and anode is air.
Case 2: Simulation when working fluid at cathode is air and gas mixture at anode
(reformer model).
Case 1: Simulation when working fluids at cathode and anode is air.
To validate the model, the Effectiveness is calculated for different length and the solution

obtained from solver and from analytical solution is compared.

Th, in

Figure 5-1 Temperature profile for counter-flow arrangement

Effectiveness calculated by the solver

The actual effectiveness is calculated using,

q

qmax

Effectiveness (¢) =

Where, (., represent maximum heat transfer possible.
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max = Cmin (Th,i - Tc,i)

C

min IS the smallest value among Cj, or C.. This is indicative that the fluid having the
smallest specific heat would undergo a highest heat transfer. * q ’ is the actual heat transfer

based on cold or hot fluid whichever is of Interest [23].

q=Cc(Teo—Te) (cold fluid)

q = Ch(Th,i — Th,o) (hOt fIULd)

Effectiveness calculated using analytical solution

The analytical / theoretical solution is calculated using Effectiveness-NTU method. This
method works under the assumptions that there is no axial conduction, no heat leakage,
and no considerable variations in properties along the flow direction [23]. The following
equations are used to calculate effectiveness analytically.

1—exp[-NTU(1 — C,)]

— ' 1
€= T—Ceplntua—cy L &<V
_NTU e
€= Txnro TG =

Simulations are performed for the model of dimension as per [21] and effectiveness

obtained from solver and the analytical method is compared.

case (a): Height of the cathode channel = 2 mm
Height of the anode channel = 1 mm
Width of the channels = 8 mm
Thickness of the MEA = 0.28 mm
Thickness of the interconnect =1 mm

Thickness of the rib = 2 mm
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Figure 5-2 Temperature plot for cathode and anode fluid temperature for

case (a)
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Figure 5-3 Comparing effectiveness obtained from the solver and

theoretical effectiveness for case (a)
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case (b): Height of the cathode channel =2 mm
Height of the anode channel = 1 mm
Width of the channels = 5mm
Thickness of the MEA = 0.28 mm
Thickness of the interconnect =1 mm

Thickness of the rib = 2mm

0.95

0.9

0.85

0.8

0.75 - —%— effectiveness

—E— theoretical effectiveness

07 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1

length(m) ——— >
Figure 5-4 Comparing effectiveness obtained from the solver and
theoretical effectiveness for case (b)
Thus, from the Figure 5-3 and Figure 5-4 it is clear that the effectiveness increases with
the length of the model. Typically for the heat exchanging model an effectiveness greater
than 0.85 is desired. For case(a), An Effectiveness greater than 0.85 is obtained for a
length of 0.85 m and above. However, running the same case by changing the width of the

channel to 0.005m as in case(b) the same effectiveness is obtained for length of 0.7 m.
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Since all the other dimension parameters mentioned above are fixed, the only possible
parameter's that can be tweaked is the length or the width of the model. Moreover,
compactness of the model is of importance when is applicability is concern. As a result,

there is a trade-off while selecting length and width for the model to be compact.
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length (m) —>

Figure 5-5 Temperature plot for cathode and anode fluid temperature for

case (b)
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Figure 5-6 Cathode fluid temperature for case (b)
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Figure 5-7 Anode fluid temperature for case (b)

Case 2: Simulation when working fluid at cathode is air and gas mixture at anode

(reformer model)
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As indicated the scope of the present work is to simulate the steady state characteristic of
the SOFC stack undergoing internal reforming. The stack model is a reactor where hot air
at high temperature enters the cathode, and the gas mixture at anode and undergoes
reaction due to heat received from the hot air. Hot air is also supplied initially before feeding
the mixture to heat the stack at desired temperature. The mixture should also, be preheated
to initiate the reaction as soon as it enters the channel. A suitable steam to carbon ratio
(SCR) of around 2 to 2.5 at the inlet is required to avoid the circumstances mentioned

before. SCR at the inlet is calculated as,

n
SCR:M

nlCH4

While the molar flux (mol/s) at inlet for the fuel and steam is calculated as,

l B MWCH4 e
CH, = CH
* (yCH4MWCH4 + yHZOMWHZO) !

MWy, o .

Nly,o YH,0m

(yCH4MWCH4 + yHZOMWHZO)

Simulations were performed for the SCR = 2 and SCR = 2.5 and the corresponding mole
fractions for steam and methane are supplied at the entry for the mixture. Also, the
operating temperature for both air and gas mixture is changed to study the effects of

operating temperature on mixture concentration.
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Figure 5-8 Mole fraction for species, SCR=2, air inlet temperature = 1000K

and mixture inlet temperature = 900 K
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Figure 5-9 Individual species mole fraction, SCR=2, air inlet temperature=1000 K

and mixture inlet temperature = 900 K
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Figure 5-10 Temperature plot for air at cathode, SCR=2, air inlet temperature = 1000 K,

mixture inlet temperature = 900 K
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Figure 5-11 Temperature plot for mixture at anode, SCR=2, air inlet temperature = 1000K

mixture inlet temperature = 900 K
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Figure 5-13 Individual Species mole fraction, SCR=2, air inlet temperature

= 1125 and mixture inlet temperature = 925 K

As can be seen from the Figure 5-8 - Figure 5-13, A soon as the mixture enters the anode
channel, both the SR and WGS reaction occur instantly, the number of moles of methane,
water decrease rapidly and hence hydrogen, carbon dioxide and carbon monoxide are
obtained as the product. Also, the reaction completes rapidly this mainly accounts to the
low flow rate of the mixture entering the anode and high reaction rate which results in fast
conversion of reactants to product. The effect of high operating temperature can be seen
in the Figure 5-8 and Figure 5-12 which shows higher concentration of hydrogen and

carbon monoxide at the outlet in Figure 5-12 compared to Figure 5-8.
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Figure 5-14 Mole fraction for species SCR=2.5, air inlet temperature =

1000 K and mixture inlet temperature = 900 K
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Figure 5-15 Temperature plot for air at cathode, SCR=2.5, air inlet temperature = 1000 K,

mixture inlet temperature = 900 K
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Figure 5-16 Temperature plot for mixture at anode, SCR=2.5, air inlet

temperature = 1000 K, mixture inlet temperature = 900 K

Also, the effect of varying SCR was studied, Figure 5-8 and Figure 5-14 show that the
number of mole of hydrogen formed at SCR = 2 is greater than that for SCR = 2.5 at the
same operating temperature. As a result, the lower SCR shows a high yield in hydrogen
formation and hence better performance. This is due to dilution of hydrogen by steam at

higher SCR.
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Figure 5-17 Comparing cathode mixture temperature for SCR = 2 and
SCR = 2.5, air inlet temperature = 1000, mixture inlet temperature

=900 K

It can be seen from the Figure 5-17, there is sudden drop in mixture temperature at the
anode inlet. This is due to the endothermic nature of the combined SR and WGS reactions
and soon the mixture temperature increases gradually by absorbing heat from the hot air.
Also, it can be seen from figure 5-17 that larger SCR results in higher mixture temperature
at the exit this is due to the presence of higher mole fraction of steam at exit which carries

a large thermal energy.
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Chapter 6
CONCLUSION
The thesis presents a numerical heat transfer model of planar SOFC stack, working as a
reformer. The finite volume discretization method is used to discretize the domain under
consideration and solve for the mass flow rate, temperature for both fluid and solid
structure. Boundary conditions in terms Pressure at inlet and outlet and Temperature at
the inlets are provided for fluid domain to solve the momentum and energy equation. The
property variations like specific heat, conductivity, viscosity etc. are modelled along the
flow direction as a function of temperature. Species concentration at the inlet is provided
to solve the species conservation equation. Reaction kinetics like rate constant, equilibrium
constant, Gibbs function etc. which are modelled as a function of temperature are used to
calculate the species variations in the mixture. The steady state form of convection-
diffusion equation is used to solve temperature for air and gas mixture and the steady state

conduction equation for solid hardware.

The developed solver can be easily tweaked thus making it work for wide range of fluids,
for different hardware dimensions as well as under different values for temperature and
pressure at the boundaries. For example, if we know the operating temperature, pressure,
and the working fluid, we can easily calculate the properties of the fluid using regression
values from available data sources or if we need to change the channel dimensions and
cross-section we can easily alter the geometry by changing the dimension parameters.
Pressure values at the inlet and the outlet can be assigned and thus the required pressure

drop can be obtained along the flow.
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The solver can be used as a tool to predict the performance of the model prior to building
a prototype thus providing information required during design considerations as a result
saving cost and time. It can also be used to validate an existing model by altering the solver
parameters as mentioned above. It can be easily integrated into a complex cycle like the
Gas Turbine cycle or can be used a stand-alone model to analyze and validate the model

at the component level.
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Chapter 7

SCOPE OF FUTURE WORK
In the present research only one unit consisting of anode, cathode is simulated,
the model can be scaled to compute multiple channels and stacks thus following
more realistic approach.
The circuit model can be easily implemented to simulate the current and voltage
characteristic which is prime objective of planar stack.
Heat loss due to radiation, leakage and to environment can be model to
understand the effects of more realistic conditions on the working of the model.
The model can be easily integrated into a cycle and thus an entire cycle can be
simulated by understanding the detail working and effectiveness at the component
level thus evaluating the overall cycle efficiency.
A more realistic approach is analyzing the model under transient condition, as a
result the time dependent effects need to be considered thus solving all the

governing equation in their transient form.
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